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Hydration of  Portland cement

K. Scrivener

Laboratory of  Construction Materials, EPFL STI IMX LMC, Station 12, 1015 Lausanne, Switzerland

Abstract - The latest thinking on the mechanisms of  hydration is outlined.

Keywords: Hydration, induction period, main hydration peak, C-S-H.

1. Introduction

The resources of  the earth mean that almost all cement will continue to be based on Portland cement 
clinker.  The most realistic way to continue to reduce environmental impact is to replace part of  this clinker 
by supplementary cementitious materials.  Nevertheless, the early properties are dominated by the hydration 
of  the Portland clinker component.

• The hydrations reactions can be broken down into three stages:

• Up to the end of  the induction period;

• The main hydration peak;

• Later hydration after the main peak.

2. Up to the end of  the induction period

Initially cement reacts rapidly and then after only a few minutes the reaction slows to a low rate:  the so 
called “induction period”, lasting a few hours.  This pattern of  reaction is very important from a practical 
standpoint as it gives time from concrete to be mixed and transported to site.  For many years the most 
widely believed hypothesis for this initial slow down and the induction period was the formation of  a layer 
of  hydrates around the cement grains which inhibited further reaction.  Work over the past few years has 
shown that this is certainly incorrect.

Instead the induction period can be simply attributed to the build up of  ions in solution which lower the 
undersaturation.  It is well known from studies in geochemistry that minerals show a similar behaviour.  
When they first come into contact with water the undersaturation is very high and this provides the energy 
to increase the surface area with dissolution at many sites and formation of  a rough surface.  As dissolution 
proceeds the undersaturation decreases and so the energy to form new surfaces, progressively dissolution 
becomes localised at defects.  Then there is a dramatic fall in dissolution rate which corresponds to a switch 
to dissolution only at steps.  This fall in dissolution rate may occur when the solution is still many orders 
of  magnitude more dilute than saturation.  Experiments with alite immersed in water and then in saturated 
lime solution [1] demonstrate that this transition also occurs for alite and can explain the rapid fall in 
reaction rate and the onset of  the induction period.  The hypothesis has been well validated by theory [1], 
experiment [2] and modelling [3]. Furthermore, unlike the inhibiting membrane hypothesis, it can explain 
all experimental observations.  

Calcium silicate hydrate precipitates very soon after the addition of  water.  This C-S-H has a much lower 
Ca/Si ratio than alite and so the Ca/Si ratio of  the solution increases during the induction period
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During the induction period reaction continues at a slow rate.  Eventually the precipitation of  calcium 
hydroxide occurs.  This leads to an increase in the undersaturation and so to an increase in the rate of  
dissolution.  Changes may also occur in the C-S-H precipitates which lead to the onset of  rapid growth of  
both C-S-H and CH.

3. Main hydration peak

The main hydration peak is characterised by the rapid growth of  C-S-H and CH.  Most C-S-H gros from 
the surface of  the cement grains, but will also take place on other surfaces, such as SCMs.  CH growth is 
concentrated in the pore space.  During this period there is first and acceleration in the rate of  reaction 
and then a deceleration, such that the reaction has again dropped to a low rate by the end of  the first day 
(at 20°C). The two main mechanisms proposed to explain this pattern of  reaction have been impingement 
of  hydration products or onset of  diffusion control through a layer of  hydrates.  Careful quantitative study 
of  the reaction kinetics through experiment and modelling have clear shown both these hypotheses are 
wrong. At the maximum of  the peak, the amount of  hydrates formed is much less than that needed for 
impingement to by the factor slowing down hydration.  There are also many arguments against diffusion 
through a hydrate layer being the mechanism:  

•	 It does not fit quantitative models;  
•	 there is no “layer” – in places the alite surface if  still visible
•	 there is a gap between the grain and hydrate shell
•	 there is no change in activation energy.

Study of  a large number of  parameters (particle size, water to cement ration and ion doping) clearly indicates 
that the kinetics in this period are controlled by the growth of  C-S-H needles.  This “needle” hypothesis has 
been demonstrated to well match the experimental data, with no fitting – taking its parameters only from 
experimental observations.

4. After the main hydration peak

Unfortunately, this period has received far less attention than the previous two periods.  Despite the fact 
that at one day the degree of  reaction is around 50% and the mechanical strength around 25% of  its final 
value.  Another month is needed to reach around 80% hydration and 80% or mechanical strength.  Careful 
study of  the cumulative heat of  hydration [4] clearly indicates that the amount of  space available plays a 
critical role.  After a few days it is observed by 1H NMR relaxation and by MIP that the water filled pores 
decrease to a certain critical size and then do not decrease further.  This suggests that after this point the 
pores are too small to allow classical crystal growth.  At the point when this limiting pore size is reached 
not only does the rate of  the clinker reaction slow dramatically, but also the reaction rate of  SCMs such as 
slag and calcined clay.  In systems with additions of  calcined clay and limestone it is also seen that the carbo 
aluminate phases no longer form and alumina from the continuing reaction of  the calcined clay goes into 
the C-S-H phase instead.

After this limiting critical pore size is reached, the rate of  reaction, again slows dramatically, but does 
continue.  The mechanisms controlling reaction at this stage are far from clear, but probably involve 
densification of  the C-S-H phase.

4.1 Why do we get a gap between the hydrating cement grain and the hydrate shell
It has long been a mystery as to why a gap opens up between the shell of  hydrates (mainly C-S-H) formed 
during the main hydration peak.  From our present understanding of  the hydration mechanisms it now 
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appears that this is a consequence of  the growth rates of  outer and inner C-S-H.  During the main hydration 
peak, the growth rate of  the C-S-H needles is rapid and it is favourable for growth to occur on the outer 
surface of  the hydrate shell.  As the rate of  growth of  the outer C-S-H slows down it becomes similar to the 
rate of  growth of  inner C-S-H so it becomes equally favourable for growth to occur on the grain surface 
and at the ends of  the needles.  Gradually the gap fills in of  about a week.  Thereafter the growth of  the 
outer and inner product is closely linked a growth of  outer product is needed to allow more dissolution of  
the anhydrous grain and so more space for inner product.

5. Outstanding Questions

Despite the considerable progress in understanding hydration mechanisms in recent year, many questions 
remain.  Most of  these concern growth of  C-S-H:

• Why is it slow during the induction period and is the increase in rate at the end of  the induction period 
only linked to the precipitation of  calcium hydroxide or is there also some structural change which 
facilitates growth?

• Why to the needles grow rapidly to a certain length and then their growth rate slows dramatically?

• What are the changes occurring after the limiting pore size is reached?

More knowledge about C-S-H growth is important to increase the efficiency of  the hydration of  Portland 
cement which would facilitate greater levels of  clinker substitution and further reduction of  its environmental 
footprint.

6. References
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Application of  new concrete processes and 
materials

Z. Li1, G. Sun1, .R. Liang2, B. Chen2

1 University of  Macao

2 The Hong Kong University of  Science and technology 

Abstract 

In this talk, the application of  new process and materials to produce high modulus concrete and high 
bending resistance cement-based composites will be introduced. Along this line, the ultrasonic technique has 
been adopted in concrete mixing to improve the interface density for high modulus concrete development. 
The high modulus concrete developed through the ultrasonic vibration and addition of  nano particles will 
be introduced on its optimization in materials formulation, dimension stability behavior and structural 
performance. Moreover, 3D printing process has been applied to produce sophisticated cement-based 
architectural and decoration products. The application of  both selective reaction and direct deposition 
techniques will be introduced. 

Recently, it becomes popular to achieve enhanced mechanical properties of  cement-based materials through 
incorporation of  nano particles. In this presentation, advanced cement-based materials through application 
of  nanotechnology will be introduced. One example is to use cement to generate 5 nm nanoparticles which 
is utilized to enhance the mechanical properties of  hydrogel. By adding 5-nm inorganic particles in organic 
matrix, hydrogels with the best all-round performance in the world has been successfully developed in 
aspects of  strength, elastic recovery and ultimate stretch ratio. In addition, by adding organic or inorganic 
nano particles into cement based materials, the flexural strength of  the cement-based materials increased 
significantly. For cement paste, bending strength is increased by three times without lowing the compressive 
strength.  Finally, newly developed inorganic-organic integrated nano particles for lowering hydration heat 
will be explained on their mechanism and effect.
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Performance of  SCMs – Chemical and 
Physical Principles

H. Justnes

SINTEF Building and Infrastructure, Trondheim, Norway. E-mail: harald.justnes@sintef.no

Abstract 

The influence of  supplementary cementing materials (SCMs) on the hydration and durability of  blended 
cement has been evaluated using chemical and physical principles. Similarities and differences between 
various SCMs have been considered grouping them into latent hydraulic or pozzolanic with sub-division into 
siliceous, aluminous, carbonaceous etc. Synergy between SCMs producing calcium aluminate hydrate and 
calcium carbonate maximize water binding leading to reduced porosity and increased strength by forming 
calcium monocarboaluminate hydrate. Any magnesium content in the carbonate leads to hydrotalcite 
formation in the presence of  aluminates.

The interaction of  SCMs with plasticizers and use of  hydration accelerators are also treated. 

The influence of  SCMs on durability issues like chloride ingress, carbonation, alkali aggregate reactions, 
sulphate resistance and freeze-thaw resistance is discussed as well. Generally speaking SCMs improve the 
resistance of  blended cements to most degradation mechanisms at equal w/c, except for carbonation 
resistance that can be improved by reducing w/c.

Keywords: Supplementary cementing material, hydration, durability, microstructure, porosity.

The unabridged version of  this article can be found in Volume 2 - New cementitious binder, page 2.
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On the setting and hardening control of  
alkali-activated slag cements

C. Shi  

 Key Laboratory for Green & Advanced Civil Engineering Materials and Application Technology of  
Hunan Province, College of  Civil Engineering, Hunan University, Changsha 410082, China

Abstract

Sodium silicate activated slag often gives high early strength but sets too rapid. Commercial retarders for 
Portland cement and replacement with other cementing components have been proven little effective. This 
study investigated the approach of  controlling setting by alter activator ion composition and silica polymer 
status. The roles of  activators during the alkali-activation process were studied via pore solution chemistry 
analysis and microstructural analysis of  hydration products. The addition of  Na2CO3 does not, but NaOH 
does alter the polymerization of  silicate ion groups in sodium silicate solution due to the increase in pH 
and Na2O concentration. The specific effect of  Na2CO3 on the setting of  alkali-activated slag depends 
on the relatively contents of  NaOH and Na2O·nSiO2 in alkaline solution. The reaction degree of  AAS is 
dependent on activator composition, which governs the kinetics of  formation and intrinsic characteristics 
of  the hydration product calcium aluminosilicate hydrate. The setting and strength development of  sodium 
silicate-activated slag can be controlled by manipulating the composition of  Na2CO3-NaOH-Na2O·nSiO2.
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Biobased building materials

J. E.G. van Dam and M.J.A. van den Oever 

Wageningen Food and Biobased Research, Wageningen UR, POB17, 6700AA Wageningen, The 
Netherlands

Abstract 

Construction industries are expanding worldwide, and so does demand for building materials and resources 
as a result. With a share of  36% of  CO2 emissions in EU, the construction sector contributes significantly 
to greenhouse gas emissions. The industry must therefore play a key role in the EU policy targets for a low 
carbon economy by 2050. Energy saving in the production of  building materials and increased thermal 
insulation of  buildings does not suffice for the transition. Therefore shift towards more CO2 neutral 
resources will be needed and the options for circular and bioeconomic solutions were explored in the 
building and construction industry. A focus of  R&D and innovations is on the increased use of  renewable 
and recyclable raw materials. Besides the use of  traditional timber and wood derived materials, fibre crops 
such as flax and hemp play a key role in this regard. Polymer and mineral composite materials can be 
produced with these lignocellulosic fibres. Composites based on bioresins and bioplastics are tested at lab 
and applied in demonstration building projects. For biobased materials an environmentally safe protection 
against decay is important for extension of  the durability. The use of  various other natural biopolymer 
derived components with anti-microbial properties or uv protection properties are explored in coatings 
and adhesives. Other innovations in the building and construction sector that are aimed at reducing the 
ecological impact include the design of  light weight constructions, tiny houses and reusable elements. An 
overview of  the current state of  the art and new trends for green and circular building will be presented.

Keywords: biobased products, lignocellulose, CO2 neutral, circular building
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Techniques for analyzing microstructures 
S. Igarashi 

Department of  Civil and Environmental Engineering, Kanazawa University 

Abstract 

Microscope examination is classical and the easiest way for understanding and explaining microstructure. 
Looking back on its history, there was a pioneering work by Scrivener and Platt as a milestone in cement 
microscopy. Their work using BSE image analysis had introduced a new perspective of  quantification 
into evaluation for microstructure. Then the development of  IT and AV utilization has achieved the 
sophistication of  image analysis. Nowadays, image analysis for microstructure is a quite common tool for not 
only research fields but also practical evaluations of  concrete structures. In this presentation, image analysis 
techniques for microstructure in concrete is briefly reviewed with a focus on what we’ve been evaluating. 
Furthermore, a new direction which is aiming at an evaluation of  spatial structure, not a simple quantity 
is also introduced.  A quantity of  a phase of  interest is simply evaluated through a binary segmentation 
and tallying pixels. Once a threshold value for the segmentation is determined, quantification of  a phase 
is instantaneously done with image analysis software.  Thresholding is generally based on grayscale values 
in images.  These days, various types of  images are used in image analysis. For example, pseudo-color 
images of  EPMA mapping for an element is used for evaluating supplementary cementitious materials.  
The background of  this process is the fundamental stereology, Delesse’s rule (AA=VV). Combining the 
evaluated quantity with simple cement chemistry or kinetics model such as the Powers model, capillary 
pore structure that is the most important in determining properties of  concrete is evaluated with regard 
to volume changes in the hydration of  cement. However, it should be noted that whether the presence 
of  finer pores smaller than the resolution is ignored or taken into account affects the interpretation of  
microstructure and relevant properties in concrete. 

Another important approach to the analysis of  microstructure is to evaluate spatial distribution, not a 
quantity. In the early stage of  the image analysis from the 80s to 90s, it was difficult to evaluate it in the 
complicated and inhomogeneous microstructure. Nowadays, spatial statistics functions have been actively 
introduced into random heterogeneous microstructure like concrete. This trend is greatly attributable to 
the availability of  reliable software. Some are downloadable as free software. For example, densification of  
concrete microstructure with time is well known as a decrease in porosity. However, using those functions, 
the evolution of  pore structure is understood as changes in spatial structure, which includes not only 
the porosity but also continuity and connectedness of  pores. In particular importance, this evaluation of  
structure gives characteristic length parameters that are significant in the interpretation of  many transport 
phenomena in concrete. For example, to discuss durability such as permeability or frost resistance of  
concrete, depth from a surface or spacing between air bubbles are key issues. Some approaches to these 
issues using the spatial statistics functions are described. They lead to future research of  simulation of  3D 
microstructure in concrete.  

Keywords: image analysis, stereology, spatial statistics, second-order function
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Natural and artificial Pozzolanes 
- Industrial residues and natural 

supplementary materials
P. Herbert

Mineralogy and geochemistry department, University of  Halle. 

Due to the necessary reduction of  CO2 during the production of  cement clinkers several possibilities exist 
to reduce the contents of  volatile gases during the different production stages. As the amount of  industrial 
residues is not sufficient for producing all type of  composite cements other natural and artificial mineral 
products may be applied. The different strategies for CO2-reduction producing cementitious materials can 
be summarized :

• Replacement of  cement clinker by addition of  different other raw materials to produce 

• composite cements         

• Replacement of  limestone by CO
2
-free natural/industrial raw materials

• Increase of  reactivity of  clinker minerals leads to a reduced amount of  cement materials in   

• cement application

• Reductions in process conditions (reduced temperatures, other phases, mineralizers, 

•  grinding aids, the total efficiency of  processes)

• Clinker minerals with reduced CO
2
-output-different compositions

• Activation of  slowly reacting cements by introducing highly reactive clinker minerals

• Production of  clinker minerals with increased specific surface and increased reactivity

• Activation of  clinker minerals

• Cement clinkering using mineralizers

• Hydration reaction replaced by the carbonation process

Therefore different materials coming from natural and artificial sources are used in these strategies. Different 
origins of  the materials result in many varying compositions. Many different industrial residues and natural 
materials can be used under this aspect to produce composite cements. In this context the focus lies on the 
usage of  industrial residues (fly ashes, slags, thermally optimized mineral mixtures, leaching residues, plant 
ashes) and also natural sources with volcanic or sedimentary origin (pyroclastics, altered and weathered 
rocks, altered clays, clastic rocks). The use of  calcium-poor chemical compositions of  pozzolans can lead 
to a substantial reduction of  CO2, despite combined with excellent qualities of  these cementitious materials. 
Different materials, qualities and measurement methods combined with essential details of  the varying 
compositions of  these different materials will be given.
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As the supply from industrial residues is not sufficient, also natural products like volcanic ashes and 
thermally pre-treated clay materials are discussed. 

Keywords: pozzolane, industrial residue, CO2-reduction, supplementary material, cement
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Use of  Supplementary Cementitious 
Materials to Manufacture High 

Performance Concrete

Y. Peiyu

Department of  Civil Engineering, Tsinghua University, Beijing, China

Abstract - Supplementary cementitious materials (SCMs) are very valuable and indispensable for the 
manufacture of  high performance concrete. Use of  SCM is necessary for the recycle of  solid waste and 
to produce green and sustainable concrete. The using situation of  CSMs in China is shortly reviewed. Fly 
ash and ground granule blast furnace slag are the most important mineral admixture in Chinese cement 
and concrete industry. Silica fume is used only for high strength concrete. New kinds of  mineral admixture 
from metallurgical slag is now explored. 20%-40% of  binder is SCM in ready-mix concrete for both normal 
and high strength classes. Even higher dosage of  SCM is used to prepare massive concrete or the concrete 
with high durability. The properties of  complex binder containing different kinds and different dosage 
of  mineral admixture are evaluated. Some examples are given to show the performance of  high volume 
mineral admixture concrete and how to use it in the building construction.

Keywords: Supplementary cementitious material; high performance concrete; high volume mineral 
admixture concrete; fly ash; ground granule blast furnace slag
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Bio-based admixtures

W. Schmidt

Bundesanstalt für Materialforschung und -prüfung, Division: Technology of  Construction Materials.

Abstract 

Due to the high carbon emissions linked to concrete production and a rapidly increasing demand for 
cementitious materials, particularly in the global South, it is inevitable to use cement in concrete more 
efficiently. This can be achieved best by minimising the Portland cement content in the binder and by 
developing concrete mixtures with low water to cement ratios. For both approaches, chemical admixtures 
are required to cope with the negative rheological influences of  supplementary cementitious materials that 
are often observed, and the higher solid volume fraction, respectively.

However, particularly in the growing economies of  the Southern hemisphere, where a massive part of  the 
future construction activities will take place, the supply chains are often poor with regard to performance 
enhancing chemical admixtures, and local production facilities are lacking today. This paper presents case 
studies of  polysaccharide based alternative admixtures such as acacia gum, cassava starch and the gum 
of  the bark of  Triumfetta pendrata A. Rich, which can be used effectively as superplasticizer, robustness 
enhancer, and thixotropy incorporating agent, respectively. Their modes of  operation are discussed based 
on their zeta potentials and hydrodynamic diameters in the presence of  calcium ions. Eventually, local value 
chains are discussed for bio-based by products on the example of  cassava peels wastes.  

Keywords: admixtures, concrete, cassava, acacia gum, Triumfetta pendrata A. Rich.

The unabridged version of  this article can be found in Volume 5 - Biogenic and functionalized 
materials, page 2.
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Cementitious materials for marine 
structures

Z. Shui 

Wuhan University of  Technology, China  

Keywords: Please insert a maximum of  5 keywords.

Abstract - With the continuous exploitation of  the ocean, the scale of  infrastructure construction in 
the marine environment is experiencing a booming increase. Concrete is the main material for marine 
infrastructure construction due to its high reliability and low cost. However, in such an environment rich 
in aggressive components such as chloride, sulfate and magnesium ions, the concrete structures suffer a 
faster damaging than that in the mainland. Concerning that, it is of  great significance to investigate the 
damage behaviors and relevant mechanisms of  concrete structure in the marine environment and provide 
some effective methods to prolong the service life of  the concrete. In recent years, the research group of  
the reporter devoted to studying the damage of  concrete in the marine environment. Some of  the research 
findings are reported here for concrete serving in the marine environment including several aspects:

1. Performance and microstructure degradation 

To obtain reliable information on the long-term behaviors of  concrete under real marine conditions, this 
part aims to identify the mechanisms of  degradation in Portland cement mortar exposed to simulated 
seawater attack under drying-wetting cycle conditions. Hardened mortar mixtures with different 
supplementary cementitious materials (SCMs) are exposed to NaCl, NaCl+MgCl2, NaCl+Na2SO4 and 
NaCl+Na2SO4+MgCl2 solutions with a fixed chloride concentration. The results show that the degradation 
process of  mortar samples in single and composite solution coupled with drying-wetting includes three 
stages, 1) performance enhancement stage; 2) stable stage and 3) performance deterioration stage. The 
samples exposed to the NaCl+Na2SO4 solutions show higher mass and dynamic modulus of  elasticity 
changes compared to the single NaCl solution, and the NaCl+Na2SO4+MgCl2 solution reveals severe 
performance degradation. The phase composition highlights that the presence of  SO4

2-+Mg2+ in chloride 
environment increases consumption of  portlandite at the surface and causes the decalcification of  C-S-H, 
thus aggravates the degradations of  mortar. Microstructure analysis shows that the presence of  SO4

2- in 
chloride solution changes the pore structure and results in an increase of  porosity. The SO4

2-+Mg2+ in 
chloride environment further increases the harmful pore volume, which accelerates the ingress of  corrosive 
ions in the mortar matrix. The ability to resistance aggressive solution attack can be significantly improved 
with the utilization of  SCMs. 

2. Chloride binding and hydration product conversion

Chloride binding is considered to be a process that can restrain the free chloride diffusion and therefore 
benefit the chloride corrosion resistance of  the concrete structure. This part is aimed to identify the key 
factors affecting the chloride binding capacity of  cement-based materials. Several cementing systems 
including, mineral admixture (MA)-Portland cement, MA-C3S and MA-lime system are employed here. 
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The MA used here are pozzolanic materials (FA, MK, SG) and aluminum compounds (Al2O3, Al(OH)3, 
AOOH). Sodium chloride is added in either exposure solution or mixing water. Results show alumina-rich 
pozzolans (ARP) can improve the chloride binding capacity of  cement-based materials and MK performs 
the best. For a give ARP, chloride binding capacity is depended on the incorporation level, and the optimal 
chloride binding capacity is achieved at CaO/Al2O3 ratio between 3 and 6. For a given CaO/Al2O3 of  the 
system, the chloride binding capacity decreases with the increase of  SiO2/ Al2O3 ratio. That means the 
potential of  ARP to improve the chloride binding capacity of  cementious materials can be limited by the 
high amount of  amorphous silica in ARP. The silicate in cementious materials restrains chloride binding 
due to two negative effects: 1) dilute the total mass of  CaO+Al2O3; 2) its hydration reduces the portlandite 
available for chloroaluminate formation. As for aluminum compounds, very higher potential to improve 
chloride binding capacity of  cement-based materials is observed due to no silica contained in aluminum 
compound, therefore more portlandite can be involve in the formation of  chloroaluminate. 

Chloroaluminate in hardened samples exposed to sodium chloride is mainly formed from other AFm 
phases such as carboaluminate, stratlingite and monosulfoaluminate and OH-AFm. The transformation 
of  these phases to chloroaluminate can improve the alkali in pore solution, reduce portlandite and increase 
chemically bound water in matrix. Besides, chloride exposure also promotes delayed ettringite formation 
in hardened cement, because the sulfates in monosulfoaluminate are replaced by chlorides and the released 
sulfates react with monosulfoaluminate to form delayed ettringite in return. In the presence of  admixed 
chloride, the reaction of  calcite is restrained. When sulfates are coupled with chlorides in mixing water, 
the chloride binding capacity is reduced because sulfates can compete with chloride to insert into the 
interlayer of  AFm. During carbonation, the chloride previously bound in chloroaluminate can reverse to 
free chloride. This indicates that, for the concrete contaminated with chloride, the carbonation of  matrix 
results in the neutralization of  pore solution as well as improvement of  free chloride solution, which can 
be expected to significantly accelerate steel corrosion.

3. Chloride diffusion behavior 

The chloride diffusion induced reinforcement corrosion seriously threatens the durability of  concrete 
construction in the marine environment. This part investigates the effects of  sulfate and magnesium ion 
in simulated seawater on the chloride diffusion behavior of  Portland cement mortar with continuous full 
immersion and drying-wetting cycle. Results indicate that the samples exposed to NaCl + MgCl2 solutions 
show the highest chloride content at the outmost layer (0–5 mm). The presence of  SO4

2- in the composite 
solution decreases the chloride ingress and reduces the apparent chloride diffusion coefficient at 60 days 
of  exposure, while the opposition is observed at later exposure period. The SO4

2-+Mg2+ in chloride salt 
accelerates chloride ingress and increase apparent chloride diffusion coefficient. The drying-wetting cycle 
further accelerates chloride ingress. Nevertheless, the addition of  SCMs significantly improves the resistance 
to chloride ingress into mortar specimens.

The above findings help a better understanding of  the damaging behaviors and mechanisms of  cementious 
materials used in marine environment, and provide some guidance for the design of  cementious materials 
suitable for marine environment and concrete with chloride-containing ingredients. In the upcoming 
researches, the group of  the reporter will also focus on the use of  marine sand in concrete structure 
modified with design cementitious materials, aiming to improve the stability of  marine sand concrete 
structure.
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Specification of  building materials for in 
service durability

C. Gehlen1, C. Thiel1

1Department of  Civil, Geo and Environmental Engineering, Technical University of  Munich.

Abstract

To assess whether a structural element made of  a given building material can withstand the expected 
mechanical load and environmental exposure in service, designers need information on the material 
resistances and loads as well as the local conditions. The durability of  a building material in the structure can 
only be assessed if  these factors are taken into account.  Usually, the material resistances are obtained from 
laboratory tests. However, the performance of  materials under standardized laboratory conditions differs 
from those occurring in the field. This paper considers this assessment problem and develops a solution 
strategy based on carbonation-induced corrosion as an example. 

Keywords: durability design, concrete, reinforcement, material resistances, modeling.

The unabridged version of  this article can be found in Volume 2- New cementitious binders, page 25.
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Portland cement – SCM blends: insights 
from solid-state NMR spectroscopy

J. Skibsted 

Department of  Chemistry and Interdisciplinary Nanoscience Center (iNANO), Aarhus University. 

Abstract

Society’s increasing demands for new construction materials with low embodied CO2 emission promote 
research in new binders and cement blends where a significant part of  traditional cement is replaced by a 
supplementary cementitious material (SCM). These materials comprise generally industrial waste products, 
natural pozzolans and activated minerals that exhibit either hydraulic or pozzolanic properties. As separate 
materials and in contact with water, most SCMs will not show any significant hydraulic reactions of  
cementitious value. However, as fine powders and under alkaline aqueous conditions or in contact with 
calcium hydroxide they will react chemically, i.e. ‘the pozzolanic reaction’, and form hydration products 
similar to those of  cementitious systems. Typical SCMs used by the cement industry are limestone and 
by-products such as fly ashes, blast furnace slags, silica fume, and rice husk ashes. However, the availability 
of  some of  these materials varies regionally and they will not be able to cover the global needs for SCMs 
in the future. In particular, the amounts of  fly ashes are decreasing since coal-fired power plants are being 
phased out for environmental protection purposes in several countries. Thus, there is an urgent need for 
developments of  new SCMs that are comparable or superior to fly ashes and slags. In this context, limestone 
and clays represent important types of  material available in large deposits all over the world.

This presentation focusses on the development of  binary and ternary Portland cement – SCMs incorporating 
calcined clays, glasses and limestone as SCM’s and targeting cement replacement levels of  30 – 50 wt%. 
The glasses exhibit pozzolanic properties similar to fly ashes and slags and they may be synthesized from 
minerals and clays with a low CO2 footprint compared to Portland cement. Moreover, thermal activation 
of  clay minerals results in dehydroxylation of  the aluminate and silicate species of  the layered structure and 
the formation of  disordered structural sites with high pozzolanic activity. Solid-state NMR spectroscopy 
represents a strong tool for characterization, quantitation, and structural analysis at the nanoscale of  a wide 
range of  diamagnetic, inorganic materials. Main advantages of  the method are the nuclear-spin selectivity 
where one nuclear spin-isotope (e.g. 1H, 11B, 13C, 19F, 23Na, 27Al, 29Si …) is detected at a time and the equal 
observation of  crystalline and amorphous phases. Thus, rather simple NMR spectra can often been achieved 
for complex materials, for example reflecting minor constituent phases or guest-ion incorporation. These 
features will be illustrated in the presentation by quantification of  glasses and calcined clays in Portland 
cement blends, providing kinetic information about their pozzolanic reactivity. Morever, focus will be paid 
to the impact of  SCM’s on the structure and composition of  the C-A-S-H phase, the principal binding 
component, in blended cements.

Keywords: Supplementary cementitious mateirals, calcined clays, glasses, C-A-S-H phase, NMR 
spectroscopy
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Functional coatings for building materials
A. van Herk, S. Jana

Institute of  Chemical and Engineering Sciences, A*Star, division functional molecules and polymers, 1 
Pesek Road, Jurong Island, 627833 Singapore

Abstract 

New developments in coatings for buildings often rely on nanotechnology developments. Properties like 
hiding power, colour and even total solar reflectance (for cool coatings) depend on the level of  dispersion 
and spacing of  the pigment particles. Dispersants play a key role in this; a relatively unexplored option is to 
coat the pigment particles with polymer to force a minimum spacing of  the particles. Surface properties like 
dirt pick-up of  the coatings film depend on surface tension and surface roughness. Both superhydrophilic 
and superhydrophobic coatings have been explored. Creating hydrophobic surfaces by utilization of  
fluorinated polymers seems like an expensive option, again through utilization of  nanotechnology the 
amount of  expensive fluorinated polymer can be minimized still obtaining desired effects. 

Other developments in the area of  coatings for building materials are low VOC coatings to even completely 
plasticizer free coatings and the use of  reactive plasticizers. A*Star is conducitng a program called NoSOC 
(no small organic compounds) that is targeting to reduce and eliminate small organic molecules leaking 
out of  coatings for example. For the purpose of  measuring the emission of  small organic molecules from 
coatings and new device has been developed which can detect very small amounts, the so-called “sniffer”.

In the keynote presentation several approaches to create nanostructured particles will be presented and 
examples of  potential applications in coatings and construction materials will be shown.

Keywords: Coatings, anti-fouling, solar reflectance, nanotechnology, emulsion polymerization
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Utilization of  waste and residues in 
building materials 

M. Illikainen

Fibre and particle engineering research unit, University of  Oulu, P.O. Box 4300, 90014 University of  
Oulu, Finland

Abstract 

Millions of  tons of  inorganic waste materials and residues are produced annually in Europe. Metal production, 
energy industry, mining activities and construction and demolition are the main sources of  high-volume 
secondary materials. Some of  these secondary materials are utilized but still large amounts of  material end 
up to landfills. Based on the principles of  circular economy, materials and their value should remain in the 
society as long as possible, and virgin raw materials should be used only if  there are no recycled materials 
available. Industrial residues typically consist chiefly of  oxides of  the most abundant elements of  the planet: 
Si, Al, Fe and Ca. These are also the main elements forming the base of  different inorganic binders, such 
as alkali-activated cements. From the chemical composition point of  view, industrial residues are thus 
interesting raw materials for building materials. Most of  the industrial residues have gone through several 
processing steps such as mechanical and thermal treatments, which improves their properties and therefore 
their utilization potential. High-potential waste materials that currently are not utilized include e.g. mineral 
wool waste, crystalline slags from metallurgical industry as well as fly ash from biomass combustion. Some 
challenges remain in waste and industrial residues’ utilization due to high variation in waste material quality, 
need for local production and utilization, as well as competition against cheap and robust cement-based 
materials. Despite the challenges, there is a growing interest towards the more sustainable production and 
use of  waste materials in new construction products. 

Keywords: inorganic waste, industrial residue, alkali-activated material, building material
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Natural fibers in building materials

M. Sonebi 

Queen’s University Belfast, School of  Natural and Built Environment, Belfast, UK

Abstract 

Construction remains a significant consumer of  raw materials, specifically non-renewable resources derived 
from the extractive industries. In addition, construction is a significant contributor to the emission of  global 
warming gases, both through its dependence on the extractive industries, and its consumption of  energy 
during and after construction.  Natural fibres have gained interest as reinforcing materials in the composite 
industry for low-cost housings.  Their advantages have been increasingly recognised as a major motivation 
to be more environmental friendly, cost-efficiency, renewable, and good thermal conductivity and acoustic. 
The building industry has thus been called to account for its role in the massive use of  mineral raw materials 
and environmental pollution. One solution comes from the bio-building sector which draws on unlimited 
sources of  natural materials such as natural fibres, which is a recyclable carbon sequestrator. The natural 
fibres can be sourced from plants or animals.  From part of  the plant where the fibres are sourced, the fibres 
can be classified into bast fibres (okra, flax, hemp, roselle, jute, kudzu, ramie), leaf  fibres (agave, banana, 
palm, sisal, and pineapple), seed fibres (cotton, coir and kapok), core fibres (hemp, kenaf, jute), grass and 
reed (wheat, corn and rice), and other types of  fibres. Fibbers from animals are for example wool (Sheep) 
and feathers have been used.  Traditionally, natural fibres have been cultivated and used extensively for non-
structural applications in rural developing countries for multipurpose such as rope, bag, broom, fish net 
and filters. The fibres have also been used for applications in housing as roof  material and wall insulation.  
Natural fibre used for insulation can often be used as replacements for mineral- or petrochemical-based 
insulation. When used appropriately, natural fibre insulation materials can deliver thermal and acoustic 
insulation comparable to other insulation materials, but with a lower or potentially negative carbon 
footprint and fewer health issues during the installation of  these materials. They can create more energy-
efficient buildings. They can also assist in regulating relative humidity, and can provide a vapour permeable 
system and improve indoor quality. This multi-functionality should be borne in mind when specifying 
natural fibre insulations in order to ensure maximum value and benefits.  A large variation is found in the 
properties of  natural fibres. The properties are affected by several factors such as type of  fibres, moisture 
content and form of  fibres. Moreover, the properties are also affected by the place where the fibres are 
grown, cultivation condition, the part of  the plant they are harvested from which region/country, growing 
period (year) and retting or extracting process.  The mechanical performance, conductivity, weathering and 
carbonation of  bio-based building materials made with hemp and rapeseed are discussed.

Keywords: Carbonation, conductivity, fibres, mechanical performance, weathering.
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Energy efficiency of  building materials

M. Tyrer  

Centre for Research in the Built and Natural Environment Coventry University, Coventry, CV1 5FB, 
United Kingdom.

Abstract 

 The energy efficiency of  building materials divides into two distinct areas; the inherent ‘passive’ savings 
in energy and embodied CO2 of  modern building materials and ‘active’ materials whose function is to 
conserve or moderate energy transfer in the built environment or harvest energy such as solar radiation. 

Examples of  the first group are widespread as the search for ever-lower energy materials continues. The 
efficiency of  Portland cement production has increased markedly over the last 30 years, such that a modern 
cement kiln operates at only a little above the thermodynamic (theoretical) minimum of  ~2.8 GJ/ tonne 
of  cement. Globally, the energy efficiency has continued to increase as dry-process kilns (including staged 
preheaters and precalciners) replace wet-process kilns, and as more efficient grinding equipment is deployed. 
Overall, the thermal energy intensity of  clinker was estimated at 3.4 GJ/t on average in 2017. This is a 
remarkable manufacturing success and greatly exceeds the efficiency of  other materials (i.e. steel, glass, 
pharmaceuticals, or plastics) and generates no solid or liquid waste. It does however, liberate carbon dioxide 
both from fossil fuel use and decarbonating limestone in the kiln. Cement is made of  a vast scale (4.1 Gt 
in 2018) so its production contributes over 5% of  anthropogenic CO2. Indirect emissions from burning 
fossil fuels to heat the kiln can be reduced by burning alternative fuels, including natural gas, biomass and 
waste-derived fuels such as tyres, sewage sludge and municipal solid wastes. These less carbon-intensive 
fuels might reduce overall cement emissions by 18-24 percent from 2006 levels by 2050 but efficiency gains 
in cement production are incremental and yield diminishing returns.

Practically, the greatest saving is to be made through reducing the amount of  cement clinker used in 
concrete production. Numerous supplementary cementitious materials (SCMs) exist and some have been 
in use for many years, whilst new materials are developed regularly. Through the use of  blended cements 
we have a range of  Portland-SCM binders, some of  which offer strength or durability advantages over 
Portland cement concrete. Focus in recent years has turned to non-Portland cement binders, such as 
Magnesia Cements, Celitement, Alinite Cement, Calcium sulphoaluminate systems, and Alkali Activated 
Systems / Geopolymers and each has a role to play in the future of  construction. The practicality of  such 
alternatives must be assessed at many levels; the fiscal and environmental impact must be balanced against 
the long-term security of  supply and performance of  the materials in service. One thing is certain however, 
the enormity of  the existing Portland cement industry will not change rapidly but evolve to accommodate 
new ideas and new opportunities.

Finally, it is important to consider ‘active’ materials in the built environment. A modern office block, for 
example, may be clad with a decorative façade. Recent trends in energy harvesting have seen both solar 
heat collection and photovoltaic panels incorporated in building cladding, whilst energy generation by 
thermoelectric glass is an attractive technology allowing electricity to be generated from near-transparent 
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glass. The incorporation of  hydrogels in porous ceramics allows the inner layer of  a building façade to offer 
evaporative cooling, much like sweat cooling mammalian skin. The water in this case is replenished at night, 
when the air cools to below the dew point. To conclude, it is important to consider the use of  phase change 
materials in regulating heating and cooling needs.
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Performance of  SCMs
– Chemical and Physical Principles

H. Justnes

SINTEF Building and Infrastructure, Trondheim, Norway. E-mail: harald.justnes@sintef.no

Abstract 

The influence of  supplementary cementing materials (SCMs) on the hydration and durability of  blended 
cement has been evaluated using chemical and physical principles. Similarities and differences between 
various SCMs have been considered grouping them into latent hydraulic or pozzolanic with sub-division into 
siliceous, aluminous, carbonaceous etc. Synergy between SCMs producing calcium aluminate hydrate and 
calcium carbonate maximize water binding leading to reduced porosity and increased strength by forming 
calcium monocarboaluminate hydrate. Any magnesium content in the carbonate leads to hydrotalcite 
formation in the presence of  aluminates.

The interaction of  SCMs with plasticizers and use of  hydration accelerators are also treated. 

The influence of  SCMs on durability issues like chloride ingress, carbonation, alkali aggregate reactions, 
sulphate resistance and freeze-thaw resistance is discussed as well. Generally speaking SCMs improve the 
resistance of  blended cements to most degradation mechanisms at equal w/c, except for carbonation 
resistance that can be improved by reducing w/c.

Keywords: Supplementary cementing material, hydration, durability, microstructure, porosity.

1. Introduction

1.1 Reason for extended use of  SCMs

The cement industry world-wide is calculated to bring about 5-8% of  the total global anthropogenic carbon 
dioxide (CO2) emissions. The general estimate is about 1 tonne of  CO2 emission per tonne clinker produced, 
if  fossil fuel is used and no measures are taken to reduce it. The 3rd rank after heating/cooling of  buildings 
and transport is not because cement is such a bad material with respect to CO2 emissions, but owing to the 
fact that it is so widely used to construct the infrastructure and buildings of  modern society as we know it. 
Concrete is actually among the more environmentally friendly materials since it is composed in general of  
about 1 part cement, 0.5 parts water and 5-6 parts of  sand and gravel (i.e. aggregate). The world’s cement 
production was roughly 4 billion tonnes in 2013, meaning roughly 24 billion tonnes concrete or 1·1010 

m3 concrete. This quantity can be translated into making a concrete cylinder of  about φ20 cm reaching 
the moon and back to earth every day or building a solid concrete block with 1 km2 base reaching higher 
(10 000 m) than Mount Everest (8 848 m) in a year!

A lot is done by cement producers to reduce the global carbon footprint, in particular to replace coal with 
waste having a calorific value equivalent to (fossil) fuel and by making blended cement where parts of  the 
clinker is replaced with supplementary cementing materials (SCMs). However, cement is a bulk product 
that should cover a wide range of  applications and serve different customers, giving limitations on clinker 
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Concrete, on the other hand, is the end product where the performance criteria are already specified and 
depending on application more can be done to increase its sustainability. As pointed out by Justnes [1] the 
shortest route to make cement and concrete more sustainable, is to replace clinker in cement or cement in 
concrete by supplementary cementing materials (SCMs). This paper discusses how SCMs affect cement and 
concrete principally in chemical and physical ways and what this means in terms of  durability.

Classes of  SCMs

One can divide SCMs into latent hydraulic and pozzolanic. Latent hydraulic SCMs are inorganic additives that 
only need an activator to react with water and form a cementitious binder. Examples are ground, granulated 
blast furnace slag (GGBS), synthetic calcium aluminate glasses and to some extent high calcium fly ash. 
Pozzolanic SCMs are mineral additives that form cementitious binders in reaction with calcium hydroxides. 
Pozzolanic SCMs can be sub-divided by their major oxides like silicas (e.g. silica fume, nano-silica, rice 
husk ash, hydrothermal silica and diatomaceous earth or kieselgur), aluminosilicates (e.g. siliceous fly ash, 
calcined clays like metakaolin, burnt shale and natural pozzolana of  volcanic origin like trass, scoria etc) 
and alumina (e.g. nano-alumina). Lothenbach et al [2] have given an overview of  the performance of  the 
most common SCMs (i.e. silica fume, fly ash and GGBS) in blended cements, while Thomas [3] published 
a book on SCMs in concrete. Carbonates as SCM are in a class by itself  since they need aluminate hydrates 
to react with and they were for a long time considered inert, or at best accelerating the cement setting acting 
as nucleation sites, since there were relatively little aluminate in cement clinker not tied up by sulphates to 
ettringite and thereby the carbonate reactivity was difficult to observe. However, the reactivity of  calcium 
carbonate becomes first observable on a macro level in ternary systems with fly ash producing extra calcium 
aluminate hydrates in its pozzolanic reaction (De Weerdt and Justnes [4]) and recently the strength increase 
of  fly ash blended cement with dolomite versus limestone was found to be due to hydrotalcite formation 
also requiring aluminates (Zajac et al [5]).

1.1.1 Physical Principles
The physical principles include particle packing, pore refinement and connectivity of  pores reducing the 
transport of  aggressives into the concrete. The two latter points are actually indirectly chemical since they 
are a consequence of  hydration and depend on how much liquid water is transferred into solid hydrates. 
The effect improves as a function of  time.

1.1.2 Chemical Principles
The chemical principles involve the chemical nature of  the hydration products and how they interact with 
aggressives forming new products.

2. Physical effects of  SCMs

2.1 Initial particle packing
SCMs have often higher surface and consist of  smaller particles than portland cement and also lower 
density. Hence, in the practical approach of  just replacing cement with SCM by mass, there will be an 
increased volume of  binder (cement + SCM + water) relative to the aggregate. The same goes for adding 
SCM to cement instead of  replacing cement, which is common in many former studies, in particular for silica 
fume. In more scientific studies it is therefore recommended to use volume replacement of  cement by SCM in 
order to sort out the physical and chemical effects of  the SCM compared to cement.

If  one considers a portland cement with average particle size d50≈ 20 µm, it still has a particle size distribution 
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(psd) allowing smaller particles to pack in between the larger particles. For a particle with radius r to fit into 
a tetrahedral hole created by 4 spheres of  20 µm diameter (radius R = 10 µm); r < (√3/2 -1)R = 2.25 µm, 
and to fit in an octahedral hole of  6 spheres of  diameter 20 µm; r < (√2-1)R = 4.14 µm. An individual silica 
fume particle of  0.15 µm can then even fit into a tetrahedral hole of  cement particles as small as 1.33 µm 
in diameter, while calcined clay particles with a typical diameter of  5 µm only can pack in between coarser 
cement particles and compete with cement grains of  similar size.

The simplest SCM example is silica fume (Justnes [6]) consisting of  basically spherical individual particles 
with an average diameter of  0.15 µm, although usually occurring as aggregation of  fused particles. As 
comparison, the irregular grains of  a portland cement have typical average diameter of  15-20 µm. The 
chemical composition of  silica fume (SF) is also rather simple as it usually contains more than 90% SiO2 
with a range of  85 to 99%. Because of  its small particle size, SF will pack in the cavities formed by 
the irregular shaped cement grains until a certain dosage when the SF will disperse cement grains or its 
agglomerates in the fresh state. The result is a considerable void size refinement from the start. 

Reduced permeability during setting, or shortly thereafter, is important for durability of  concrete (for 
instance in marine environment) when made by slip forming or when demoulded early. Ingress of  aggressive 
ions like water-borne chlorides can be very rapid during early exposure, in particular due to suction created 
by the under pressure in contraction pores formed as a consequence of  hydration.

2.2 Increased volume of  solids
Hydration reactions lead normally to an increased volume of  solids as liquid water is transformed into 
hydrates. The strength increase after initial contact between the particles is mainly a consequence of  reduced 
porosity, even though the mechanical properties of  the formed compounds matters as well. One can use 
alite hydration as an example as illustrated in Eq. 1 where the increase in volume of  solids during hydration 
is (0.300+0.217)-0.317= 0.200 ml/g C3S corresponding to an increase of  63 vol%.

2 C3S  + 6 H  =  C3S2H3   +  3 CH     (1)

m=1.00g  0.237  0.750  0.487

M=228.32g/mol              18.02  342.46  74.09

n = 4.38 mmol  13.14  2.19  6.57

ρ = 3.15 g/ml  0.998  2.50  2.24

V=0.317ml  0.237  0.300  0.217

3. Chemical effects of  SCMs

Scrivener et al [7] published a state of  the art on methods to determine the degree of  reaction of  SCMs. The 
chemical effects of  different SCMs are treated in the following:

3.1 Silica
Using the cement chemist’s notation the pozzolanic reaction of  silica fume can be written:

S + CH = CSH                      (2)

A mixture of  silica fume and pure lime needs weeks to harden properly. The acceleration of  the pozzolanic 
reaction by alkalis creating high pH in the pore water was confirmed by Justnes [8] following the strength 
development for mortars with lime/silica fume cementitious materials. The presence of  alkalis seems to 
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S (s)    +    (N,K)H (aq) → (N,K)SH (aq)

      ↑                    +                     (3)

CSH (s) + (N,K)H (aq) ← CH (aq or s)

The nature of  the CSH-gel from the pozzolanic reaction is different than the CSH gel formed by cement 
hydration. The two different gels coming from the cement hydration and the pozzolanic reaction, 
respectively, can be interwoven. The calcium silicate hydrate amorphous gel can exist in a wide range of  
compositions. The general difference between CSH from pozzolanic reaction and from cement hydration 
is that the former CSH has longer linear polysilicate anions and lower C/S-ratio than the latter (Justnes [9]). 

In Fig. 1 (Justnes [10]) the relative compressive strength of  mortar with lime/SF cementitious material 
(corresponding to C/S = 1.11, water-to-solid = 0.70 and alkalis of  K/Na = 2 to pH = 13) is plotted versus 
curing time. In the same figure the degree of  reaction of  SF as measured by 29Si MAS NMR versus curing 
time is plotted as well with a nearly identical trend indicating linearity between SF conversion and strength.

Justnes et al [11, 12] used 29Si MAS NMR to study the influence of  silica fume on the hydration rate of  the 
silicate phases (sum of  alite and belite) in ordinary and high strength cement, as well as the rate of  silica 
fume reaction in such blends and the overall composition of  the CSH gel under sealed conditions. Justnes 
et al [12] and Sellevold et al [13] showed that for low w/(c+s), the silica fume reacted faster than cement and 
left cement grains as micro-aggregate embedded in the CSH-gel. However, this is not necessarily negative 
for strength as cement grains are quite hard particles. Furthermore, some unreacted cement has potential 
in contributing to self-healing of  microcracks during the service life of  concrete.
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Figure 1: Comparison of  compressive strength (100% = 63.9 MPa at 84 days) development of  
mortar with reactivity of  sil ica fume in the cementitious material l ime /SF with C/S = 1.11 and 
water-to-solid ratio 0.70 after Justnes [10].

3.2 Alumina and aluminosilicates
The chemical reaction of  alumina, as in for instance nano-alumina (e.g. Barbhuiya et al [14]) or simply 
γ-Al2O3, is equally simple as for silica in reaction (2);

3 CH + A + 3 H = C3AH6         (4)

C3AH6 is the stable end-product in an isolated system of  finely divided alumina and lime in spite of  a number 
of  metastable calcium aluminate hydrates (CAH10, C4AH19 etc). As for silica in reaction (3), alkalis will also 
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here play a catalytic role with soluble aluminum hydroxide ions like Al(OH)4
- as the likely intermediate 

product. The difference is that the CAH products in general are crystalline rather than amorphous.

The pozzolanic reaction of  the aluminosilicate (AS) glass phase in fly ash and the distorted aluminosilicate 
layers in calcined clays is complex but can be written in a non-balanced way;

CH + AS +H → CSH + CAH + CASH        (5)

A representative for calcium aluminate hydrate (CAH) will be C3AH6 and the mixed product CASH can 
be Strätlingite; C2ASH8. In addition to that, it is typical that the CSH-gel will contain more aluminate than 
when it is formed by cement hydration only.

Ground blast-furnace slag (GGBS) contains sufficient calcium to react by itself  when activated by alkalis. 
GGBS has a typical composition of  47% CaO+MgO, 35% SiO2 and 12% Al2O3. When activated with 
gypsum together with cement, the hydration products of  slag are generally the same as for ordinary Portland 
cement (OPC); CSH-gel, Ettringite and monosulphate (Smocsyk [15] and Uchikawa [16]). The formation 
of  Strätlingite (C2ASH8) is only to be expected if  alkali hydroxide is added to the slag cement according to 
Richartz [17] or if  the blast furnace slag is activated with alkali hydroxide (Regourd [18] and Forss [19]). 
Like fly ash, GGBS has a somewhat variable composition and it may not be entirely true that it does not 
consume calcium hydroxide during its reaction (Hinrichs and Odler [20]), which may depend on its content 
of  CaO relative to SiO2 and Al2O3. The introduction of  more calcium aluminate hydrate in the system by 
GGBS will destabilize ettringite (AFt) and form more calcium monosulphate hydrate (AFm), as for fly ash 
(Fig. 2).

3.3 Carbonates
Carbonates need CAH to react with. The combination of  limestone together with an aluminate containing 
pozzolan (e.g. fly ash) makes calcium carbonate react more since it is too little CAH available from the 
clinker. This synergistic reaction lead to more bound water, reduced porosity and thereby higher strength 
has been documented by De Weerdt and Justnes [4, 21] and De Weerdt et al [22-26]. 

The synergetic effect between fly ash and limestone powder is attributed to the impact of  CaCO3 on the 
AFm phases which has been documented for pure OPC (Lothenbach et al [27]). AFm can in general be 
written [Ca2(Al,Fe)(OH)6]X·xH2O where X denotes one formula unit of  a singly charged anion or half  a 
formula unit of  a doubly charged anion (e.g. OH-, SO4

2- or CO3
2- often referred to as OH-AFm, SO4-AFm 

and CO3-AFm. The impact of  limestone powder is amplified as fly ash provides additional aluminates to 
the system by its pozzolanic reaction with calcium hydroxide from the cement hydration. The effect is 
demonstrated by Eqs. 6 and 7 showing the increased volume of  the hydration phases in the reactions. The 
remains and original boundary of  a partial reacted limestone grain in a cement-fly ash-limestone blend is 
shown in Fig. 2.

It is beneficial to blend calcium carbonate with something forming either more C3AH6 or sulphate-AFm 
that can react with calcium carbonate to bind more water and increase volume;

CC             +           C3AH6  +  5 H  =  C4ACH11           (6)

m = 1.00 g                  3.78          0.90               5.68 

M =100.09 g/mol    378.29        18.02      568.50 

n = 9.99 mmol           9.99        49.95          9.99 

ρ = 2.67 g/ml           2.52        0.998               2.17 
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According to the reaction in Eq. 6, 100 g calcium carbonate (≈1 mol) would bind 90 g (≈5 mol) extra water. 
The total increase in volume of  solids will then be (2.618-(0.375+ 1.500))·100vol%/(0.375+1.500) = 39.6 
vol%. So with a lot of  C3AH6 produced, this will matter. Alternatively, the reaction with sulphate AFm will 
be as follows;

2 CC        +     3 C4ASH12 + 18 H = 2 C4ACH11 + C6AS3H32      (7)

m = 1.00 g                9.33       1.62              5.68         6.27

M =100.09 g/mol  622.52      8.02           568.50    1255.11

n = 9.99 mmol       14.99       9.91    9.99          5.00 

ρ = 2.67 g/ml       2.015     0.998    2.17        1.778

V = 0.375 ml       4.630     1.623            2.618        3.526

According to the reaction in Eq. 7, 100 g calcium carbonate (≈1 mol) would bind 162 g (≈9 mol) extra water. 
The total increase in volume of  solids will then be ((3.526+2.618)-(0.375+4.630))·100vol%/(0.375+4.630) 
= 22.8 vol%. This is just above half  the volume increase compared to limestone reacting directly with 
C3AH6 in Eq. 6.

Small additions of  limestone powder result in the formation of  calcium hemicarboaluminate hydrate 
(“hemicarbonate”) instead of  calcium monosulphoaluminate hydrate (“monosulphate”) and thereby 
stabilizing ettringite. Larger limestone additions lead to the formation of  calcium monocarboaluminate 
hydrate (“monocarbonate”). Due to the difference in specific volume of  these phases, and higher amount 
of  hydrate water in ettringite or AFt (32 mole) vs. AFm (12 mole), an increase in the total volume of  
hydration phases can be observed. This will in turn lead to a reduction in porosity and consequently to an 
increase in strength. Segments of  XRD profiles of  paste showing how phases shift for different mixes of  
cement, cement with fly ash (FA), cement with limestone (L) and cement with limestone and fly ash (FA/L) 
are plotted in Fig. 2. The validity of  the synergistic effect of  limestone/fly ash for different clinker types 
and fly ash types was documented by De Weerdt et al [28].

Figure 2: Left; BSE of  paste consisting of  cement/f ly ash/limestone showing boundaries of  a partly 
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reacted limestone in the centre and a circular f ly ash particle in the upper left. Right; Segments 
of  XRD profiles for OPC with combinations of  f ly ash (FA) and limestone (L). OPC alone gives 
a mixture of  ettringite (E) and monosulphate (MS). OPC/L stabilises E and form hemicarbonate 
and monocarbonate (MC). OPC/FA destabilises E and form MS. OPC/FA/L stabilises E and forms 
mainly MC.

It is of  course not only fly ash that will form aluminates having a synergistic reaction with limestone, but 
also GGBS and calcined clay (Antoni et al [29]) or marl. Fig. 3 (photo to the left) shows a BSE image of  
a mortar where 35% of  cement has been replaced with calcined marl, and the formation of  CAH in the 
centre of  the image. A wave length dispersive spectrum (WDS) revealed the composition 16.5 Ca, 8.3 Al 
and 0.4 Fe in atom% (mark of  electron beam can be seen), giving Ca/Al = 2.0, so it is C4ACH11. (Justnes 
and Østnor [30]). The segment of  XRD to the right in Fig. 3 reveals the formation of  C4ACH11, calcium 
carboaluminate hydrate, in a mixture of  calcined marl and calcium hydroxide (Justnes and Østnor [31]).

Neither is it necessary to use limestone, CaCO3, as carbonate source, since dolomite, CaMg(CO3)2, 
will function as well and even lead to higher strength through formation of  voluminous hydrotalcite; 
Mg6Al2CO3(OH)16·4H2O, according to Zajac et al [5].

Figure 3: Left; BSE image of  mortar where 35% cement is replaced with calcined marl and a 
CAH is formed in a void (Justnes and Østnor [30]). Right; XRD segment of  a paste of  calcined 
marl mixed with lime showing an il l ite peak (clay mineral) at 2 ≈ 8.7° and a peak from calcium 
monocarboaluminate hydrate at 2θ  ≈ 11.7° (Justnes and Østnor [31]).

4. Increasing reactivity of  blended cements by accelerators

SCMs react in general slower than cement. Both GGBS and FA are activated by increased pH, but while 
GGBS is a latent hydraulic material, FA is a pozzolanic material consuming calcium hydroxide in producing 
hydraulic binder.

One advantage of  using common potassium carbonate (K2CO3 or KC in short) or sodium carbonate 
(Na2CO3 or NC in short) as fly ash or slag activator, is that they are safe to handle and will form high pH in 
situ by reaction with calcium hydroxide from cement hydration;

CH + KC= CC + KH          (8)

and at the same time form calcium carbonate with high surface area that probably is faster reactive with 
calcium aluminate hydrates than limestone powder. Such in situ forming accelerators were utilized by Justnes 
[8] making lime-pozzolan mortars with high early strength. The disadvantage may be that alkali carbonates 
may retard the setting of  cement and/or give somewhat lower long-term strength depending on total alkali 
content.
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formation of  NaOH (short hand notation NH) for further acceleration and formation of  solid ettringite 
and/or monosulphate with increased water binding;

3 NS (low pH) + 3 CH (from cement) + C3AH6 (from pozzolan) + 26 H = 

3 NH (high pH) + C6AS3H32         (9)

Shi and Day [32-25] studied the effect of  Na2SO4 and CaCl2 as chemical activators on the strength of  
lime-fly ash pastes. ASTM type C and F fly ashes were used in the 20% hydrated lime and 80% fly ash 
mixes (no cement) and the chemical activators were added in dosages up to 5% of  the lime-fly ash mass. 
The pastes were prepared with a water/solid ratio of  0.35 for type F or 0.375 for type C fly ashes and 
cured moist at 50ºC. Both Na2SO4 and CaCl2 clearly increased the compressive strength of  the mortars, 
but sodium sulphate was superior with respect to the 1 day strength. Unfortunately, are many chemical 
activation experiments performed at elevated temperatures being irrelevant for ready mix concrete, but still 
applicable for precast concreting.

Shi and Day [32] used X-ray diffraction (XRD) and scanning electron microscopy (SEM) to examine pastes 
with and without activators. The low lime fly ash (ASTM type F) without any activator had a CSH-like 
phase as principal hydration product, and the second major hydration product was found to be C4AH13. 
Minor products detected were ettringite (AFt) at early age and C2ASH8 at later age. The addition of  sodium 
sulphate resulted in an increase of  the AFt phase and a decrease in the C4AH13 phase, which is in line with 
reaction 9. Calcium chloride activator led to formation of  the solid solution C4AH13-C3A

.CaCl2
.10H2O.

Qian et al [36] compared the effect of  grinding for 30 minutes in a ball mill and chemical activation through 
the addition of  3-4% Na2SO4. They found that chemical activation was more efficient than ordinary 
grinding. Chemical activation increased the 3 and 7 day-strength of  cement replaced with 30% fly ash by 
5-10 MPa.

Lee et al [37] studied the strength and microstructure of  fly ash-cement systems containing the accelerators 
Na2SO4, K2SO4 and triethanolamine. The accelerators increased the amount of  ettringite at early ages. 
The authors concluded that accelerators were a viable solution to increase early compressive strength of  
concrete with high amounts of  fly ash.

High dosages of  alkaline salts as accelerators may give lower long-term strengths and may also be negative 
in terms of  alkali-aggregate reactions (AAR). Another approach is to boost the cement reactivity rather 
than the SCM reactivity. Hoang [38] investigated accelerators for mortars where cement was replaced 
with 30% fly ash. He arrived at a ternary accelerator based on 0.2% sodium thiocyanate (NaSCN), 0.1% 
diethanolamine (DEA) and 0.05% glycerol and showed that a 0.35% dosage of  this ternary accelerator gave 
same improved strength after 2 days at 5°C (41°F) as 4% sodium sulphate (Na2SO4) + 0.4% NaSCN (total 
4.4%, more than 12x increased dosage), but the 28 days strength was higher for the low dosage of  ternary 
accelerator. The ternary accelerator also fulfilled the requirements to a hardening accelerator according to 
EN 934-2 [39] at a 0.35% dosage with +60% 2 day strength at 5°C and +30% 1 day strength at 20°C relative 
to reference and was patented (Hoang et al [40]).

5. Rheology of  blended cements

Cement blended with SCMs with substantially higher specific surface than cement, and in particular irregular 
particles shapes with voids, leads to inferior rheology compared to ordinary cement. Justnes and Ng [41] 

published a review on the influence of  all components of  a concrete matrix (i.e. cement type, SCMs and 
mineral fillers). Some information for the individual SCMs are repeated in the respective sub-sections.
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4.1 Silica fume
Vikan and Justnes [42] made cement pastes with a constant total particle volume of  0.442 corresponding to 
w/c about 0.40 as basis, while the amount of  silica fume (SF) was replacing cement in volume increments 
of  0.01 from 0.00 to 0.06. They concluded that the influence of  SF replacement on the flow resistance 
(FR) depended on the plasticizer type: FR increased with increasing SF replacement when naphthalene 
sulphonated – formaldehyde condensate (NSF) was added as a plasticizer and decreased when polycarboxylic 
ether (PCE) was added. Increased FR and gel strength with SF replacement using SNF may be caused by 
early gel formation due to water binding by SF or the ionization of  SF surface due to the high pH and 
possible bridging with polyvalent cations like calcium. Decreased FR with increasing SF replacement using 
PCE was explained by the dispersing power of  PCE coupled with SF packing between cement grains 
displacing water or by a ball-bearing effect of  silica spheres.

4.2 Fly ash
Ng and Justnes [43] studied cementitious paste where OPC were replaced by siliceous fly ash (FA) in 
increments of  20 to 60% by mass and with a constant water-to-powder ratio of  0.36. They investigated 
the effect of  5 plasticizers; lignosulfonate (LS), NSF and 3 PCEs. Some results are presented here, but Ng 
and Justnes [44] have presented detailed results for one PCE. The flow resistance (FR) decreased steadily 
with increasing replacement of  OPC by FA as shown in Fig. 4 in spite of  increased total volume of  solids 
since the density of  FA is lower than OPC. The decrease in FR is due to the spherical nature of  FA and 
the low reactivity of  the glass phase at this early stage. Furthermore, there is much lower interaction of  the 
plasticizers with FA than with cement, so the effective plasticizer-to-cement ratio is increasing and thereby 
also the retardation of  the cement as illustrated in Fig. 5 for NSF.

Figure 4: Flow resistance as a function of  OPC replacement by SCM, f ly ash (FA) or calcined marl 
(CM) with 0.2% dry plasticizer LS, NSF and a PCE named SX) of  powder mass.

4.3 Blast furnace slag
Investigations on admixture interactions with cement blended with ground blast furnace slag are limited. 
Blast furnace slag consists of  a glass phase with in the order of  40% CaO. The surface is believed to have 
calcium-sites capable of  coordinating with plasticizers unlike the glassy phase of  siliceous fly ash, but still 
to a smaller extent than for OPC.

Palacios et al [45] studied the effect of  a number of  plasticizers on the yield stress and plastic viscosity of  
alkali activated slag (AAS) and OPC pastes. They concluded that the adsorption of  the plasticizers on AAS 
pastes was independent of  the pH of  the alkaline solutions used and lower than on OPC pastes. However, 
the effect of  the admixtures on the rheological parameters depended directly on the type and dosage of  
plasticizer as well as of  the binder used and, in the case of  the AAS, on the pH of  the alkaline activator 
solution. In 11.7-pH NaOH-AAS pastes the dosages of  plasticizers required to attain similar reduction in 
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effect considerably higher than in OPC pastes. In 13.6-pH NaOH-AAS pastes, the only plasticizer to affect 
the rheological parameters was NSF due to its higher chemical stability in such extremely alkaline media.

Figure 5: Heat of  hydration (Power) evolution per cement mass for cementitious pastes with 0 
(OPC), 20 (FA20), 40 (FA40) and 60% (FA60) replacement of  OPC with FA to the left and with 
0 (OPC), 20 (CM20), 40 (CM40) and 60% (CM60) replacement of  OPC with CM to the right. All 
pastes are plasticized by 0.2% dry NSF of  powder mass.

4.4 Calcined clay
Ng and Justnes [43] studied also cementitious paste where OPC were replaced by calcined marl (CM) in 
increments of  20 to 60% by mass and with a constant water-to-powder ratio of  0.36. They investigated 
the effect of  the same5 plasticizers; LS, NSF and 3 PCEs as for fly ash. The flow resistance (FR) plotted in 
Fig. 4 shows that it decreased slightly from 0 to 20% OPC replacement by CM and 0.2% addition of  dry 
plasticizer for LS and NSF. Workable mixes were not attained for these plasticizers at a 0.2% dosage for 
higher CM replacements. For 0.2% PCE (SX) addition, FR increased with increasing OPC replacement by 
CM until 40%, while the 60% was not workable at this PCE dosage. Reasons for lower workability when 
OPC is replaced by CM are higher volume of  solid due to lower density, higher water absorption by its 
porous nature and less reactive surface with less calcium sites than OPC. CM surface is assumed to be more 
reactive and have more Ca-sites then siliceous fly ash (FA) and adsorb more plasticizer. This is also reflected 
in the heat of  hydration evolution curves when OPC is replaced with CM using NSF leading to acceleration 
rather than retardation for the FA replacement as seen in Fig. 5. This indicates that the effective plasticizer-
to-cement ratio is less in the case of  CM replacement than for FA replacement.

5. Influence of  SCMs on durability of  blended cements

5.1 General
There is a general dilemma in all accelerated durability testing: How can the exposure be sufficiently 
accelerated in order to give in a relative short time the same environmental load as a long-term natural 
exposure? This is usually sought achieved my increasing the exposure temperature (e.g. alkali aggregate 
reactions) or by increasing the concentration of  the aggressive component (e.g. carbonation). 

Increased temperature prior to exposure is also often used to achieve a more mature cementitious binder 
since SCMs often react much slower than the cement hydrate at ambient temperature and many of  the 
degradation mechanisms happens slowly over years. However, it is important to not raise the temperature 
so high that changes occur in the binder that will not happen in practice. For instance it is well known, 
that the CSH gel becomes coarser and more porous already at 50°C (Kjellsen et al [46-48]) and fly ash/
lime mixes might have a phase change when cured at 38°C relative to 20°C (De Weerdt and Justnes [21]). 
Another example is paste where cement is partly replaced by calcined clay as SCM and cured at 38°C 
(Danner [49]) where dense areas of  the hydrogarnet katoite formed and not seen at 20°C.
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5.2 Chloride ingress
Chloride ingress is not detrimental to the binder itself  but may induce corrosion of  reinforcement steel in 
spite of  high pH when exceeding a certain threshold value of  chloride at the steel surface. The required total 
chloride content at the rebar to initiate corrosion is often taken as 0.1% Cl- of  concrete mass irrespectively 
of  the binder type. Chloride binding is not taken into account even though it is the chlorides in the pore 
water next to the steel that are destabilizing the protective oxide layer created by the high pH. Many refer to 
a certain Cl-/OH- ratio in order to initiate steel corrosion, but the values scatter. The following conclusions 
were made from a state-of-the-art report on critical chloride level (Angst and Vennesland [50]); “A lot of  
studies have been undertaken in the context of  critical chloride content and the published results scatter 
in a wide range. The reported results span from 0.02 to 3.08% total chloride by weight of  binder and thus 
over two orders of  magnitude. Published Cl–/OH– ratios even range from 0.03 to 45 and thus over three 
orders of  magnitude.”

Even though pozzolanic SCMs consume calcium hydroxide (CH), the remaining CH will buffer pH to 
12.5, albeit it may be reduced from pH 13.2 given by the alkali hydroxides as long as SCM prevails. Alumina 
containing SCMs may in addition form CAH that will lead to increased chemical binding of  chlorides as 
Friedel’s salt; Ca3Al2O6·CaCl2·12H2O, as well as increased adsorption on CSH-gel as more gel is formed on 
the expense of  CH in the pozzolanic reaction. Thus, it is difficult to judge how SCMs will affect the Cl-/
OH- ratio. If  properly dispersed, SCMs will in general also refine the porosity of  the binder and reduce the 
diffusion rate of  aggressives as chloride. 

An example of  chloride ingress profiles in mortars with increasingly volume replacement of  cement by 
calcined marl is shown in Fig. 6 (Justnes and Østnor [30]) revealing that chloride ingress is substantially 
reduced up to a cement replacement of  50 vol%. Such profiles of  total chloride content is often erroneously 
(Justnes and Geiker [51]) used to be fitted to solutions of  Fick’s 2nd law of  diffusion to yield a surface 
concentration of  chlorides and an apparent diffusion coefficient that is further used in service life modelling 
of  concrete structures, even though it is only the free chlorides that are moving. Another benefit of  SCMs 
is increased electrical resistivity as exemplified in Fig. 7 for the same mortars as in Fig. 6. A high electrical 
resistivity brought about by a combination of  porosity segmentation and reduced ion activity (i.e. hydroxyl 
ions are the most important charge carriers) in the pore fluid, may also reduce corrosion rate of  steel once 
it is initiated.

Fidjestøl and Justnes [52] investigated the chloride profiles in a quay structure in Gothenburg harbor after 
24 years of  service. The water in the harbor is partly brackish with an average chloride concentration 
of  1.4% as opposed to 1.9% in Atlantic waters. The quay was cast with different segments of  concrete 
with 5% silica fume and without, and if  the chloride profiles are fitted to the solution of  Fick’s 2nd law of  
diffusion it resulted in apparent diffusion coefficients of  0.32 and 0.90·10-12m2/s) for 5% and 0% silica 
fume, respectively.

Thomas and Bamforth [53] investigated the effect of  cement replacement by 30% fly ash or 70% GGBS on 
chloride ingress in concrete blocks naturally exposed to seawater spray over a period of  several years with 
the objective of  finding the decay coefficient (m) of  the apparent diffusion coefficient in Eq. 10;

Dt = Dref·(tref/t)m          (10)

where

Dt = apparent diffusion coefficient at time t

Dref  = apparent diffusion coefficient at a given reference time, e.g. 28 days
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Thomas and Bamforth [53] found D28 d = 8, 6 and 25·10-12m2/s for reference, 30 FA and 70% GGBS, 
respectively, with corresponding values m = 0.1, 0.7 and 1.2. In spite of  higher D28 d, the accumulated 
chloride ingress in concrete with 30% fly ash or 70% GGBS was about equal but much lower than reference 
after 2 years and onwards to 8 years. This illustrates the importance of  mature samples with high dosages 
of  SCMs prior to accelerated exposure.

Sometimes ternary mixes are beneficial, as shown by Thomas et al [54] where cement replaced by 25% FA 
and 8% SF resulted in lower chloride ingress than either component alone, probably by a combination of  
improved particle packing and increased reactivity.

 
Figure 6: Chloride ingress in mortars where cement is replaced with 0 (M0), 20 (M20), 35 (M35), 
50 (M50) and 65 (M65) vol% calcined marl after exposure for 35 days to 165 g NaCl/liter (Justnes 
and Østnor [30]).

Figure 7: Resistivity of  mortars where cement is replaced with calcined marl from 0-65 vol% as a 
function of  time.

5.3 Carbonation
Carbonation is actually a neutralization reaction between carbonic acid, H2CO3 (i.e. CO2 dissolved in water) 
and alkaline components in the blended cement;

2 NaOH + H2CO3 = Na2CO3 + 2 H2O        (11)

Ca(OH)2 + H2CO3 = CaCO3 (s) + 2 H2O        (12)

Ca3Si2O7·4H2O (s) + H2CO3 = CaCO3 (s) + Ca2Si2O6·xH2O + (5-x) H2O    (13)
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According to Engelsen and Justnes [55], all hydrates formed by cement will carbonate, but CSH will 
probably only carbonate down to a Ca/Si of  about 1. Based on stoichiometric considerations they calculated 
that about 72% of  all CaO in an ordinary portland cement will carbonate. Visser [56] recently reviewed 
carbonation mechanisms and consequences of  elevated CO2 concentrations for accelerated testing. 
Carbonation reduces pH of  the pore water from about 13 to around 9 and the carbonation front inwards 
is easily detected by spraying an indicator like phenolphthalein on a broken surface since it is colorless for 
pH <10 and pink above. The carbonation front is also believed to be relatively steep.

There are basically 2 reasons why cements blended with SCMs are more prone to carbonation than ordinary 
portland cements; 1) the physical thinning effect since there is less cement per volume unit to produce 
calcium hydroxide and 2) the chemical pozzolanic effect of  some SCMs consuming calcium hydroxide. The 
question is whether or not their hydration products will carbonate as they tend to produce CSH of  low 
C/S less prone to carbonation under natural conditions (≈0.04% CO2) even though they might carbonate 
at ≥ 1% CO2.

The water-to-cement ratio (w/c) together with the amount and volume of  hydration products determines 
the connectivity of  pores and also the carbonation depth as shown in Fig. 8 for mortar where OPC is 
replaced by FA and GGBS as function of  w/c and compared to OPC. It can be seen that a mortar with 
17% replacement of  cement by FA carbonates only slightly faster than for cement replaced with 48% 
GGBS at the same w/c. Thus, it seems to be controlled by total CaO in the system which is about 52% for 
both.

Figure 8: Carbonation depth (mm) of  mortar where cement has been replaced with 17% f ly ash 
containing ≈5% CaO or 48% GGBS containing ≈40% CaO as a function of  w/c and compared to 
OPC (CEM I) containing ≈62% CaO after exposure for 16 weeks to 1% CO2 at 60% RH and 20°C. 
Samples preconditioned 28 d in water and 14 d at 50% RH.

Justnes and Østnor [30] tested the carbonation rate of  mortars with increasing volume replacement of  
cement by calcined marl and constant water-binder ratio for carbonation depth versus square root of  time. 
Such a plot is expected to be linear if  diffusion controlled, but in this case it is curved for replacement levels 
≥ 35 vol%. This might be due to formation of  increasing amount of  AFt (stabilized by carbonate) and 
AFm rich in crystal water. When these phases carbonate, they form calcium carbonate and gibbsite while 
the crystal water goes back to liquid, which leads to increased porosity forming pathways for increased 
carbonation rate. Calcined clay/marl reacts much faster than for instance fly ash.

Generally speaking, the carbonation rate will increase with increasing SCM at constant w/c and curing 
time. However, when the concrete is proportioned to give same 28 days strength, the carbonation rate 
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to accelerate carbonation tend to overestimate the carbonation rate in concrete with SCMs (Thomas et al 
[57]). Concluding from short-term tests (< 5 years) may overestimate the negative impact of  fly ash on 
carbonation rates in concrete (Hobbs [58]).

5.4 Alkali aggregate reactions (AAR)
Alkali aggregate reactions (AAR) are most often caused by dissolution of  reactive silica in the aggregate by 
alkali hydroxides in the pore solution, which turn into a viscous, swelling gel when it meets the paste binder 
and alkalis partly ion exchange with calcium.

Replacing cement with SCMs generally reduce expansion due to AAR (Thomas [59]). This has in general 
been thought to be caused by a reduction in pH (i.e. hydroxyl concentration) of  pore water and a lower 
content of  calcium hydroxide. In the author’s opinion, the reduction in pH will be the case as long as the 
alkalis are busy in dissolving SCM in the catalytic way outlined in Eq. 3, but the implication is that this may 
cause only a delay of  AAR until the SF has reacted totally. Bérubé and Duchesne [60] showed indeed that 
SF merely postpones expansion due to AAR. Nevertheless, SF as a preventative against AAR, together with 
other improvements in construction procedures, has found its application in Iceland where all cement has 
been interground with 7-8 % SF to combat the problem (Asgeirsson [61]). Fournier et al [62] also showed 
that >7% SF was able to control ASR.

According to Thomas [3] the level of  cement replacement by SCM required to control AAR expansion 
increases as 1) SiO2 content of  SCM decreases, 2) CaO of  SCM increases, 3) alkali content of  SCM 
increases, 4) alkali availability in the concrete increases and 5) reactivity of  the aggregate increases. Shehata 
and Thomas [63] showed that low calcium fly ashes (ASTM Class F) are much more effective in reducing 
AAR expansion (typical cement replacement level >20%) than high calcium fly ashes (ASTM class C). 
Shehata and Thomas [64] demonstrated that the required level of  low calcium fly ash could be reduced to 
10% when combined with 5% SF as a ternary blend. Thomas and Innis [65] found that North American 
GGBS at a cement replacement level of  > 40% was able to control expansion caused by AAR. Bleszynski 
et al [66] showed that GGBS in combination with SF as a ternary blend including cement was better than 
GGBS replacement alone in reducing AAR expansion. Ramlochan et al [67] proved that highly reactive 
metakaolin at a cement replacement level > 10% was able to combat expansion due to AAR.

Some have suggested that the presence of  alumina in SCMs contributes to prevent the release of  alkali back 
to the pore solution by binding in the hydration products. However, Chappex and Scrivener [68] showed 
that this effect is extremely small, and instead it was found that alumina is an inhibitor of  silica dissolution 
(Chappex and Scrivener [69, 70]) in their system with metakaoline as SCM. Favier et al [71] showed that 
AAR is prevented by calcined clay mixed with limestone as well.

5.5 Sulphate attack
There are 2 forms of  sulphate attack; 1) external where sulphates from the surroundings are penetrating 
the hardened concrete forming expanding ettringite and 2) internal that can be caused by decomposition 
of  ettringite during hot curing exceeding 70°C and later reformation and expansion after cooling (i.e. 
delayed ettringite formation shortened DEF). A special form of  external sulphate attack can occur at 
low temperatures (<15°C) if  the concrete contains limestone, namely the formation of  thaumasite; 
Ca3Si(OH)6(CO3)(SO4)·2H2O, that can take silicate from the CSH and turn it into a non-binding mush 
(Irassar [72]). A special form of internal sulphate attack is from aggregate containing iron sulfides that 
may oxidize to sulphates (Duchesne [73]).

The good performance of  concrete with SCMs in a sulfate environment can be attributed to several 
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factors of  which the most important are likely to be i) the refined pore structure and thus reduced mobility 
of  harmful ions and ii) the lower calcium hydroxide content by thinning or pozzolanic reaction and iii) 
formation of  more CAH that will at least delay formation of  AFt since AFm must form first. The second 
factor leads to reduced formation of  expansive gypsum (Eq. 14) and later ettringite from, for instance, 
calcium aluminate hydrates (Eq. 15) or monosulphate, AFm (Eq. 16), found in the hydrated concrete binder.

Ca(OH)2 (s) + 2H2O + SO4
2- = CaSO4⋅2H2O (s) + 2OH-        (14)

C3AH6 (s) + 3 CSH2 (s) + 20 H = C6AS3H32 (s)       (15)

C4ASH12 (s) + 2 CSH2 (s) + 16 H = C6AS3H32 (s)            (16)

Based on molar volumes, it can be calculated that the reaction in Eq. 14 leads to 124% expansion of  the 
solid (s). The reaction in Eq. 15 leads to 371% increase relative to the C3AH6 crystal (localized growth) or 
89% relative to both C3AH6 and gypsum, while the reaction in Eq. 16 leads to 128 % expansion relative 
to the AFm phase only (localized growth) or 54 % expansion relative to both AFm and gypsum. These 
expansive reactions result in cracking and spalling if  the stress exceeds the tensile strength of  the binder. 
Scrivener [74] pointed out that ettringite needs to be supersaturated in order to create a pressure leading to 
expansion. Müllauer et al [75] studied sulfate attack mechanisms in detail.

When SF is used together with GGBS or FA as cement replacement (Carlsen and Vennesland [76] and 
Fidjestøl and Frearson [77]) these ternary mixtures have been found to be more resistant to sulfate attack 
than special sulfate resisting cements.

Kunther et al [78] showed an improvement of  the sulphate resistance (50 g Na2SO4 /liter) for a cement with 
70% GGBS relative to an OPC, and also that the expansion due to sulphate attack was substantially reduced 
when bicarbonate was present simultaneously (50 g Na2SO4 + 30 g NaHCO3/liter). They explained the 
latter effect by ettringite and gypsum becoming unstable in presence of  bicarbonate and that the ettringite 
could not build up the crystallization pressure required to create expansion. An alternative explanation is 
that CO3-AFm is more stable than SO4-AFm and would prevent AFt formation.

Dehwah [79] exposed concrete specimen to 5% NaCl and sodium sulphate of  concentrations 1, 2.5 and 4% 
solutions for up to 4 years. The concretes were based on two types of  cement (ASTM C150 type I and V), 
as well as cement type I replaced by 10% silica fume, 20% fly ash or 70% GGBS. None of  the concretes 
showed any deterioration after 4 years, indicating that Friedel’s salt (Cl-AFm) may be more stable than 
monosulphate (SO4-AFm) at the experimental conditions.

Ghafoori et al [80] evaluated the sulfate resistance of  concrete based on ASTM type V cement of  different 
cement contents (and thereby w/c) when replaced with 0, 15, 20, 25 and 30% ASTM class F (siliceous) fly 
ash. They found that the improvement in sulfate resistance was only modest (15%) and that the required 
FA replacement increased with increasing cementitious content of  the concrete.

Hossack and Thomas [81] studied the sulfate resistance at both 5 (41) and 23°C for mortars based on 
cements with limestone content varying from 4-22%. In their series cement was partly replaced with fly 
ash (ASTM types C and F), blast furnace slag, silica fume or metakaolin, as well as some ternary blends 
thereof. They found that SCMs greatly improved the sulfate resistance at 23°C, but higher SCM levels may 
be required when limestone is present. The greatest degree of  resistance to sulphate attack was found 
with ternary mixes of  silica fume with fly ash or blast furnace slag, as well as for high replacement levels 
of  metakaolin. Ettringite, thaumasite and gypsum were found in all samples exposed to Na2SO4 at 5°C 
indicating a mixed form of  sulfate attack. Abdalkader et al [82] investigated sulphate attack on mortars 
based on cement and cement blended with 10% limestone exposed for combined action of  chloride (0, 
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2-) for 630 days at 5°C. All specimens suffered from the thaumasite 
form of  sulfate attack, with the exception of  the combination of  sulfate with 2% Cl-. The degradation was 
more severe for samples with limestone. The better performance in combination with the highest chloride 
concentration was explained by increased Friedel’s salt formation, possibly preventing ettringite formation 
that many consider a prerequisite for the formation of  the isostructural thaumasite. Even though chloride 
may prohibit thaumasite formation it was still found in concrete with limestone filler exposed to sea water 
(0.27% SO4

2- and 1.9% Cl-) for 10 years outside Trondheim, Norway (De Weerdt et al [83]). 

When it comes to the effect of  SCMs on internal sulphate attack, Rønne et al [84] published the effect of  SF 
on expansion due to delayed ettringite formation (DEF), and the measurements for 2 years are plotted in 
Fig. 9 for OPC with 0 and 8% SF and w/(c+SF) = 0.40. The concrete was resting for 6 hours before being 
heated to the set temperature of  20, 70 or 85 °C with a rate of  12°C/h in a water bath that thereafter cooled 
down slowly to the ambient temperature of  20°C to mimic the temperature evolution in a massive structure 
driven by heat of  hydration. The rest of  the curing time was at 20°C and the volume of  the specimens 
was monitored by weighing in water and air according to the principle of  Archimedes. SEM confirmed 
ettringite formation in aggregate interfaces and cracks for the expanding specimens. 

Ramlochan et al [85, 86] initial cured mortar samples at 95°C followed by storage in limewater at 23°C up to 
1500 days. They found that 25% replacement of  cement by SCMs containing alumina; such as fly ash (both 
ASTM class C and F), blast furnace slag and metakaolin, was able to prevent DEF while 8% silica fume only 
had limited effect (expansion reached 1.0% compared to reference expanding 2.8%).

Figure 9: Volume changes of  OPC concrete with w/cm = 0.40 with 0% (legend 400) and 8% (legend 
408) SF initial cured at 20, 70 and 85°C followed by 20°C water curing > 2 years (Rønne et al [84]).

5.6 Freeze-thaw resistance
Concrete with a high degree of  capillary saturation with water (>92%) can be damaged by repetitive freezing 
and thawing cycles (fatigue) since water expands 9% upon freezing and can create a hydraulic pressure 
forcing unfrozen water into smaller pores leading to cracking. This is usually mitigated by entraining small 
air bubbles with the help of  appropriate admixtures. These well distributed air bubbles are empty and will 
function as pressure relief  chambers upon freezing. Concrete with SCMs is believed to be equal resistant 
to freeze-thaw as concrete with ordinary portland cement providing that a good air void system is obtained 
by the aid of  air entraining agents and that the concrete is well cured. SCMs react slower than OPC and 
concrete with SCM is thus more sensitive to improper workmanship. 

There are indications that blended cement may be more sensitive to freeze-thaw under the influence of  
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thawing salts like sodium chloride (NaCl), and an interaction with aluminates forming Friedel’s salt ca not 
be ruled out. Residual carbon in fly ash is known to create a problem by adsorbing air entraining agents 
leading to the need of  higher dosages to obtain a good air void system. This can also be omitted by adding 
sacrificial agents that will preferentially adsorb to the free carbon (Jolicoeur et al [87]. There have also been 
reports on concrete with high blast furnace slag content that become more prone to freeze-thaw damage 
under influence of  thawing salts (Panesar and Chidiac [88], Giergiczny et al [89]), and in particular when 
carbonated (Utgenannt [90]). A possible remedy against the inferior freeze-thaw resistance of  concrete with 
GGBS seems to be surface treatment with sodium monofluorophosphate (Sisomphon et al [91]).

7. Conclusions

Concrete based on cement blended with SCMs, or where ordinary cement is partly replaced with SCMs, is 
more durable in general than concrete based on ordinary portland cement at equal water-to-binder ratio, 
when well cured and when the SCM is properly dispersed. The main reasons are a denser microstructure 
either due to improved particle packing initially or more binder (CSH or CAH) formed on the expense of  
calcium hydroxide (CH) either due to displacement of  cement or pozzolanic reaction.

The exception is carbonation resistance which is increasing with increasing cement replacement by SCMs 
at equal water-to-binder ratio due to less CH, even though most calcium containing components will 
carbonate in the end. However, the increased carbonation rate can be counteracted by reducing the water-
to-binder ratio, but if  this is achieved by increasing the binder content the positive effect of  using SCMS for 
the sake of  environment will be reduced.

Limestone can also be considered as a SCM, in particular in combination with other SCMs producing CAH 
that can be a reactant for a synergic reaction binding even more water that will help densifying the porosity 
of  the binder.

The resistance to ingress of  chemicals depends largely on the AFm phases in the binder and which one 
is the most stable. For instance, the binding of  chlorides is improved by the presence of  CAH forming 
Friedel’s salt and ingress is delayed.
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Specification of  building materials for in 
service durability

C. Gehlen, C. Thiel

Department of  Civil, Geo and Environmental Engineering, Technical University of  Munich.

Abstract

To assess whether a structural element made of  a given building material can withstand the expected 
mechanical load and environmental exposure in service, designers need information on the material 
resistances and loads as well as the local conditions. The durability of  a building material in the structure can 
only be assessed if  these factors are taken into account.  Usually, the material resistances are obtained from 
laboratory tests. However, the performance of  materials under standardized laboratory conditions differs 
from those occurring in the field. This paper considers this assessment problem and develops a solution 
strategy based on carbonation-induced corrosion as an example. 

Keywords: durability design, concrete, reinforcement, material resistances, modeling.

1. Introduction

Infrastructure made of  structural concrete is an essential part of  our modern built environment. Supply 
of  goods and services, individual and public transport, all services are very dependent on the technical 
reliability of  concrete structures. 

Not only is the preservation of  the existing built infrastructure a tremendous task, but also the resource-
saving construction of  new, permanent infrastructure. The current high degree of  worldwide construction 
activity is driven mainly by the population explosion and the dramatically increasing urbanization. More 
than 1.7 billion people in the world are under 20 years old, and in future most of  them will move to the 
rapidly growing urban centres. There, all these people will require housing and infrastructure, offices and 
production facilities, food, consumables, water and energy supplies, as well as schools, universities and 
hospitals. In just a few years, a construction volume will be required which amounts to more than the total 
volume created over 150 years since 1800.

Sustainable construction and economical preservation of  structures are required to ensure the availability 
of  infrastructure at the high level needed. Premature failure or unexpectedly high maintenance costs can 
result in economic expenditure amounting to billions of  Euros.

Structural elements are generally subjected to mechanical loads and the action of  the service environment. 
Mechanical, thermal, chemical and hygric actions always occur together and affect the serviceability, 
structural capacity, deformation, and the building-physics of  structural elements over time, Figure 1. 
Consequently, the design and dimensioning of  each structural element must take the provision of  adequate 
durability into account.

The underlying interactions between simultaneous chemical and physical processes in the micro-structure 
of  mineral and metallic building materials are not fully understood. In view of  the importance of  this, there 
is an urgent need for research: how does the material behave regarding effects which limit durability. What 
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are the decisive factors affecting and limiting durability? How should the material be designed in future? 
How can the material be characterized by fair standard tests and qualified for particular applications? How 
can sufficient durability be proven? How can the durability of  reinforced structures be assessed as a whole? 
How can existing structures be efficiently protected against damaging influences or repaired?

At present, the durability of  the majority of  civil engineering structures is ensured by approximate 
prescriptive rules based on experience in field practice. The disadvantage of  this approach is that new 
materials cannot be taken into account, as well as the effect of  changing exposure conditions or load during 
service cannot be estimated (e.g. conversion of  buildings, increasing heavy goods traffic, climate change).

Figure 1: Mechanically loaded concrete column, affected by chloride in de-icing salts which has 
induced corrosion of  rebar and freeze-thaw scaling, photo Gehlen

Moreover, studies have shown that classical durability design concepts, in which requirements on concrete 
composition and cover are based on decades of  experience, lead, depending on the exposure class, to 
uneconomic solutions or solutions which are uncertain, [1]. This approach stifles innovation, [2], and is 
hard to verify in the field. It is almost impossible to estimate how deviations from the requirements affect 
the actual component behaviour.

On the contrary, performance-based durability design provides a justified calculation of  the time-dependent 
behaviour of  structural components taking statistical uncertainties into account, [3].

For these alternative, probabilistic-based approaches, a probability of  occurrence of  an unwanted structural 
condition (failure) pf remains below a given target probability ptarget within the prescribed service life (Eq. 1). 
The occurrence of  an unwanted structural condition (failure) is defined when a limiting state is exceeded, 
i.e. the stress S exceeds the resistance R, Eq, 1.

         (1)

The implementation and fulfilment of  Eq. 1 is illustrated in Fig. 2. 
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Figure 2: Definition of  the probability of  occurrence (failure) pf  (μ: mean; σ: standard deviation, 
β :  reliability index) [4].

Since both, S and R, are distributed variables, the result Z is also a distributed variable. The probability of  
occurrence (failure) is defined by the region of  Z for negative values. However, rather than the probability 
of  failure, the reliability index β is commonly used. The reliability index is the factor by which the standard 
deviation of  the variable Z is multiplied to yield the distance of  the mean value from zero. The probability 
of  failure pf  and the reliability index β may be calculated for normal distributions of  R and S by using Eq. 2 
and the mathematical definition of  the standard normal distribution Ф.

         (2)

In the case of  a full probabilistic calculation in accordance with Eqs 1 and 2, all the parameters in the stress 
and resistance models must be defined as statistical parameters each with mean value, standard deviation 
and distribution type (e.g. [4]). 

In field practice, however, the probabilistic analysis is only required in special cases. Usually, the full 
probabilistic calculation is adapted thereby becoming semi-probabilistic. In this case, stress and resistance 
are introduced as characteristic variables and the scatter taken into account by partial safety factors, Eq. 3.

          (3)

Here Rk is the characteristic value for resistance, Sk the characteristic value for stress, γM is the partial safety 
factor for the material resistance and γE the partial safety factor for the environmental stress.

Often, complex models with different parameters are required. In case of  carbonation or chloride-induced 
corrosion, transport models are generally used for the time until depassivation (initiation phase) and 
afterwards deterioration models for the propagation phase. Both these phases must be taken into account 
for the computation of  the limiting load-bearing capacity. Eq. (4) can be used to prove that the chosen 
design provides the target service life, [4].

         (4)

Here tSL is the service life of  structural member, tSL,target the target service life, tini the time to depassivation 
and tprop the corrosion period to the ultimately acceptable service condition.

An important advantage of  probabilistic durability design compared to prescriptive design is that the service 
life prediction can be significantly improved during the actual service of  the structure, thus becoming more 
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accurate. The distribution of  concrete cover and the penetration of  depassivating substances in concrete 
(for example CO2) can be determined by measurements on the structure during service. Thus as time 
passes, the prognosis of  service life or the reliability index expected at the end of  the target service life 
can be calculated with increasing accuracy. Moreover, a fundamental basis is available for expert decisions 
regarding economical concepts for tailored maintenance and repair throughout the target service life of  
the structure. 

In the following, carbonation-induced corrosion is used to demonstrate the diffusion/chemical and 
electrochemical mechanisms (transport- and deterioration models) and the corresponding models for 
durability design.

2. Mechanisms

The evolution of  the carbonation process is summarized schematically in Fig. 3.

Figure 3: Phase transformations during carbonation according to [5]

Gaseous CO2 diffuses through the pores in the hardened cement paste (HCP) matrix and dissolves in the 
pore solution forming carbonic acid. Consequently, dissolved calcium in the alkaline pore solution reacts 
to form calcium carbonate. The carbonation reactions continue as long as sufficient calcium is available in 
the pore solution. This is maintained by the dissolution of, in particular, portlandite and the C-S-H phases. 
Other phases in the hardened cement paste matrix also undergo carbonation. During carbonation the 
C/S ratio of  the C-S-H phases progressively decreases owing to decalcification until ultimately complete 
degradation occurs. In addition, other phases in HCP carbonate as well. Phases such as monocarbonate, 
strätlingite and thaumasite can form as intermediate products which are finally followed by calcite, Al(OH)3, 
gypsum and an amorphous SiO2 gel.

The carbonation kinetics of  hcp depends on concrete moisture content as well as the concentration and the 
pressure of  CO2. The material resistance itself  mainly depends on the pore structure of  the HCP matrix and 
the amount components that can carbonate [6]. Concrete with water-saturated pores carbonates very slowly 
because the pore water inhibits the penetration of  CO2 gas into the concrete [7]. Concrete carbonation 
at ambient relative humidities below about 30% is very slow because a water film is not available for the 
dissolution of  CO2. The most rapid carbonation of  concrete occurs at a relative humidity near 50% [8].

After the carbonation front has reached the reinforcement corrosion can be initiated. The corrosion process 
takes place in two sub-processes: At the anode, iron ions pass into solution, separating from the electrons. 
They are converted into rust products in further reactions. At the cathode, electrons, water and oxygen are 
converted into hydroxyl ions. The cathodic process does not cause any deterioration of  the steel.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

63

IC
SB

M
 2

01
9

Ke
yn

ot
e 

sp
ea

ke
rThese hydroxyl ions transport the negative charge in the electrolyte through the electrical field created 

between the anode and the cathode, towards the direction of  the anode. Near the anode, they react with 
the iron ions in solution. Depending on moisture and aeration conditions, this intermediate product may 
continue to react, producing the final corrosion products. The individual processes are in fact much more 
complicated.

• In order for the corrosion process to take place, a number of  preconditions for the anodic and cathodic 
process and for the electrolytic process must be satisfied simultaneously:

• There must be differences in potential between anodes and cathodes. The preconditions for sufficiently 
large differences in potential are, however, usually met.

• Anodic and cathodic surface zones of  the steel must be connected electrically and electrolytically, i.e. a 
flow of  electrons and ions between them must be possible. The metallic connection necessary for an 
electron flow from the anode to the cathode is provided by the reinforcement system in the reinforced 
concrete. The electrolytic connection is represented by the concrete. This must, however, be sufficiently 
moist, since otherwise there can be virtually no migration of  ions. In dry interior situations, for example, 
the electrolytic conductivity of  the concrete is too low to permit corrosion of  the reinforcement, even 
if  the carbonation front reaches the reinforcement, leading to loss of  alkalinic protection.

• Anodic dissolution of  iron must be possible due to depassivation of  the steel surface. The cathodic 
process can, however, take place even in zones with a passive steel surface.

Sufficient oxygen must be available at the cathode. There must be continuous diffusion of  oxygen from the 
surface of  the concrete to the steel surface acting as the cathode. There is therefore practically no risk of  
corrosion to reinforced concrete components which are permanently and completely immersed in (deep) 
water.

If  all conditions for corrosion are fulfilled simultaneously, the reinforcement will corrode. If  only one of  
the conditions can be eliminated, corrosion can be prevented or halted. Fundamental repair principles may 
be deduced from this knowledge.

If  depassivation is caused by carbonation of  the concrete generally uniform corrosion takes place. This 
leads to the formation of  micro-corrosion-cells, consisting of  pairs of  immediately adjacent anodes and 
cathodes. These are microscopic in size, so that externally they appear to produce uniform removal of  the 
steel.

3. Models

In [9] it was proposed to describe mathematically the evolution of  carbonation depth xc(t) vs time t by 
utilizing a Fick’s law diffusion model, Eq. 5,

      (5)

where xc(t) [mm] is the carbonation depth at time t, kNAC [√(mm2/year] the carbonation rate measured under 
standard laboratory test conditions on specimens exposed to a standard climate at atmospheric pressure, 
ke [-] a function accounting for the environmental effect of  relative humidity (RHa) on carbonation, kc [-] 
a function for the effect of  curing/execution on the carbonation, ka [-] a function describing the effect of  
CO2-concentration in the ambient air on carbonation, Ca [kg/m3] the CO2 concentration in the ambient air, 
Ct [kg/m3] the CO2 concentration during the concrete test, t [year] the exposure time, W(t) [-] a function 
describing the effect of  wetting events which partly block CO2 transport. The last parameter becomes 
more relevant with increasing carbonation depth and therefore with increasing time. More details on the 
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functions can be found in [9].

If  xc(t) equals the concrete cover, depassivation of  rebar takes place and initiation period tini is over. Corrosion 
of  reinforcement can then occur, i.e. propagation starts. If  a certain degree of  propagation is acceptable 
(for example until the concrete cover cracks), a propagation model is needed. An example of  a simple one 
is given in Eq. (6).

          (6)

Here xcorr(tprop) [mm] is the uniform corrosion penetration depth, Vcorr [µm/year] the corrosion rate and 
tprop [year] the propagation period, i.e. the time period after depassivation during which the rebar can corrode.

Depending on the specifically chosen design criteria, i.e. depending on the structural condition, the designer 
wants to avoid unwanted structural conditions. Possible unwanted conditions are, for example: Rebars 
located in carbonated concrete (limit state: depassivation) or corrosion attack on rebars with depths larger 
than xcorr,max = 100 µm.

5. Material tests

Material testing plays a central role in the verification of  the durability of  building materials which means 
that material compliance tests must be performed. Compliance tests are used to determine reliably the 
performance of  the material, e.g. strength, or carbonation resistance. A compliance test must fulfil the 
following requirements:

1. Accurate and precise; every measurement method produces errors which are, in general, systematic 
or random. Systematic errors can be minimized by appropriate calibration, choice of  equipment and 
careful measurement. Unavoidable systematic errors due to variations in experimental conditions or 
inaccurate measuring equipment can be taken into account by suitable correction factors or equations 
[4]. In addition, the results of  measurements scatter around a true value. Although such random errors 
cannot be avoided, their effect can be calculated. In this case, the precision of  the test method is 
decisive. The real difference between two materials or a material from a specified limiting value can be 
determined, [10]. The decisive factor here is the precision of  reproducibility as determined in round 
robin tests.

2. Reliable results consistent with observations in-field practice; a procedure is only suitable as a compliance 
test if  its results agree with the corresponding observations in the field, i.e. the transferability of  the 
results to field practice should not be worsened by acceleration factors which do not occur in service. 
A compromise must be found between testing on the safe side and the consideration of  the real, highly 
scattered parameters.

3. Fast and easy to perform; a robust test procedure should be performed easily by appropriately trained 
laboratory staff. In addition, time is crucial in construction practice. To minimize disruption of  the 
production process, the test should be as fast as possible and commercially available.

4. Cost-effective; in order to increase the acceptance of  a compliance test, the cost should also be kept 
as low as possible.

Generally, direct or indirect test methods may be applied. Direct test methods reproduce the real, almost 
unmodified behaviour of  the material in field practice for given boundary conditions (production, storage 
conditions, test procedure). Natural conditions are simulated over a long time period or accelerated in a 
compliance test by using extreme conditions (e.g. simulation of  extreme freeze-thaw variations with high 
minimum temperature and constant moisture supply for the determination of  freeze-thaw resistance).
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determine a different property B which is not (directly) measured. This is only possible if  a mathematical 
relationship between the two quantities A and B is known. For example, the freeze-thaw resistance of  
hardened concrete can be determined from the amount of  entrained air measured in the fresh concrete 
or the resistance of  concrete to chloride diffusion determined from the measurement of  the chloride 
migration coefficient. The DuraCrete project drew up the state-of-the-art of  compliance testing in 1997 
[11] and analysed suitable test methods with regard to duration, reproducibility, simplicity and commercial 
availability [12]. Standard committee CEN TC51(CEN TC 104)/WG12/TG5 created a series of  technical 
specifications prEN 12390-XX in which generally accepted test procedures are described for the 
measurement of  material resistances against various forms of  environmental attack. The tests measure the 
relevant resistances directly or indirectly, and are performed either under natural or accelerated conditions.

DIN EN 12390-10 [13] can be applied for the direct determination of  carbonation resistance under natural 
conditions. The results obtained from this laboratory test can be transferred into a carbonation rate kNAC. 
In [14], the measurement and subsequent classification of  concrete material according to test specification 
[13] is described in detail.

6. Transfer methods

For design purposes, the laboratory performance must be transferred to field performance. By utilizing 
models, outlined in Section 3 and described more in detail in [9], and introducing (partial) safety factors, 
Eq. (3), Greve-Dierfeld and Gehlen [15] developed and proposed a design chart. In this chart material 
laboratory performance is first transferred into the corresponding field performance and then related to the 
minimum concrete cover necessary to avoid unwanted structural conditions during a specified period of  
service. By using this chart, the depassivation of  steel in structural members due to carbonation can to be 
avoided for a targeted reliability level of  β = 1.5, Fig. 4, which corresponds to a probability of  occurrence 
of  approximately 7%. 

This semi-probabilistic based design starts with information on the mean material resistance (in this case 
mean carbonation rate) kNAC measured in the laboratory. In addition, information is required on the mean 
specified curing time tc [d], the expected mean relative humidity of  ambient air RHa [% RH] at the location 
of  the structure, the expected mean amount of  precipitation expressed by the weather function, i.e. the 
expected time of  wetness ToW and probability of  driving rain pdr on location, and the targeted design 
service life which can range between 10 to 100 years. The chart yields the minimum concrete cover which 
is needed to achieve the targeted design service life with material and execution selected at a reliability level 
of  β = 1.5. As an example, the following specific design situation is considered.
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Figure 4: Design chart for carbonation of  structural concrete members, target reliability level  
β = 1.5, according to [15]

7. Field study
The subject of  this study is a reinforced concrete pillar which has already been damaged by carbonation-
induced reinforcement corrosion, Fig. 5. Based on the apparent corrosion damage, the remaining service 
life (before repair) was rated as “expired”. The investor wanted an “extension of  the remaining service life” 
by 50 years, i.e. the quality and thickness the concrete replacement was to be designed for a total of  50 years.

The repair material, whose composition was unknown (trade secret), was subjected to a standardized 
carbonation test according to DIN EN 12390-10 [13] which yielded a mean carbonation rate of  kNAC = 5.0 
mm/√a.

In this case, the curing time tc was specified at 7 days by an expert planner. According to data provided by 
the weather service, the average ambient humidity RHa expected at the location is 75% RH, the expected 
mean probability of  driving rain (north exposure) pdr is 12%, and the expected average rain frequency ToW 
(proportion of  days in the year with precipitation hrain ≥ 2.5 mm) is 17%. The required minimum layer 
thickness of  the replacement concrete was then determined from this data using a design nomogram, Fig. 
4. The input values for the nomogram must always be mean values. The safety (by means of  partial safety 
factors) is included by changing the slope of  the parameter curves, in order that the required minimum layer 
thickness of  the replacement concrete is obtained.

In the present example, the required minimum layer thickness dc,min is 23 mm, see Figure 4. In order that the 
minimum layer thickness, like the minimum concrete cover, is defined as a quantile value (usually 95%) a 
tolerance must be allowed for; fulfilled by 95 % of  all cases on the construction site. The tolerance for layer 
thickness depends on the substrate and the type of  execution and is usually between 10 mm and 15 mm.

According to the expert planning described above, the executing company has to use a product of  specifically 
tested performance (kNAC  5.0 mm/√a). It should be noted that the requirements regarding curing time 
(tc ≥ 7d) and minimum layer thickness (dc,min = 23 mm) specified by the designer are to be met and an 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

67

IC
SB

M
 2

01
9

Ke
yn

ot
e 

sp
ea

ke
radequately tolerance taken into account. In this specific case a nominal cover of  35 mm was appropriate.

Figure 5: Reinforced concrete pillar, photo Gehlen
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Abstract When erecting monolithic reinforced concrete slabs, construction joints have to be installed. 
Construction joints are the area of  weakness of  the construction. The evidence from construction practice 
shows that the compliance with the correct technology of  the installation of  the construction joint according 
to the regulations is not a sufficient condition to ensure the strength balance of  rein-forced concrete slabs. 
The article considers approaches to calculations of  monolithic reinforced concrete slabs taking into account 
construction joints. The relevance of  the task is determined by the fact that the correct calculation of  
construction joints determines the conformity of  design and actual characteristics of  the in-situ reinforced 
concrete constructions as a whole. The problem of  the monolithic slabs construction joints was considered 
in one of  the residential buildings under construction. In course of  construction, pre-construction land 
surveys were carried out in the areas of  the construction joints installation. Calculations of  reinforced 
concrete structures using finite element method were also performed. As a result of  the study, the actual 
deflections of  the floor slabs in the areas of  the construction joints were measured, and calculations were 
made using the finite element method of  the same floor slabs, both those erected only a short time ago 
and those erected in stages, considering the construction joints. The difference between the calculated and 
actual deflections is conditioned upon the inaccurate conformity of  the design diagram (mathematical 
model) of  the real reinforced concrete construction, and its erection and operation conditions. It should 
be noted that the deflection of  horizontal reinforced concrete constructions is only one of  the parameters 
of  the stress-strain state, which is best measured. It is shown that if  the deflection of  a real reinforced 
concrete construction does not correspond to the estimates, the other parameters of  the stress-strain state 
will also differ from the estimates. The field data shows that the vertical construction concrete joints in 
the slabs weaken their solidity. However, the installation of  joints is necessary due to organization and 
techniques issues. What is more, their location can be predicted at the stage of  development of  the project 
documentation. 

Keywords: construction concrete joints, reinforced concrete constructions, framed buildings, concrete 
slabs deflections, deformations, finite element method, solid compositional modelling of  reinforced 
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concrete.

1. Introduction

Currently, monolithic buildings are very common. The use of  in-situ reinforced concrete constructions 
allow to construct a building of  almost any configuration and height (Fig. 1). The frame of  the building 
is often made of  in-situ reinforced concrete constructions, consisting, as a rule, of  walls, columns and 
concrete floors.

Figure 1: Monolithic frame buildings.

Wherein, it is impossible to install all monolithic constructions at the same time, therefore, construction is 
carried out in a specific sequence. As a rule, the foundation comes first, then vertical basement structures 
(walls, columns, piers), then the concrete floor of  the basement, the walls of  the next floor, and so on. 
As a result, it is necessary to install horizontal and vertical joints. At the same time, if  the installation of  
horizontal construction joints [1] is often provided by the project, then vertical construction joints arise 
unplanned, directly during in-situ floor slabs concrete works. 

According to common standard 70.13330.2012, installation of  construction joints has requirements. The 
surface of  construction joints, installed when pouring concrete intermittently, shall be perpendicular to 
the axis of  the concreted columns and beams, the surface of  the slabs and walls. It is allowed to keep 
pouring concrete when it reaches strength of  at least 1.5 MPa. It is allowed to install construction joints in 
coordination with the design contractor when pouring concrete:

• in columns and piers – at the elevation of  the top of  the foundation, the bottom of  the sills, beams and 
crane cantilevers, the top of  the crane beams, the bottom of  the column’s beds;

• large beams, integrally connected to the floor slabs – 20–30 mm below the elevation of  the lower 
surface of  the slab, and if  there are capitals in the slab – at the lower elevation of  the capitals of  the 
slab; - flat slabs – in any place parallel to the smaller side of  the slab;

• ribbed coatings – in the direction parallel to the secondary girders;

• separate beams – within the middle third of  the span of  the beams, in the direction parallel to the main 
beams (girders) within two middle quarters of  the span of  the girders and slabs;
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• bulk concrete, arches, vaults, tanks, bunkers, hydraulic structures, bridges and other complex engineering 
structures and constructions – in the places specified in the project.

In practice, the design contractors recommend installing construction joints in 1/3-1/4 of  the span, which 
does not contradict common standard 70.13330.2012. The design of  the construction joint (Fig. 2) shall be 
given in the work production plan.

Figure 2: Construction joint structure: 1 - metal grid; 2 - protective concrete layer; 3 - top 
reinforcement; 4 - bottom reinforcement.

Many authors [2–11] consider the construction joint installation procedure. In their works, they emphasize 
that the joint shall be cleaned of  dirt and garbage, rinsed with water and dried with a stream of  air. Also, the 
authors cite laboratory studies of  various constructions that confirm the reduction in strength and stiffness 
characteristics, as a result, deformations occur in places where the joints are made. The authors also note 
that when designing a monolithic building, it is calculated as a complete monolithic one.

Authors [8,9], describing the structure of  construction joints in the base plates, come to the conclusion that 
“the ideal position of  the concrete joint shall coincide with the position of  the zero transverse force of  
the structure, i.e. the joint is installed in the place where the transverse force is minimal, and better where it 
is equal to zero. This is determined by the results of  the calculation, namely, by the diagram of  transverse 
forces”. The authors [2–12] concur that this issue is poorly studied and the regulatory framework does 
not give unambiguous answers on how to properly install construction joints. However, they note that 
construction joints are a weak point and can adversely affect the load bearing capacity of  the structure as 
a whole. 

The authors [2, 8, 9] consider one of  the reasons for the negative impact of  concrete joints to be that they 
cannot foresee at the design stage the actual places where concrete construction joints will be installed. 
At the same time, according to common standard 70.13330.2012, the in-situ structures shall provide 
the structural strength, taking into account the concrete construction joints. To minimize the effect of  
construction joints on the load bearing capacity of  constructions, this paper considers the possibility of  
construction joints accounting at the design stage
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2. Methodology

Consider the vertical concrete construction joints in in-situ reinforced concrete slabs on one of  the 
residential buildings under construction with a height of  up to 20 floors. The locations of  the construction 
joints were selected on the basis of  the planned average daily volume of  concrete or from the shipping 
length of  the reinforcement bars, equal to 11.70 m. During the construction process, preconstruction 
geodetic surveys were performed at the joint’s installation sites. The survey was performed with the Sokkia 
CX 105 total station. Also, calculations of  reinforced concrete structures by the finite element method 
(FEM) were carried out [13–15].

FEM is the most common method used in practice for numerical (mathematical, computer) simulation of  
building structures and is used in most specialized design programs. The principle of  the method as applied 
to the calculations of  in-situ reinforced concrete structures consists in the approximation of  structures by 
laminar (shell) and beam (bar) bending finite elements (FE) with 6 nodal degrees of  freedom (3 degrees of  
freedom in displacements, 3 degrees of  freedom in turns). From the point of  view of  geometric simulation, 
planes and segments, that do not have their own volume, are constructed, and they are assigned the 
geometric characteristics of  the section (cross-sectional area A, moment resistance W, moment of  inertia 
I). This allows you to reproduce the stress-strain state (SSS) of  an elastic isotropic body with a similar cross-
section shape. Bending structure SSS is conveniently represented in the form of  internal forces: bending 
moment M, axial force N, transverse force Q, and also torque, if  necessary. To determine the required 
number of  longitudinal, reinforcement, internal forces are decomposed into a couple of  forces using semi-
empirical engineering formulas: the compressive force from the compressed zone of  the concrete (as well 
as in the compressive reinforcement, if  any) and the tensile force in the tensile reinforcement. Concrete 
tensile strength is assumed to be equal to zero. A similar approach is used to determine the required amount 
of  transverse reinforcement and the crack opening width.

Note that the representation of  SSS by internal forces involves the postulation of  a linear diagram of  
the distribution of  normal stresses σ over the thickness of  the structure, while the extreme values of  the 
stresses are determined by formula:

                                                                                                                                      (1)

The tangential stresses τ in this case are distributed along a parabolic diagram according to the D. I. 
Zhuravskii formula. For the particular case of  a cross-section, the maximum tangential stresses on the 
neutral axis are: 

                                                                                                                                          (2)

The use of  internal forces in a solid isotropic bending body to represent the SSS in reinforced concrete 
structures is due to the need to ensure the compatibility of  the results of  numerical calculations with semi-
empirical engineering techniques given in regulatory documents. The accuracy of  this approach is limited 
by two main conditions:

• rather high (not specified in regulatory documents) ratio of  the length of  the structure to the 
characteristic dimension of  the cross section, which allows considering the structure as a slab or beam, 
and not as a volumetric body of  arbitrary configuration;

• the stress state is close to the limit state, since otherwise SSS decomposition on the forces in the 
concrete and reinforcement will not be accurate.

The above approach is called classical theory of  reinforced concrete.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

74

IC
SBM

 2019
ID

 007

A promising alternative to it is the volumetric compositional simulation of  reinforced concrete with the 
reproduction of  concrete and reinforcement as independent materials, taking into account their real 
physical and mechanical properties and mutual spatial arrangement. The main advantage of  this approach 
is its versatility, i.e. in the possibility of  calculating reinforced concrete structures of  arbitrary configuration 
with any reinforcement layout in terms of  any SSS.

Engineering semi-empirical formulas of  regulatory documents are not used in the framework of  volumetric 
compositional simulation of  reinforced concrete, since all SSS parameters (concrete stresses, reinforcement 
stresses, deflection, crack opening width) are clearly determined as a result of  numerical simulation.

The SSS calculation in the FEM framework is based on the generalized Hooke’s law, which makes the 
connection between normal σ and tangential τ stress, linear ε and shear γ relative deformations 

                                                                                                                                     (3) 

                                         

                                                                                                                                                            (4)

where [D] is a stiffness matrix; {σ} is a stress vector; {ε} is a relative deformations vector.

Each element of  the stiffness matrix Dij characterizes the stress arising in the i-th direction from the 
deformation in the j-th direction, here i and j, respectively, are lines and columns indexes corresponding to 
the indexes of  the {σ} and {ε} column members.

In the framework of  statical calculations, the resolving equation of  the FEM is a static equilibrium equation: 

                                                                                                                                      (5)

where [K] is the global stiffness matrix; [F] is a global load vector; {u} is a global displacement vector.

The global stiffness matrix is obtained by combining local stiffness matrices of  each FE. The total number 
of  lines is equal to the number of  nodal degrees of  freedom of  the finite element model. Due to the 
application of  boundary conditions (loads and supporting fixtures), some members become known, which 
allows us to calculate unknown members by solving a system of  linear algebraic equations.

In the general case, the FEM resolving equation becomes more complicated and is the equation of  motion:

                                                                                                       (6)

where [M] is a mass matrix, [C] is a damping matrix, {u̇} is a nodal speed vector; {ü} is a nodal displacement 
vector.

A key tool for improving the accuracy of  calculations is taking into account nonlinearity (Fig. 3).
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Figure 3. Nonlinear analysis.

Physical nonlinearity is dependence of  the nature of  the material deformation on the magnitude of  stresses 
accounting, for example, the ability of  reinforcement to plastic deformations, and concrete to cracking and 
creep.

Geometric nonlinearity is a consideration of  the influence of  the deformation of  the model on the spatial 
distribution of  forces, for example, on the eccentricity of  the applied load or the span length. Design 
nonlinearity is taking into account changes in the design diagram depending on the loading conditions, 
for example, contact closing and opening. Genetic nonlinearity is a phased change in the design diagram 
accounting by activating and deactivating finite elements. From a computational viewpoint, nonlinearity 
accounting is a modification of  the matrices [K], [C], [M], which occurs automatically depending on the 
values {F}, {u}, {u̇}, {ü}. The above FEM principles are universal. However, the possibility of  their 
implementation depends on the topology of  the finite element model. The stress state represented by 
volumetric (SOLID) and bending plate (SHELL) FE is outlined in Fig. 4.

Figure 4. Stress state diagram for solid and thick shell finite elements.

In volumetric FE (SOLID), each integration point reproduces elementary volume with a full stress tensor. 
In FE (SHELL) plate, each integration point reproduces a volume with a certain size in the Z direction 
equal to the plate thickness. There are no normal and tangential stresses on the edges of  the slab in the 
XOY plane. Stresses σx and σy are distributed over the thickness of  the slab along a linear diagram and 
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reach extreme values on the edges of  the slab. Stresses τyz and τxz are distributed over the thickness of  the 
slab along a parabolic diagram and reach zero values on the edges of  the slab. Thus, volumetric FE makes it 
possible to reproduce the stress state in detail (as compared with plate, as well as beam FE). Consequently, 
volumetric compositional simulation of  reinforced concrete provides the greatest opportunities for 
accounting for all sorts of  manifestations of  nonlinearity. For example, consider crack formation in YOZ 
plane, perpendicular to X-axis, as shown in Fig. 4a. Crack formation can be interpreted as the cessation of  
the effect of  stresses σy and σz on stress σx, with simultaneous σx stress relief  and lowering τxy and τxz 
tangential stresses (depending on the crack roughness). Stiffness matrix takes shape:

                                                                                         (7)

where “→ 0” is a member of  the matrix characterizing σx stress relief, “...” are nonzero members of  the 
matrix, requiring transformations within the applicable nonlinear model of  reinforced concrete [16]; “x” is 
a member of  the matrix that does not require conversions.

In particular, such transformations of  the stiffness matrix are implemented in FE like SOLID65 of  
the ANSYS software package. The specified FE is based on the Willam-Warnke [17] concrete strength 
criterion and allows taking into account up to three reinforcement directions. The reinforcement is an 
evenly distributed throughout the volume of  the FE. Therefore, to simulate the main longitudinal working 
reinforcement of  slabs, the surface layer of  the final elements shall be located along the axis of  the 
reinforcement bars and have a size equal to twice the protective layer of  concrete (counting from the centre 
of  gravity of  the reinforcement bar). SOLID65, apparently, is the most well-known and widely used tool 
for volumetric composite simulation of  reinforced concrete for solving a wide range of  practical problems 
[18–22].

Currently, the use of  universal FE reinforcement is being expanded, which allows flexible positioning of  
reinforcement inside volumetric FE of  concrete. This increases opportunities for the development of  
effective mesh approximations of  reinforced concrete structures.

The topology of  the finite element model is chosen in accordance with the objectives of  the calculation 
and the adopted design diagram. Consider the main approaches in the framework of  the volumetric 
compositional simulation of  reinforced concrete.

1. The reinforcement and concrete are reproduced together (by one FE, or by several geometrically 
coinciding FE, when one FE reproduces concrete, and the rest are reinforcement in it, possibly made of  
different materials and with different spatial orientation).

1а. Reinforcement is evenly distributed over the FE volume. The reinforcement diagram is reproduced 
by combining volumetric FE with different reinforcement percentage, provided that FE dimensions are 
accurately determined. Changing the reinforcement diagram requires FE mesh redesign.

1b. Reinforcement is arbitrarily positioned in volumetric FE. Changing the reinforcement diagram does not 
require FE mesh redesign.

2. Reinforcement and concrete are reproduced separately by non-intersecting volumetric FE, i.e. inside 
the volume of  concrete there are cavities that are filled with reinforcement. Changing the reinforcement 
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diagram requires FE mesh redesign.

2а. Reinforcement is modelled in a simplified way, down to a rectangular cross-sectional shape reproducible 
by a single volumetric FE.

2b. Reinforcement is modelled in detail, up to periodic profile of  the reinforcement and the reproduction 
of  the “concrete-steel” contact with the possibility of  slipping reinforcement accounting.

3. Reinforcement and concrete are reproduced separately by intersecting FE, and the concrete is reproduced 
by volumetric finite elements, and the reinforcement is reproduced by bar torque-free (LINK), bending beam 
(BEAM), shell torque free or bending plate FE (SHELL). The change in reinforcement does not require 
FE mesh complete redesign, since mesh approximations of  reinforcement and concrete are independent 
of  each other. Connection of  reinforcement with concrete is carried out by assigning links of  degrees of  
freedom by displacements of  the FE nodes of  concrete and FE of  reinforcement.

From the point of  view of  practical engineering calculations, options 1b and 3 are most preferable, which 
allow changing the reinforcement diagram without redesigning the FE mesh, which makes it possible to 
perform optimization calculations with sufficient efficiency. In general, composite simulation of  reinforced 
concrete is advisable to apply for design substantiation of  structures that, for one reason or another, fall 
outside the limits of  applicability of  semi-empirical engineering techniques:

• check calculations of  the actual work of  the structure for all types of  beyond design SSS;

• strengthening calculations, including overlaid reinforcement;

• calculations of  structures with internal cavities, for example, from embedded ductwork in flat slabs;

• calculations of  structures with non-metallic reinforcement with nonstandard physical and mechanical 
characteristics;

• calculations of  any nonstandard configuration designs.

Concrete construction joint is a structural imperfection in the form of  a layer of  concrete decompaction, 
in which the strength and deformation characteristics are lowered. This layer in the compressed zone of  
concrete at the initial stage of  the construction of  the structure causes additional deformations similar to 
the joint closure, which lead to an increase in the deflection of  the structure. Within the framework of  
composite concrete simulation, the concrete construction joint can be considered as a preliminary open 
joint, the closure of  which under load introduces additional deformation into the compressed zone of  
concrete with a corresponding additional deflection of  the structure. The specified imperfection in the 
finite element model can be reproduced by the introduction of  a contact FE with preliminary disclosure, 
where the width of  the disclosure is a parameter of  the FE and can be selected from the field data without 
FE mesh redesign.

The longitudinal reinforcement crosses concrete construction joint without weakening, which can be 
reproduced by simulation of  the reinforcement with torque-less bar FE (LINK) passing through volumetric 
FE and contact FE. The transition of  the reinforcement through the joint is optimally performed with one 
FE, in which the ends are located on both sides of  the joint. This simulation technique corresponds to the 
above option 3. It is advisable to reproduce transverse reinforcement, if  available, together with concrete 
reinforcing FE. Depending on the uniform distribution of  transverse reinforcement according to the 
reinforcement diagram, transverse reinforcement can be considered evenly distributed over the slab area, 
or positioned precisely. This simulation technique corresponds to the above 1b option. The basic diagram 
of  the corresponding finite element approximation of  the floor plate is shown in Fig. 5.
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Figure. 5. Schematic finite element mesh of  a monolithic reinforced concrete slab with a construction 
joint.

A practical difficulty in the implementation of  volumetric compositional simulation of  reinforced concrete 
is the limited initial data on the physical and mechanical characteristics of  concrete for nonlinear simulation, 
which are specified in the regulatory documents. The available data in common standards 70.13330.2012 
and 52-103-2007 are focused on the application of  the classical theory of  reinforced concrete according 
to the calculation of  slabs and beams in combination with engineering approaches to taking into account 
nonlinearity, which consists in lowering the effective modulus of  deformation of  reinforced concrete in 
accordance with the concrete state diagrams and in accordance with a creep coefficient of  concrete. When 
using modern computational programs, this allows in finite element models of  plate and beam FEs to 
adjust the stiffness individually in each FE with the construction of  the corresponding isofields or stiffness 
diagrams [23, 24]. At the same time, from the point of  view of  the FEM, the final design diagram continues 
to remain linear with the effective moduli of  deformation of  reinforced concrete specified for each FE. 

Volumetric compositional simulation of  reinforced concrete is based on the use of  a universal nonlinear 
material model, which involves building a yield surface (in the general case, also a loading surface taking 
into account the material strengthening) in the main stress space, representing the state of  the material for 
any combination of  stress and strain tensor components. For this, additional data are needed, which are not 
included in regulatory documents, for example, concrete strength under a flat (biaxial) stressed state, as well 
as the dilatancy of  concrete under compression and tension.

Practical implementations of  concrete models in universal software and computing suites of  numerical 
simulation, as a rule, provide for the possibility of  accounting the minimum amount of  input data, assuming 
the rest of  the data automatically as default. For example, in the above-mentioned type SOLID65, the 
concrete adopted for biaxial compression is adopted by default 20% higher than the uniaxial compression 
strength. Due to the fact that, as a rule, volumetric compositional simulation of  reinforced concrete 
is applied to nonstandard working conditions of  structures, the initial data taken automatically require 
compliance monitoring with the actually considered SSS. Also, when using foreign programs and methods, 
differences in the designation of  the standard strength of  concrete in different countries, interconnected 
with the standardized method of  testing samples of  different shapes and sizes, shall be taken into account.

3. Results and discussion 

As a result of  executive geodetic surveys of  6 floors, floor slabs deflections were obtained at the construction 
joints locations. Magnitudes and location of  the deflections are similar on all floors. Therefore, the 10th 
floor was adopted for a more detailed analysis. As built drawing of  which is given in Fig. 6.
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Figure 6. Scheme for the definition of  def lections of  concrete in the places of  the construction 
joint (10 f loor).

Factual measured data of  deformations in the construction joint are presented in Table 1. 

Table 1: Factual data of  deformations in the construction joint.

Stage Description Vertical displacement at the check point, mm

1 2 3 4 5 6

Actual deformation measurements 15 28 22 18 22 18

During the calculation using the finite element method, a section of  the 10th floor slab was modelled at 
three stages of  construction in accordance with present day practice of  performing mass calculations 
using engineering nonlinearity accounting methods.

1. The initial stage of  the slab installation on one pour, while the pattern of  the static slab structural 
behaviour is based on three sides. 

2. Topping up the slab to the design dimensions, while the pattern of  the static work of  the slab is a four-
side support.

3. Slab loading with a useful standard load after the strength gain.

For the first and second stage, reduced values of  concrete strength and deformation modulus were taken, 
thus the guidance of  common standard 70.13330.2012 on the minimum strength of  concrete when stripping 
unloaded slabs was considered. At each stage of  the calculation, a reduction factor was determined for the 
concrete deformation modulus, taking into account the properties of  concrete under load, as well as the 
presence of  cracks in the finished structure and the actual reinforcement. During the calculations, the 
deformations were analyzed at the check points of  the construction joint zone. The calculation results are 
given in Table 2.
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Table 2: The results of  the calculation of  deformations in the construction joint.

Stage Description
The strength of  

concrete is relative to 
the design strength

The value of  the reduction 
factor to the concrete 
deformation modulus

Vertical displacement at the 
check point, mm

1 2 3 4 5 6
1 Initial stage 70% 0.118 0.59 19.76 4.89 0.74 1.32 0.30

2 Topping up the slab to the 
design dimensions 70% 0.354 0.37 1.42 0.65 1.15 1.27 0.39

3 Loading the slab with a useful 
design load. 100% 0.203 0.21 1.75 0.59 0.63 0.77 0.18

Total deformations taking into account the formation of  a construction joint 1.17 22.93 6.13 2.52 3.36 0.87

Calculation without taking 
into account the phased 

construction
100% 0.203 0.86 7.02 1.95 2.97 3.09 0.74

After analyzing the factual measured data in table 1 and the results of  the calculation in table 2, we can note 
the following: 

1. Actual deflections exceed the calculated deflections obtained without taking into account the phasing of  
the construction. At the same time, at the point of  maximum deflection, the actual deflections are 4 times 
higher than the calculated deflections. 

2. Actual deflections exceed the calculated deflections obtained taking into account the phasing of  the 
construction. At the same time, at the point of  maximum deflection, the actual deformations are 1.3 times 
higher than the calculated deflections. 

3. Calculated deflections, obtained with consideration of  the stage of  installation, are much closer to the 
actual deflections.

Based on the above stated, it should be assumed that, in practice, the difference between the calculated 
deflection of  a reinforced concrete structure and the actual one is due to inaccurate correspondence of  
the design diagram (mathematical model) to a real reinforced concrete structure, the conditions of  its 
installation and operation. It is important to stress that the deflection of  horizontal reinforced concrete 
structures is only one of  the parameters of  the SSS, which is best measured. Deflection, i.e. the difference 
in vertical displacements of  the structure in the span and on the supports is interconnected with other 
SSS parameters, such as stresses in concrete and reinforcement, relative deformations of  concrete and 
reinforcement, crack opening width. Thus, if  the actual deflection of  the reinforced concrete structure does 
not correspond to the design estimate, then other SSS parameters will also differ from the design estimate, 
although this is usually not fixed during construction, since full scale measurements of  the relevant SSS 
parameters are not made.

Any calculation operates with a mathematical model that is an idealized reflection of  a real building structure. 
In practice, mathematical models with a limited account of  nonlinearity, or fully linear mathematical models, 
are often used. The linear model uses the principle of  superposition (independence of  action of  forces), 
which is an extremely important practical advantage of  linear models. This allows you to combine the 
results of  the statical calculations for different loads, generating results for combinations of  these loads 
without solving the FEM equation (3) for each new combination.

In the linear model, the deformations are directly proportional to the loads; the strength of  the material 
is infinite; displacements, deformations and stresses are not limited. Linear models do not reproduce the 
limits of  the construction work, i.e. allow you to get in the SSS calculation, which cannot be in reality 
(assessment of  the performance of  the structure is carried out analytically according to engineering criteria, 
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such as the calculated strength of  materials, permissible structural deflections, adequacy of  the required 
reinforcement).

The above facts convincingly demonstrate that the most significant differences between the estimated and 
actual SSS are accumulated at the stage of  formwork removal before the construction is put into operation. 
Thus, the conditions of  construction with the introduction of  imperfections in the form of  concrete 
construction joints, as well as the conditions of  loading the structure up to the set of  design strength with 
its own weight and temporary loads of  technological nature in the partial removal of  formwork with the 
redistribution of  the load on the posts of  crossover, and then with the complete removal of  formwork have 
a significant impact on the subsequent SSS in the operation of  the structure.

In terms of  design, these processes are a phased construction and structural loading, coordinated with the 
concrete strength. This characterizes the genetic nonlinearity of  the floor slab.

The concrete construction joint is a structural imperfection, which can be represented as the ability of  
compressive zone of  the concrete to a limited increment of  deformations at the initial loading stage, which 
can be interpreted as a certain crack closing before concrete begins to perceive compression. Thus, as the 
load increases, the workflow changes, which is characterized by the structural nonlinearity of  the floor slab 
operation.

Deformation of  the structure leads to a change in the distances between the application of  loads parts and 
supporting fixtures, to a change in the characteristic spans, lengths and eccentricities. This characterizes 
the geometric nonlinearity. With regard to slabs of  civic buildings, the influence of  geometric nonlinearity 
should be expected from the influence of  other structures in the calculation of  the supporting system of  
the building as a whole.

The nonlinear relationship between stresses and deformations is a physical nonlinearity. The nature of  the 
physically nonlinear work of  the materials, from which reinforced concrete (concrete steel reinforcement, 
non-metallic reinforcement) is made, differs, which requires the use of  various mathematical models of  
materials that can be taken into account in the framework of  volumetric composite modelling of  reinforced 
concrete. The engineering approach is to account for the reduced effective modulus of  elasticity of  
reinforced concrete, which is used in the framework of  the classical modelling of  reinforced concrete with 
plate and beam FE (finite elements).

Engineering approaches to the accounting of  nonlinearity make it possible to consider various types of  
nonlinearity together. For example, structural nonlinearity can be taken into account by lowering the effective 
modulus of  deformation of  reinforced concrete, i.e. methods of  accounting for physical nonlinearity. In 
this case, it is assumed that the distribution of  internal forces in the elements of  the bearing system of  a 
building depends mainly not on the value but on the ratio of  the stiffness of  these elements. Accordingly, 
the accuracy of  the calculation depends on the representativeness of  the adopted stiffness ratios within the 
framework of  the calculation of  the carrier system of  the building as a whole.

4. Conclusions

1. The installation of  vertical concrete construction joints in floor slabs that were not originally provided by 
the project documentation is necessary due to a number of  organizational and technical reasons related to 
the limitations of  the possibility of  continuous concrete supply and the duration of  work shifts.

2. The location of  vertical concrete construction joints is predictable based on the basic organizational 
and technical indicators of  construction (number of  work shifts, number and performance of  cranes and 
concrete pumps). Therefore, concrete construction joints can reasonably be assigned in the development 
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of  project documentation and taken into account when carrying out calculations of  reinforced concrete 
structures.

3. The field studies data show that the concrete construction joints in the floor slabs, installed in accordance 
with common standard 70.13330.2012, weaken the solidity of  the structure. The results of  calculations 
carried out without taking into account the concrete construction joints do not accurately predict the actual 
SSS of  the structure.

4. The effect of  concrete construction joints can be taken into account when using common calculation 
programs that implement FEM, while explicitly taking into account the phasing of  the construction of  
the structure by pours, using engineering approaches to taking into account nonlinearity based on the 
introduction of  reduction factors to the effective modulus of  elasticity of  reinforced concrete, calculated 
taking into account the degree of  strength and characteristic intermediate operation schemes of  construction 
work during the construction period. Geometrical nonlinearity shall be taken into account, especially when 
calculating the spatial formulation of  the full model of  the building’s carrier system.

5. The greatest accounting opportunities for all possible manifestations of  nonlinearity are provided by 
volumetric compositional simulation of  reinforced concrete, which is advisable to use for calculations 
of  structures that for one reason or another go beyond the limits of  the applicability of  semiempirical 
engineering techniques, in particular, for check calculations and calculations of  the reinforcement of  
structures that have switched to no design SSS as a result of  beyond-design opening of  concrete construction 
joints.

6. It is advisable to supplement the regulatory and technical documentation with basic data for the bulk 
composite modelling of  reinforced concrete, in particular, with data on the strength of  concrete for biaxial 
compression and dilatancy under compression and tension. 

5. References

[1] Biswajit Roy, Aminul Islam Laskar 2018 Cyclic Performance of  Beam-Column Subassemblies with 
Construction Joint in Column Retrofitted with GFRP // Structures.  Vol. 14. Pp. 290-300. https://doi.
org/10.1016/j.istruc.2018.04.002

[2] Koyankin A.A., Beletskaya V.I., Guzhevskaya A.I. 2014 The influence of  concrete joints on the structural 
behavior // Vestnik MGSU [Proceedings of  Moscow State University of  Civil Engineering]. №. 3, pp. 
76—81.

[3] Nagib N. Gerges, Camille A. Issa, Samer Fawaz 2016 The   effect of    construction joints on the flexural 
bending capacity   of  singly reinforced beams // Case Studies in Construction Materials Vol. 5 Pp. 112-123. 
http://dx.doi.org/10.1016/j.cscm.2016.09.004

[4] Nagib N. Gergesa, Camille A. Issab, Samer Fawaza 2015 Effect of  construction joints on the splitting 
tensile strength of  concrete// Case Studies in Construction Materials Vol. 3. Pp. 83-91 http://dx.doi.
org/10.1016/j.cscm.2015.07.001

[5] Camille A. Issaa, Nagib N.Gergesb, SamerFawaz  2014 The effect of  concrete vertical con-struction 
joints on the modulus of  rupture // Case Studies in Construction Materials. Vol. 1 Pp. 25-32. https://doi.
org/10.1016/j.cscm.2013.12.001

[6] Hyun-O Jang, Han-Seung Lee, Keunhee Cho, Jinkyu Kim 2017 Experimental study on shear performance 
of  plain construction joints integrated with ultra-high performance concrete (UHPC) Construction and 
Building Materials.  Vol. 152 pp.16-23. http://dx.doi.org/10.1016/j.conbuildmat.2017.06.156



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

83

IC
SB

M
 2

01
9

ID
 0

07

[7] Smoljago G.A., Krjuchkov A.A., Dronova A.V., Drokin C.V.  2011 Results of  the experi-mental studies 
of  bearing capacity, crac resistance and deformability of  the precast-monolitic and monolitic overlaps // 
Proceedings of  the south-west state university № 5-2 (38) Pp. 105-109.

[8] Shpilevskaya N, Shvedov A. 2018 Peculiarities of  normative support for designing organiza-tion 
and production of  works by working sewing device concreting // Electronic collection of  arti-cles of  
the international scientific conference dedicated to the 50th anniversary of  Polotsk State University 
Novopolotsk, 5-6 april 2018 (electronic materials) ed. А. А. Bakatovich, L.M. Parfenova. Pp. 311-315. 

[9] Shvedau А., Shpilevskaya N. 2018 Development of  organizational-technological documentation on 
concreting of  massive fundamental slabs // VESTNIK OF PSU №8. Pp. 49-55. (In Russian)

[10] Wujun Zhou, Pangil Choi, Sureel Saraf, Sung Woo Ryu, Moon C. Won 2014 Premature distresses at 
transverse construction joints (TCJs) in continuously reinforced concrete pavements // Construction and 
Building Materials Vol. 55. Pp. 212-219.  https://doi.org/10.1016/j.conbuildmat.2014.01.042

[11] Keun-Hyeok Yang, Ju-Hyun Mun, Yong-Ha Hwang, Jin-Kyu Song 2017 Cyclic tests on slip resistance 
of  squat heavyweight concrete shear walls with construction joints // Engineering Structures Vol. 141 Pp. 
596-606. https://doi.org/10.1016/j.engstruct.2017.03.0354  

[12] Pikin D. Y., Kondrashkova V. A. 2016 The study of  various approaches to the determination of  the 
relative deformations of  reinforced concrete structures // Youth and XXI century. Materials of  the VI 
International Youth Scientific Conference (Kursk, 25-26 February 2016 г): in 4 volumes. Ed. Gorokhov 
A.A. Vol. 3 Pp.289-293

[13] Manakhov P.V., Fedoseev O.B. 2008 On an alternative method of  calculating the accumulated plastic 
strain in plastic problems using the finite element method // Bulletin of  the Samara University. Natural 
Science Series №3(62). pp. 262-271

[14] Karan Kumar Pradhan 2019 Chapter Four - Finite Element Method // Computational Structural 
Mechanics Static and Dynamic Behaviors Pp. 25-28. https://doi.org/10.1016/B978-0-12-815492-2.00010-
1

[15] Antipov I.V., Balagurov A.V.  2016 Analytical solution of  the problem for generation of  element 
stiffness matrix in FE-analysis // Proceedings of  Republican Academic Research and Design Institute of  
Mining Geology, Geomechanics, Geophysics and Surveying №: 1 (16). Pp. 146-156 

[16] R. Raveendra Babua, Gurmail S. Benipala, Arbind K. Singhb 2005 Constitutive Modelling of  Concrete: 
an Overview // Asian Journal of  Civil Engineering (Building and Housing) Vol. 6, No. 4. Pp. 211–246.

[17] K.J. Willam, E.D. Warnke 1975 Constitutive Model for the Triaxial Behavior of  Concrete // Proceedings, 
International Association for Bridge and Structural Engineering Vol. 19. ISMES. Bergamo, Italy. Pp. 1-30. 

[18] A.S. Zalesov, A.A. Pashchanin 2011 Strength calculation for ferroconcrete beams using volume finite 
elements within a framework of  development of  ferroconcrete beams design standards// Structural 
Mechanics and Analysis of  Constructions №4. Pp. 66–71. (In Russian)

[19] Piskunov A.A., Zinnurov T.A., Berezhnoi D.V., Umarov B.Sh., Volter A.R. 2018 Experimental 
and numerical studies of  stress-strain state of  concrete structures reinforced with polymer-composite 
reinforcement // Russian journal of  transport engineering№2 (5). Pp. 1-18. 

[20] Shirko A.V., Kamlyuk A.N., Polevoda I.I., Zainudinova N.V. 2014 Strength calculation of  reinforced 
concrete slabs in case of  fire using ANSYS software environment // Bulletin of  the Command Engineering 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

84

IC
SBM

 2019
ID

 007

Institute of  the Republic of  Belarus№ 1 (19). Pp. 45–58.

[21] Radaikin O.V., Sharafutdinov L.A. 2017 By evaluating the strength, hardness and fracture toughness of  
bent reinforced-concrete elements, strengthened concrete of  steel fiber «jacket» on the basis of  computer 
modeling in PC «ANSYS» // News KSUAE № 1 (39). Pp. 111–120. 

[22] Mihub A., Polish P.P., Mailyan D.R., Blyagoz A.M. 2012 Comparison of  experimental and theoretical 
strength of  reinforced concrete beams strengthened with composite materials using different calculation 
methods. New technologies№4. С. 101–110. 

[23] Gorodetsky A.S., Barabash M.S. 2016 Nonlinear behavior of  reinforced concrete in Lira-SAPR 
software. Nonlinear engineering method // International Journal for Computational Civil and Structural 
Engineering№ 2. Pp. 92–98

[24] Ivanova E.I., Kotov A.A. 2019 The stiffness of  reinforced concrete beams in finite element analysis 
models of  prefabricated buildings. // Modern Construction and Architecture № 1 (13). Pp 19–25. DOI: 
https://doi.org/10.18454/mca.2019.13.4 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

85

IC
SB

M
 2

01
9

ID
 0

08Eco-efficiency in cement use analysed by 
the concept of  distance among particles 

in concrete phases

M. F. L. Menezes1,2, R.G. Pileggi1, M. Rebmann1, C. Massucato2

1Universidade de São Paulo, São Paulo, Brazil.

2InterCement, São Paulo, Brazil.

Abstract 

Concrete greenhouse gas emissions are mostly from cement. A relevant strategy for the concrete greenhouse 
gas emissions abatement is the increase of  the efficiency in binder usage. For this, it is important to 
understand the packing and the distance of  concrete particles and their effects on its rheological behaviour 
in the fresh state and its mechanical properties in the hardened state. Currently, mix design methods are 
empirical, as opposed to this experimental optimization, computational optimization emerges, based on 
predictive models. Thus, the objective of  this study is to use a model based on particle distance in phases to 
predict the rheological behaviour of  concrete. The method consisted in the following steps: characterization 
of  raw materials; eco-efficiency analysis of  120 formulations of  a concrete plant with two different material 
sets using the binder intensity concept; and a parameter estimation for a descriptive model of  the slump in 
function of  particle distance variables. These concrete binder intensities were between 7.5 and 10.5 kg/m3/
MPa, in which the rise of  specified fck and maximum aggregate size have a positive impact on this index, 
while the specified slump growth has a negative effect. For these concretes, the distance variable MPT 
(Maximum Paste Thickness) for fck showed good correlations with the specified slump (R2 0.97 and 0.98), 
as well as the model presented a good adjustment to the data (R2 0.91). These results allow an improvement 
in the mix design methodology – using computational optimization –, which can lead to an increase in 
concrete eco-efficiency.

Keywords: Particle packing, interparticle separation distance, slump, rheological behaviour.

1. Introduction

Greenhouse gas emissions from concrete are mostly from cement, with the cement industry accounting 
for approximately 7% of  global CO2 emissions [1]. The levers for reducing these emissions are increasing 
energy efficiency, using alternative fuels, increasing clinker replacement and using innovative technologies 
such as carbon capture and storage [1]. In the concrete field, a relevant strategy is to increase the efficiency 
in binder use, that is, to achieve better properties with lower binder consumption [2]. Besides, because the 
binder represents the most significant fraction of  the concrete cost, increasing efficiency is also a cost-
saving solution.

To increase the efficiency of  concrete binders, it is necessary to understand the structure of  this material and 
its consequences on the concrete properties, both in the fresh and hardened state. For this, it is important 
to understand packing and distance among particles of  concrete particles and their effects on the material 
rheological behaviour in the fresh state and on the mechanical properties in the hardened state, a theme that 
has already been widely discussed by several concrete researchers [3-17].
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The concrete can be divided into two phases: the paste and the aggregates. The paste consists of  the fine 
particles and the fluid that moves them away: the water. In this context, the predominant forces are the 
surface forces. In aggregates, the fluid that moves them away is the paste, and the most relevant forces 
in this context are the mass forces. Thus, the diameter of  100μm is defined as the border between the 
fine and coarse particle – and the phases - since this diameter is in the region of  transition between the 
predominance of  each type of  force [4], [12].

Seeking a better concrete eco-efficiency, using different materials, the concrete mix design was evaluated 
from the perspective of  packing and particle distance concepts. Currently, mix design methods are empirical, 
that is, based on experience from concrete operations over years and experiments results [18]. In contrast to 
experimental optimization, computational optimization emerges, in which an optimization problem is used 
based on a model to point out the best solution, which is verified experimentally. In the literature, several 
types of  models are available for predicting concrete properties, including linear, statistical, automatic and 
physical combinations [19]. 

The present work was developed using materials and formulations of  a concrete plant in São Paulo, Brazil, 
with the objective of  using a model based on particle distance in the phases to predict the rheological 
behaviour of  concrete to improve the current mix design methodology. 

2. Methodology

2.1 Materials
Two material sets were collected at a concrete plant in São Paulo, Brazil, to be used in this study. The 
aggregates of  the Material Set 1 were granitic and the ones of  the Material Set 2 were calcitic. Particle size 
distribution was determined by laser granulometry, using Helos equipment from Sympatec, and dynamic 
image analysis, using Camsizer equipment from Retsch and Qicpic made by Sympatec, density by helium 
pycnometry, using a Multipycnometer of  Quantachrome, and specific area by BET method, using a Belsorp 
produced by Bel Japan. The Material Set 1 characterization is presented in Table 1 and Figure 1, and the 
Material Set 2 characterization is presented in Table 2 and Figure 2. Cement and Natural Sand are the same 
for both Material Sets.

Table 1: Material Set 1 Characteristics

Characteristic 19mm Gravel 9.5mm Gravel Artificial Sand Natural Sand Cement

Density (kg/m3) 2.71 2.70 2.70 2.65 3.06
Granulometric 

Volumetric Area (m2/
cm3)

7.8 x 10-3 4.0 x 10-3 8.2 x 10-2 4.2 x 10-2 1.17

BET Specific Area 
(m2/g)

0.01 0.01 0.26 0.30 1.48

Median Aspect Ratio 0.65 0.63 0.62 0.74 0.75

(1) Granulometric volumetric area was calculated from particle size distribution assuming spherical particles

Comparing the two Material Set, it can be noticed that Artificial Sand from Material Set 1 shows a lower 
amount of  fines (below 100µm) than the one from Material 2. Material Set 1 presents a finer 19mm Gravel 
than Material Set 2, though the other materials are coarser, this impacts on packing porosity and, also, on 
volumetric granulometric area, that is higher for Material Set 1 19mm Gravel and lower for Material Set 1 
9.5mm Gravel and Artificial Sand. Besides, the granulometric curves from Material Set 2 are broader than 
the Material Set 1’s.
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Figure 1: Material Set 1 Particle Size Distribution

Table 2: Material Set 2 Characteristics

Characteristic 19mm Gravel 9.5mm Gravel Artificial Sand Natural Sand Cement

Density (kg/m3) 2.66 2.65 2.86 2.65 3.06

Granulometric 
Volumetric Area (m2/

cm3)
6.9x10-3 4.6x10-3 0.12 4.2 x 10-2 1.17

BET Specific Area 
(m2/g)

0.02 0.02 0.23 0.30 1.48

Median Aspect Ratio 0.70 0.67 0.68 0.74 0.75

(1) Granulometric volumetric area was calculated from particle size distribution assuming spherical particles

Figure 2: Material Set 2 Particle Size Distribution

In order to understand the current logic of  mixture design, data were obtained from conventional concrete 
formulations of  a concrete operation in São Paulo/Brazil. This concrete plant has 60 base formulations for 
each Material Set (Formulation Set). These concretes have specified compressive strength (fck) ranging from 
20 to 40MPa, slump between 90 and 200mm and maximum aggregate size 19mm or 9.5mm. In concrete 
operation, the way to adjust the specified slump after all the materials are mixed is adding more water.

2.2 Methods
With this data, the concrete binder intensities (Equation 1) were evaluated to understand their eco-efficiency. 
In order to elucidate the observed trends, the models of  packing and distance between particles were used 
to evaluate the formulations. In this study, the packing porosity was calculated by the Compressive Packing 
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Model [8] and mean distances between particles (Equation 2) were calculated: IPS (Interparticle Separation 
Distance, for the particles finer than 100 µm) and MPT (Maximum Paste Thickness, for the particles greater 
than 100 µm) [20]. These two variables were correlated with the fresh concrete property, slump, and a 
model was adjusted.

                                                                                                                                                                                                 (1)

BI is Binder Intensity (kg/m3/MPa)

b is binder content (kg/m3)

pr is performance requirement, adopted as cylindrical compressive strength at 28 days (MPa) 

                                                                                                                                 (2)                                        

D is Distance between particles - IPS for fine or MPT for coarse (μm) 

VSA is volumetric surface area (m2⁄cm3) 

Vsol  is solids volumetric fraction  

ε is packing porosity 

For the IPS, the VSA used was the one obtained by BET method. For MPT, the VSA was evaluated based 
on the granulometric volumetric area, using its sphericity and aspect ratio.

3. Results and discussion

3.1 Binder intensity evaluation 
Concrete eco-efficiency can be first analysed by binder intensity since clinker is the most intense source 
of  CO2 emissions in concrete. So, for concrete using the same binder and produced at the same place, the 
lower is its binder intensity, the higher is its eco-efficiency.  

Looking at the change of  binder intensity in function of  fck for the Formulation Set 1, as shown in Figure 3, 
it is possible to notice that there is a decrease of  this index between 20 and 30MPa, but, from 30 to 35MPa 
the intensity stagnates and grows slightly when reaching 40MPa. Comparing the results with Daminelli [21], 
the intensities of  the evaluated concretes are in the same experimental region of  concretes mapped by him, 
however with binder intensities well above the best-found intensities, which are below 5kg/m3/MPa. The 
name of  each series was given using the following pattern: it starts with “form1” for the Formulation Set 1 
or “form2” for the Formulation Set 2, followed by the maximum aggregate size (“b1” for 19mm and “b0” 
for 9.5mm), and then the slump (ex. 140).

Figure 3: Binder intensity per fck for different slumps
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For a given strength, concretes with the lowest binder intensity are those with maximum aggregate size 
19mm and lower slump: about 7.5 to 8 kg/m3/MPa. The concretes with the lowest eco-efficiency are those 
with a maximum aggregate size 9.5mm and higher slump, reaching values between 9 and 10kg/m3/MPa.

Analysing the mix design strategy, Figure 3 shows the negative effect on binder intensity by the specified 
slump raise, while a broader particle size distribution, allowed by increasing maximum aggregate size, has 
a positive impact (Figure 4a). Figure 4b shows that concretes from Formulation Set 2 have a slightly lower 
binder intensity than those from Formulation Set 1.

Figure 4: Binder intensity per fck (a) for different maximum aggregate sizes and (b) for different 
Formulation Sets

3.2 Distance among particles
In order to understand concrete flowability, coarse packing porosity, MPT and IPS, as defined by Equation 
2, were calculated. First, concretes for different fck – consequently different paste compositions - were 
analysed plotting the slump as a function of  the coarse packing porosity (Figure 5).With these results, it is 
not possible to find a correlation between the slump and coarse packing porosity. Different concretes with 
the same slump present different porosities. It can be noticed that for each specified compressive strength 
that is two groups of  data, one with coarse porosity between 16,8% and 17,5% and another one starting 
from 18,0%. These two groups are the ones with maximum aggregate size 19mm and 9,5mm. The group 
with 19mm maximum size achieves a lower coarse packing porosity because it has a broader particle size 
distribution than the 9,5mm.  

Figure 5: Slump in function of  coarse packing porosity per fck 

Porosity is a property of  the granular size distribution and does not comprehend the pasta volume either 
the superficial area, so, in different concretes with the same slump, different material proportions are used, 
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but also a different paste content, which is not addressed by the porosity. 

MPT considers the paste volume and the area as well. Thus, the slump was plotted as a function of  MPT 
(Figure 6) for both Formulation Sets. A high correlation between MPT and slump was observed, with 
the coefficient of  correlation of  the adjusted linear regression (R2) between 0.97 and 0.98, given a paste 
composition. That is, formulations that use different types of  paste (in the graph represented by fck) do not 
present the same MPT for a slump, because of  the different rheological behaviour of  these pastes. But if  
this variable (paste) is fixed, slump varies linearly with MPT.

 

Figure 6: Slump in function of  MPT per fck for (a) Formulation Set 1 (a)Formulation Set 2

The second distance parameter refers to the distance between fine particles (IPS). A high correlation (R2 
0,98), with fck, for both Formulation Sets, were observed (Figure 7). The cause for this negative correlation 
is that the strategy to increase fck is to reduce the water/cement ratio, which leads to less fluid to separate the 
particles, diminishing the IPS. For concretes without other fine particles rather than cement and aggregates 
fines, this trend is likely to be repeated. 

Figure 7: Correlation between IPS and fck

3.3 Descriptive model
The previous section showed the impact of  two distance variables (IPS and MPT) on concrete flowability. 
Based on the hypothesis that these two variables could describe slump, a linear model was adjusted (Equation 
3) to predict slump. 

The estimated parameters are shown in Table 3. Figure 8 shows how well expected slump fits to model 
slump. For an individual Formulation Set, R2 are between 0.97 and 0.98. When both Formulation Sets are 
considered together a lower value, but still good, correlation (R2 0.91) was achieved.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

91

IC
SB

M
 2

01
9

ID
 0

08

                                                                                                                     (3)

Table 3: Estimated parameters

Parameter Formulation Set 1 Formulation Set 2 Formulation Set 1 and 2

a -210.4 -229.5 -197.26

b 124.7 111.8 115.05

c -0.189 -0.260 -0.175

d 7.58 8.89 7.56

Figure 8: Correlation between the expected slump and model slump

This model is able to describe the slump for two different material sets and 120 concretes. This high 
correlation can be explained because the distance between particles in phases governs the concrete 
rheological behaviour, the correlation shows that its three variables present relevance on the physical 
phenomenon and its equation can quantitatively describe the slump.  

This realization allows the creation of  a concrete design strategy. The water/cement ratio governs the 
IPS and, consequently, the viscosity of  the paste in this experimental region. As the water/cement ratio 
is determined by the specified compressive strength, the gain in binder efficiency should be obtained by 
reducing paste consumption, that is, increasing the coarse solid fraction in the formulation. Thus, for a 
specified concrete (fck, slump and maximum aggregate size), it is desired to increase the coarse solid fraction 
keeping a fixed MPT by reducing the coarse packing porosity. Computational optimization can minimize 
the coarse packing porosity keeping the specified slump, strategy that will reduce the concrete paste and 
binder intensity, increasing eco-efficiency.

4. Conclusions

This study analysed eco-efficiency of  concrete produced by a concrete plant in São Paulo/Brazil, through 
binder intensity. For a given strength, concretes with the lowest binder intensity are those with maximum 
aggregate size 19mm and lower slump, reaching 7.5 to 8 kg/m3/MPa. The lowest eco-efficiency was 
obtained by those with a maximum aggregate size of  9.5mm and higher slump, reaching values between 9 
and 10kg/m3/MPa.  The Material Set 2 led to a slightly lower binder intensity than the Material Set 1. 

For the concrete rheological behaviour, there is a high correlation between the MPT and the slump, with 
the correlation coefficient of  the adjusted linear curve (R2) between 0.97 and 0.98, for both Formulation 
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Set, given a paste composition and a fck. Based on that, a descriptive model of  the slump in function of  
MPT and IPS was adjusted getting R2 0.91 between the expected slump and the model slump when both 
Formulation Set are considered together. This high correlation shows that these three variables used to 
evaluate particle distance present relevance on the physical phenomenon and its equation can quantitatively 
describe the slump.  

This model can be used by computational optimization of  mixture design, in order to reduce the paste 
volume and increase concrete eco-efficiency.
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Abstract 

 Hydration models are useful to predict, understand and describe the behaviour of  different cementitious-
based systems. They are indispensable for undertaking long-term performance and service life predictions 
for existing and new products for generating quantitative data in the move towards more sustainable 
cements while optimising natural resources. One such application is the development of  cement-based 
thermoelectric applications.

HYDCEM is a new model to predict the phase assemblage, degree of  hydration, heat release and changes 
in pore solution chemistry over time for cements undergoing hydration for any w/c ratio and curing 
temperatures up to 450C. HYDCEM, written in MATLAB, is aimed at complementing more sophisticated 
thermodynamic models to predict these properties over time using user-customisable inputs. A number 
of  functions based on up to date cement hydration behaviour from the literature are hard-wired into the 
code along with user-changeable inputs such as the cement chemical (oxide) composition, cement phase 
densities, element molar mass, phase and product densities and heat of  hydration enthalpies. HYDCEM 
uses this input to predict the cement phase and gypsum proportions, volume stoichiometries and dissolution 
and growth of  hydration products from the silicates, aluminates and ferrites, including C-S-H, calcium 
hydroxide, hydrogarnet (if  applicable) ettringite and monosulphate. A number of  comparisons are made 
with published experimental and thermodynamic model results and HYDCEM predictions to assess its 
accuracy and usefulness.

The results show that HYDCEM can reasonably accurately predict phase assemblages in terms of  volume 
change and behaviour for a range of  cements and curing temperatures. It is proposed that HYCEM can 
complement more sophisticated thermodynamic models to give users a reasonable prediction of  cement 
behaviour over time.

Keywords: Cement; Hydration; microstructure; model; MATLAB

1. Introduction

Cement hydration and microstructure development is a complex process. However, the advances in 
computing power and range of  programmable software in recent years has made the modelling of  cement 
hydration achievable. A comprehensive review of  other cement hydration and microstructure models over 
the past 45 years including single particle models, mathematical nucleation and growth models and vector 
and lattice-based approaches to simulating microstructure development can be found at [1]. While computer 
modelling should never completely replace experimental analysis, it does provide valuable insights into the 
process particularly with the increased use of  supplementary cementitious and other sustainable materials 
[2]. Model outputs here are based on the cements chemical (oxide) composition and element molar masses 
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to calculate phase proportions (based on modified Bogue equations [3]) and volume stoichiometries to 
improve the accuracy of  the predictions. Previous work to compare simulation and measured properties 
have been presented [3-6] but, in order to accelerate the acceptance of  prediction models, direct comparisons 
are best [8].

Cement particles at the micro-scale are made up of  four main phases, namely tri-calcium silicate (C3S)1, di-
calcium silicate (C2S), tri-calcium aluminate (C3A) and tetra-calcium aluminate ferrite (C4AF) with particle 
size distributions ranging from 60-100µm to less than 1µm. Of  the four phases above, C3S is by far the 
most influential in terms of  chemical reactivity and contribution to long term strength gain making up 
approximately 65-70% of  overall cement content. It is no surprise therefore that the hydration of  C3S 
alone has been the focus of  several numerical models [1,9] due to its influence and relative straightforward 
reaction and product development. Upon reaction with water, C3S produces calcium silicate hydrate (written 
as C-S-H) and calcium hydroxide (CH)2. However, in order for a full prediction of  the hydration of  a 
cement, it is important that all cement phases are included in any analysis.

One way of  predicting the performance of  a hydrating cement is by thermodynamic modelling which 
provides, amongst others, phase assemblage and pore concentration predictions. Such hydration predictions 
allow cement scientists assess the performance, troubleshoot short and long-term problems and even help 
design new cement-based materials. Despite significant effort and progress, the ability to perform such a 
complete simulation has not been developed, mainly because cement hydration is one of  the more complex 
phenomena in engineering science.

This paper presents a new model, HYDCEM, written in MATLAB to undertake cement hydration analysis 
to predict phase assemblage, degree of  hydration, heat release and pore solution chemistry over time for any 
w/c ratio and curing temperatures up to 450C. HYDCEM is aimed to complement the more sophisticated 
thermodynamic models giving users an accurate prediction of  how their Portland cement will perform by 
demonstrating cement phase and gypsum dissolution and the development of  hydration products over 
time.

All input parameters required by the model are fully defined by the user including the cement chemical 
(oxide) composition, element molar mass, cement phase densities, phase and product densities and heat 
of  hydration enthalpies. It uses this information to calculate the unhydrated cement proportions, gypsum 
content and magnesium and volume stoichiometries, which in turn determines the volumes of  silicates, 
aluminates and ferrites hydration products namely, C-S-H, calcium hydroxide, hydrogarnet, ettringite, 
monosulphate and hydrotalcite. The model employs the empirical-based Parrot and Killoh [10] approach 
for the degree of  hydration for the cement phases with an input file read in that includes the Blaine surface 
area of  the cement, temperature, phases activation energies and the constants developed by Lothenbach 
[11,12] for the three reaction regimes, namely nucleation and growth, shell formation and diffusion.

The initial design of  the model is presented along with worked examples to compare HYDCEM phase 
assemblage predictions with results from the literature. Phase assemblage predictions provide a much better 
insight how the microstructure is developing. MATLAB is particularly well suited to this type of  analysis due 
to its ‘engineering-like’ architecture both in terms of  coding language and background calculations. Also, 
the significant amount of  help available for MATLAB programmers online make writing and understanding 
the code very straightforward.

1  Conventional cement chemistry notation: C=CaO, S=SiO2, A=Al2O3, F=Fe2O3, and H=H2O.

2  H = water; CH = Calcium Hydroxide; CAH = Hydrogarnet; GYP = Gypsum; ETTR = Ettringite; MONO = Monosulphate; FH = 
Iron Oxide
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2. Model Design

2.1 Input files
HYDCEM was developed with the user in mind by providing clearly laid out and easy to change flat 
text input files. The analysis/calculation flow for HYDCEM is shown in Figure 1. As may be seen, when 
the input data files are read into the model, the analysis follows a well-structured methodology by using 
multiple functions within the main HYDCEM script along with pre-allocation of  single precision outputs 
for quicker analysis. The data is stored within predefined single column vectors with the number of  rows 
equal to the number of  hourly time steps. There is an expected increase in analysis time with the duration 
of  hydration (Figure 2) with 10,000 hourly time steps analysed in less than ½ second.

2.2 Chemical Properties
Using four customisable input files (oxide_proportions.txt, densities.txt, molar_mass.txt & molar_mass_
reaction.txt) as shown in Figure 1, the four cement phase and gypsum proportions are determined using 
the Bogue equations [3] shown in Equations 1-5 below. The volume stoichiometries are calculated based on 
the molar mass reaction of  the cement phase, the molar mass of  the phase (C3S, etc.)

Figure 1: Diagram of  HYDCEM’s Matlab functions (*.m) and customisable input text fi les (*.txt)
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Figure 2: Analysis time for increasing hydration durations

(1)
(2)
(3)
(4)
(5)

or hydration product (C-S-H, etc.) and the density, all of  which are customisable by the user. The molar 
mass reaction for the four cement phases and magnesium (Mg) are shown in Equations 6-14 with their 
calculated volume stoichiometries shown in brackets below.

2.3 Dissolution of  cement phases
The dissolution of  the four cement phases are calculated in HYDCEM using the approach presented by 
Parrot and Killoh [10] that uses a set of  empirical expressions to estimate the degree of  hydration of  each 
phase as a function of  time. The dissolution of  each phase is determined using Equations 15 to 17 where 
the lowest hydration rate Rt is taken as the rate-controlling value.

                      (6)
(1.0)     (1.3173) (1.5692)  (0.5933)

                              (7)
(1.00)  (1.4752)   (2.166)    (0.189)

                                   (8)
(1.00)    (1.212)    (1.6834)

                (9)
(1.00)     (2.0687)  (5.2527)    (7.9073)

  (10)
(1.00)          (3.9536)    (0.4041)   (5.2358)

 (11)
(1.00)      (1.3828)  (1.1522)    (0.2539) (0.5468)

                                                                         (12)
(1.00)         (3.945)   (4.1483)      (5.4121)       (0.2539)  (05468)

                                                                          (13)
(1.00)             (2.7061)     (0.8297)    (3.5836)    (0.2539)   (0.5468)

                                                                                                                       (14)
(1.00)       (0.4232)   (1.9419)  (1..9850

The degree of  hydration (α) is expressed as αt=αt−1 + Δt·Rt-1. The K, N and H values used for the three 
phases are those proposed by Lothenbach et al [11,12]. The influence of  the surface area on the initial hy-
dration are included as well as the influence of  w/c (= (1 + 3.333 (H * w/c – αt))

4; for αt > H * w/c.
(15)
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(16)

(17)

2.4 Hydration Behaviour
The change in volume of  cement phases, gypsum, hydration products and water are calculated using the 
volume stoichiometries calculated from the molar ratios in reactions (Equations 6-14) within using a series 
of  programming operations. HYDCEM has implemented well accepted cement hydration behaviour found 
in the literature as shown Figure 3, for example where the growth in monosulfate (for limestone free 
cements) begins after gypsum has been depleted [12,13] with increased ettringite volume until all gypsum 
is depleted [11,13]. The following section presents a worked example to show HYDCEM predictions of  
hydration behaviour over time.

Figure 3: Kinetics of  aluminate hydration for limestone-free cements (after Scrivener, 1984 [13])

3. Worked Example

The worked example is based on work by Lothenbach et al [11] with the cement properties shown in Table 
1. The published phase assemblages or thermodynamic modelling shown here to compare the HYDCEM 
output with were carried out using the Gibbs free energy minimization program GEMS [14,15]. GEMS is a 
broad-purpose geochemical modelling code which computes equilibrium phase assemblage and speciation 
in a complex chemical system from its total bulk elemental composition. A detailed description of  GEMS 
can be found elsewhere in the literature [14-17].

Table 1: Sample of  input for worked example

Cement composition [11] Enthalpy (J/g) [2] Parameters for degree of  hydration analysis [11]
CaO 63.9 C3S 517 Parameter C3S C2S C3A C4AF
SiO2 20.2 C2S 262 K1 1.5 0.5 1.0 0.37
Al2O3 4.9 C3A 1144 N1 0.7 1.0 0.85 0.7
Fe2O3 3.2 C4AF 725 K2 0.05 0.02 0.04 0.015

Cao(free) 0.93 K3 1.1 0.7 1.0 0.4
MgO 1.8 N3 3.3 5.0 3.2 3.7
K2O 0.78 H 1.8 1.35 1.6 1.45
Na2O 0.42
CO2 0.26 Blaine surface area (m2/kg) 413
SO3 2.29 w/c ratio 0.4

K2O (soluble) 0.72 Temperature (0C) 20
Na2O (soluble) 0.09

The (a) HYDCEM predicted and (b) published cement dissolution of  the four phases are shown in Figure 
4. As may be seen, there is close agreement between the measured and predicted phase dissolution values. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

99

IC
SB

M
 2

01
9

ID
00

9

Figure 5 shows (a) the HYDCEM and (b) published phase assemblage diagrams [11] for the cement 
described in Table 1. Figure 5(b) shows small quantities of  monocarbonate, brucite and hemicarbonate 
that are not included in the HYDCEM model. Despite this, the HYDCEM predictions are very close to 
the measured phase assemblage with the products of  hydration forming at a similar rate over time. Also, 
the dissolution of  gypsum is very similar with both predictions showing it completely depleted within 10 
hours. As expected, both show similar reductions in the volume of  ettringite with increasing monosulphate 
volume over time. Figure 6 shows the modelled aluminates products of  hydration over time. Again, there 
is a reasonably close agreement between both.

(a)

(b)
Figure 4: (a) Predicted (HYDCEM) and (b) published [11] cement phase dissolution at 200C.

(a) (b)

Figure 5: (a) Predicted (HYDCEM) and (b) GEMS modelled phase assemblages [11] at 200C.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

100

IC
SBM

 2019
ID

 009

(a) (b)
Figure 6: (a) HYDCEM and (b) GEMS predicted [11] products of  hydration from the aluminate 
phase.

(a) (b)
Figure 7: HYDCEM predicted (a) degree of  hydration and (b) heat of  hydration at (a) 50C, 200C 
and 400C over time.

Figure 7 shows a suite of  HYDCEM predictions of  the (a) degrees of  hydration and (b) heat release over 
time for curing temperatures of  5, 20 and 400C. Lower curing temperatures cause hydration to start very 
slowly allowing the dissolved ions more time to diffuse prior to precipitation of  hydrates along with the 
slower dissolution of  gypsum [18]. This leads to a less dense C-S-H, a more even distribution of  hydration 
products and a less course porosity [18-22]. The effect of  the higher temperature can be observed with an 
initially fast dissolution of  the four cement phases and a more rapid precipitation of  hydration products 
early on. This is responsible for the early strength development observed at higher temperatures along 
with a more heterogeneous distribution of  hydration products in and around the clinker particles [20]. 
The effect of  the higher temperature demonstrates a much more rapid rate of  hydration, as discussed 
above. The predicted degree of  hydration (Figure 7(a)) at the three temperatures are as expected. At 50C, 
the degree of  hydration is slower whereas at 400C, it is more rapid early on quickly slowing down over 
time. For instance, after 10 hours of  hydration, the overall degree of  hydration at 50C, 200C and 400C is 
7, 18 and 36% respectively. However, after 100 hours of  hydration, the overall degree of  hydration at the 
three temperatures is 47, 61 and 71% respectively, which clearly shows the effect of  curing temperature as 
discussed above.

4. Conclusions

The HYDCEM model has been found to simulate the hydration and microstructure development of  
Portland cements. Using cement composition and reaction relationships, the cement phase and products 
of  hydration are determined in volumetric terms over time for any w/c ratio and curing temperatures up to 
450C. Results presented here have shown good agreement with published hydration behaviour. HYDCEM 
can therefore become a useful tool for the initial prediction of  cement hydration and microstructure 
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behaviour before the use of  more sophisticated thermodynamic models. Development of  the model is 
ongoing with additional features being added to include limestone and predictions of  the pore solution 
chemistry by coupling with the PHREEQC geochemical model [23]. Future developments also include 
predictions of  electrical and thermal conductivities to better understand the potential of  cement based 
thermoelectric materials.

5. Acknowledgement

The authors would like to thank the financial assistance provided by Science Foundation Ireland as part of  
the ThermoConc research project.

6. References

[1] Thomas, J.J., Biernacki, J.J., Bullard, J.W., Bishnoi, S., Dolado, J.S., Scherer, G.W. and Luttge, A. (2011) 
Modeling and simulation of  cement hydration kinetics and microstructure development, Cement and 
Concrete Research 41, pp. 1257–1278.

[2] Garbozi, E.J., Bentz, D.P. and Frohnsdorff, G.J (2000) The Past, Present, and Future of  Computational 
Materials Science of  Concrete, Materials Science of  Concrete Workshop, Centre for Advanced-Cement-
Based Materials, April 27-29, Lake Shelbyville, IL, 10 pages.

[3] ASTM C150-09, standard specification for portland cement. Annual Book of  ASTM Standards, ASTM 
International, West Conshocken, PA, 4.

[4] D.P. Bentz, Three-dimensional computer simulation of  Portland cement hydration and microstructure 
development, J. Am. Ceram. Soc. 80 (1) (1997) 3– 21.

[5] D.P. Bentz, E.J. Garboczi, C.J. Haecker, O.M. Jensen, Effects of  cement particle size distribution on 
performance properties of  cement-based materials, Cem. Concr. Res. 29 (1999) 1663–1671.

[6] C.J. Haecker, D.P. Bentz, X.P. Feng, P.E. Stutzman, Prediction of  cement physical properties by virtual 
testing, Cem. Int. 1 (3) (2003) 86– 92.

[7] A. Princigallo, P. Lura, K. van Breugel, G. Levita, Early development of  properties in a cement paste: a 
numerical and experimental study, Cem. Concr. Res. 33 (2003) 1013– 1020.

[8] Bentz, D.P (2006) Quantitative comparison of  real and CEMHYD3D model microstructures using 
correlation functions, Cement and Concrete Research 36, pp. 259 – 263.

[9] Holmes, N., Griffin, A., Enright, B. and Kelliher, D (2018) Introducing a new cement hydration and 
microstructure model, Civil Engineering Research in Ireland (CERI) conference, UCD Ireland, Editors 
Vikram Pakrashi and Jennifer Keenahan, pp. 202-207.

[10] L.J. Parrot, D.C. Killoh, Prediction of  cement hydration, Br. Ceram. Proc. 35 (1984) 41–53.

[11] Lothenbach, B., Le Saout, G., Gallucci, E. and Scrivener, K. (2008) Influence of  limestone on the 
hydration of  Portland cements, Cement and Concrete Research 38 pp. 848–860.

[12] Lothenbach, B., Winnefeld, F., Alder, C., Wieland, E., and Lunk, P. (2007) Effect of  temperature on 
the pore solution, microstructure and hydration products of  Portland cement pastes, Cement and Concrete 
Research 37 (4) pp. 483–491.

[13] Scrivener, K.L and Pratt, P.L (1984) Microstructjral studies of  the hydration of  C3A and C4AF 
independently and in cement paste, The Chemistry and Chemically releated properties of  cement, Edited 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

102

by F.P. Glaser, Proceedings of  the British Ceramic Society, Vol. 35, pp. 207-20.

[14] D. Kulik, GEMS-PSI 2.1, 2007, available at http://gems.web.psi.ch/,PSI-Villigen, Switzerland.

[15] T. Thoenen, D. Kulik, Nagra/PSI chemical thermodynamic database 01/01 for the GEM-Selektor 
(V.2-PSI) geochemical modeling code, PSI, Villigen, 2003, available at http://gems.web.psi.ch/doc/pdf/
TM-44-03- 04-web.pdf.

[16] W. Hummel, U. Berner, E. Curti, F.J. Pearson, T. Thoenen, Nagra/PSI chemical thermodynamic data 
base 01/01, Universal Publishers/uPUBLISH.com,USA, also published as Nagra Technical ReportNTB02-
16,Wettingen, Switzerland, 2002.

[17] B. Lothenbach, T. Matschei, G. Möschner, F.P. Glasser, Thermodynamic modelling of  the effect of  
temperature on the hydration and porosity of  Portland cement Cement and Concrete Research 38 (1) 
(2008) 1–18.

[18] Lothenbach, B. Thermodynamic modelling of  the effect of  temperature on the hydration of  Portland 
cement, International RILEM Symposium on Concrete Modelling – CONMOD 2008, 26-28 May, Delft, 
The Netherlands.

[19] Kjellsen, K.O., Detwiler, R.J, (1992) Reaction-kinetics of  Portand-cement mortors hydrated at different 
temperatures, Cement & Concrete Research 22 (1), pp. 112-120.

[20] Escalante-Garcia, J.I., Sharp, J.H. (1998) Effect of  temperature on the hydration of  the main clinker 
phases in Portland cements: Part I, neat cements, Cement & Concrete Research 28 (9), pp. 1245-1257.

[21] Komonen, J., Penttala, V. (2003) Effects of  high temperatures on the pore structure and strength of  
plain and polypropylene fiber reinforced cement pastes, Fire Technol 39 (1), pp. 23-34.

[22] Thomas, JJ., Rothstein, D., Jennings, H.M., Christensen, B.J. (2003), Effect of  hydration temperatures 
on the solubility behaviour of  Ca-, S-, Al- and Al- and Si- bearing solid phases in Portland cement pastes, 
Cement & Concrete Research 33 (12), pp. 2037-2047.

[23] David L. Parkhurst and C.A.J. Appelo (2013) Description of  input and examples for PHREEQC 
version 3: a computer program for speciation, batch-reaction, one-dimensional transport, and inverse 
geochemical calculations, Techniques and Methods 6-A43, Chapter 43, Section A.

IC
SBM

 2019
ID

 009



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

103

IC
SB

M
 2

01
9

ID
 0

13

103

Chloride Ingress and Degradation of  
Portland Cement Mortar Exposed to 

Seawater Attack Coupling with Drying-
wetting Cycle

S. Cheng1, Z. Shui1, T. Sun1, 2, X. Gao1, 2

1State Key Laboratory of  Silicate Materials for Architectures, Wuhan University of  Technology, Wuhan 
430070, China.

2School of  Civil Engineering and Architecture, Wuhan University of  Technology, Wuhan 430070, China.

Abstract 

The chloride, sulphate and magnesium ion attack usually occur together in marine environment. The 
corrosion of  concrete in seawater is mainly caused by the chloride induced reinforcement corrosion, the 
exfoliation of  magnesium salt and the volume expansion due to sulphate attack. In addition to ions attack, the 
drying-wetting cycles always cause a severe deterioration of  concrete structures. This study aims to identify 
the chloride ingress and mechanisms of  degradation in Portland cement mortar exposed to simulated 
seawater attack under drying-wetting cycle conditions. Mortar mixtures are prepared and exposed to NaCl, 
NaCl+MgCl2, NaCl+Na2SO4 and NaCl+Na2SO4+MgCl2 solutions with a fixed chloride concentration. 
Chloride transportation and binding capacity of  Portland cement based mortars are investigated by 
titration. In order to identify phase assemblages and microstructural evolutions under exposure, samples 
are examined by applying XRD, TGA, SEM-EDS and MIP. The analysis of  the physical aspect reveal 
that after 90 days of  drying-wetting, the outmost layer (0-5mm) is enriched in sulphate and magnesium 
ion, and present the highest chloride ion content when exposed to NaCl+MgCl2 solutions. Moreover, 
the presence of  Mg2+ and Mg2++SO4

2- in chloride solution accelerates the chloride ingress, increases the 
apparent chloride diffusion coefficient and reduces the chloride binding capacity. However, the presence of  
SO4

2- in NaCl solution retards the chloride ingress and enhances the chloride binding capacity. On the other 
hand, the chemical composition analysis highlights the conspicuous consumption of  portlandite in the 
outmost layer, the decalcification of  C-S-H, and the ettringite (AFt) formation from AFm and aluminium 
phases. The microstructure analysis shows a refined pore size and significant micro-cracking formation in 
the sulphate and chloride conditions due to formation of  AFt. These phase changes are generally agreed 
with the predictions of  a thermodynamic model. 

Keywords: Chloride ingress; Sulfate; Magnesium; Drying-wetting cycle; Thermodynamic model.

1. Introduction

Reinforced concrete is an important construction material for marine exposed structures due to its ability 
to withstand the harsh marine environment. However, the service life of  reinforced concrete structures 
can be limited by several deterioration mechanisms. Concerning the chemical attacks, the chloride induced 
reinforcement corrosion is one of  the main degradations of  concrete, and the simultaneous presence 
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of  corrosive ions such as chloride, sulfate and magnesium in seawater even shows a combined effect 
on chemical corrosion [1-4]. On the other hand, the physical degradation of  concrete under marine 
environment is non-ignorable factor that can accelerate the chemical attacks. Typical physical degradations 
such as leaching, wave erosion, repeated dry and wet usually leads to the dissolution of  hydrated products 
and increases the porosity [5-7], and then the concrete matrix is more vulnerable to ingress of  aggressive 
ions and results in surface crack.

The tidal zone is the most serious damage area of  concrete structures in marine environment, where 
usually presents the most complicated degradations including both physical and chemical attacks. However, 
the degradation mechanisms of  cementitious materials under multiple ions attack and drying-wetting cycles 
have not been studied in detail. This work highlights the degradation mechanisms of  Portland cement 
mortar by multiple corrosive ions under the drying-wetting zone. First of  all, the degradation behaviors 
including mass changes and relative dynamic modulus of  elasticity of  samples exposed to simulated seawater 
and the impacts of  sulfate and magnesium ions on the chloride ion ingress are investigated. Then, the 
multiple corrosive ion induced phase changes under drying-wetting cycles are presented. Furthermore, the 
phase changes are compared with the predictions of  a thermodynamic model. Lastly, the microstructure 
characteristics of  mortar samples under different corrosive environments are identified by scanning electron 
microscopy-energy dispersive spectrometer (SEM-EDS) and mercury intrusion porosimetry (MIP).

2. Methodology

2.1 Materials
The Portland cement type CEM I (strength class 42.5) was used to produce the mortar specimens 

according to European standard EN 197-1, the chemical composition of  cement was determined by X-ray 
fluorescence (XRF) and shown in Table 1. The analytical reagents sodium chloride, hexahydrate magnesium 
chloride and anhydrous sodium sulfate were utilized to simulate the major elements in seawater.

Table 1: Chemical composition of  ordinary Portland cement by X-ray f luorescence.

Constituents SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O SO3 LOI

wt.% 21.76 5.83 62.69 1.72 3.41 1.22 0.07 1.09 1.11

2.2 Sample preparation and exposed to corrosive solution
According to Chinese standard GB/T 29756-2013, mortar mixtures with water to cement ratio of  

0.5 and sand to binder ratio of  3 were prepared. Samples were cast in steel molds of  40×40×160 mm3, 
and then demould after 1 day and cured under the condition of  20±2°C and 98±2% relative humidity for 
7 days. Mortar samples were also prepared and filled into 50 mL centrifuge tube, then stored in standard 
curing chamber. The cement pastes with the same w/c ratio were produced for microstructure analysis.

Table 2: Detailed composition of  the exposure solutions.

Conc. (M) NaCl MgCl2 Na2SO4 Cl conc. (M)

NaCl 0.56 - - 0.56

NaCl+MgCl2 0.46 0.05 - 0.56

NaCl+Na2SO4 0.56 - 0.028 0.56

NaCl+MgCl2+Na2SO4 0.56 0.05 0.028 0.56

The physical and chemical degradation of  samples in the ocean tidal zone was simulated by using 
a self-made drying-wetting cycle test chamber. The corrosion solutions were used: NaCl solution (N), 
NaCl+MgCl2 solution (N+M), NaCl+Na2SO4 solution (N+S) and NaCl+MgCl2+Na2SO4 solution 
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(N+M+S). Compared with the seawater, the detailed composite of  each corrosive solution were presented 
in Table 2. All solutions were having a fixed chloride concentration of  0.56 mol/L, and then they were 
stored in four self-regulating polymethyl methacrylate boxes.

The drying-wetting cycle was set as follows: Firstly, samples were immersed in corrosive solution 
for 18 h, and then dried for 0.5 h in the air. Afterwards, the samples were dried for 5 h at a temperature 
of  60°C and followed by cooling down at the room temperature for 0.5 h. Thus, the 24 h represent one 
drying-wetting cycle. The schematic of  drying-wetting cycle box is shown in the Fig. 1. In order to maintain 
concentration stability of  all ions, the exposed solutions were replaced every two weeks.

2.3 Methods

2.3.1 Chloride diffusion
The specimens in the centrifuge tubes were analyzed after 30, 60, 90 and 120 days of  exposure. The 

exposed surfaces were used for profile grinding according to the following intervals: 0-5, 5-10, 10-15 and 
15-20 mm. Then, the ground samples were stored in plastic sample sack and placed in a desiccator until 
analysis. According to the technical specification for chloride ion content test in concrete (JGJ/T 322-
2013), the specimen was grinding and passed through a 0.15mm square hole. Then, the collected powder 
was dried at 105 °C for 2 h, followed by taking about 5 g and mixing the powder with about 50 mL (V3) 
diluted nitric acid (water: nitric acid=15:85), and then shocked for 1~2 minutes and stored for 24 h. 
Afterwards, 10 mL of  the supernatant was taken by pipette and placed in a conical flask, and added with 10 
mL silver nitrate solution. Finally, the mixtures were titrated with potassium thiocyanate. The total chloride 
content of  specimen can be calculated by Eq. (1).

                    (1)

where P denotes the total chloride content (%); C is the concentration of  silver nitrate solution 
(mol/L); C’ is the potassium thiocyanate solution (mol/L); V and V1 respectively denotes the volume of  
the added silver nitrate solution and the consumed volume of  potassium thiocyanate solution at each test 
(mL); G is the sample mass of  exposed mortar (g); V2 and V3 are the selected amount for titration and the 
amount of  dilute nitric acid for dissolved sample (mL).

The apparent chloride ion diffusion coefficient (Da) is an important index which can be used to 
characterize the speed of  chloride ingress. The apparent chloride diffusion coefficient and the concentration 
at the surface of  sample are determined by fitting experimental data using the solution of  Fick’s second law 
fitting Eq. (2).

                (2)

where  is the free chloride content at depth x (m) and exposure time t (s),  is the chloride content 
at the surface and  is the apparent diffusion coefficient. The chloride content at the surface ( ) and 
apparent diffusion coefficient ( ) were obtained from the best fit by least squares.
2.3.2 Degradation performance

The mass change measurements after different exposure times can be used to characterize the surface 
changes of  specimen, which can be regarded as an indicator of  physical degradation. The mass change of  
specimen at different exposure time can be calculated by Eq. (3), according to the China standard GB/
T50082-2009.

                (3)
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where  is mass change rate of  specimens after corrosion (%);  is the mass of  specimen after 
erosion (g);  is the mass of  specimen before erosion (g).

A nonmetal ultrasonic analyzer was used to determine the modulus of  elasticity of  mortar samples 
at different erosion cycles. The measurement length in this study is 160 mm. The acoustic time value is 
converted into the relative dynamic modulus of  elasticity by Eq. (4).

                            (4)
where  and are the dynamic modulus of  elasticity (GPa) and the relative dynamic modulus 

of  elasticity, respectively;  represents the ultrasonic velocity of  specimen (m/s);  denotes the density 
of  specimen (kg/m3);  is the Poisson’s ratio;  is initial ultrasonic velocity of  specimen before erosion 
(m/s);  is the ultrasonic velocity of  specimen after erosion (m/s);  denotes the initial ultrasonic time of  
specimen before erosion (μs);  represents the ultrasonic time of  specimen after erosion (μs). 
2.3.3 Microstructure characterization 

Cement paste from the exposure surface (0-5mm) was characterized by X-Ray diffraction (XRD). The 
Empyrean X-ray diffractometer produced by PANalytical B.V. (Netherlands) was performed for the test 
experiment using Cu Kα = 1.5406 Å, step size of  0.019°, measuring time 141.804 s/step, start position 5° 
and end position 70°. The thermogravimetric analysis (TG) was applied by using a Netzsch STA449F3. 
The samples were heated from 30 °C to 1000 °C at a rate of  10 °C/min while the oven was purged 
under an inert atmosphere with N2 flow of  30 mL/min. The exposed surface of  mortar sample was 
further characterized by QUANTA FEG 450 field emission environment scanning electron microscopy 
(SEM) with energy dispersive spectrometer (EDS). The specimens were coated by epoxy resin and further 
polished with diamond polishing machine. The point analysis was used to identify the composites of  
matrix. The effective capillary pore volume and pore size distribution of  mortar samples were measured 
by mercury intrusion porosimetry (MIP), which were conducted on the polished mortars with an age of  
90 days exposure. MIP analysis was carried out by using a micromeritics mercury porosimeter (Auto Pore 
IV-9500, pore size 6 nm-360 μm). About 1~2 grams specimen were prepared and soaked in acetone, and 
then them were dried in a vacuum atmosphere at 60 ± 2 °C for 8 h. 

2.3.2  Thermodynamic modelling
Gibbs free energy minimisation program (GEMS 3.3) was utilized to simulate the changes in phase 

assemblage of  binder. The default databases were obtained from the CEMDATA14 database, which contains 
solubility products of  solids relevant for cementitious systems. The data-set includes thermodynamic data 
for common cement minerals such as ettringite (AFt) and alumina-ferric monophases (AFm), hydrotalcite, 
hydrogarnet and C-S-H phases. The following simplifications of  equilibrium system were conducted: (i) 
assumed that 10% cement was not reacted; (ii) there were not containing Fe-AFm and Fe-AFt phases in 
equilibrium system.

3. Results and discussion

3.1 Chloride diffusion behaviour

3.1.1 Chloride content
Fig. 1 shows the total chloride profiles of  mortar specimens exposed to different solutions under 

drying-wetting cycles. With the increase of  mortar depths, the total chloride content decreases, and the 
total chloride content exhibits a distinctive increase with the increase of  exposure time. In contrast to the N 
solution, samples exposed to the N+M and N+M+S solution show higher total chloride content. However, 
the total chloride content for samples exposed to the N+S solutions is lower than the N solution with 
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increasing exposure time. It can be revealed that the presence of  sulfate ion in chloride solution obstructs 
the chloride ingress into mortar. This phenomenon can be attributed to two aspects: 1) According to the 
charges-equilibrium and mass-equilibrium principle, the diffusion rate of  sulfate and chloride ion for mortar 
exposed to the combined solution is less than their single diffusion. 2) The formation of  ettringite refines 
the pore structure and leads to a densification of  the matrix, which block the channels of  chloride ion 
penetration [8]. It is clear that the simultaneous presences of  sulfate and magnesium ion in NaCl solution 
exhibit higher chloride ingress. This is because the magnesium ion can react with hydroxyl ions and result 
in a reduction pH in the pore solution, promoting the chloride ingress based on the charges-equilibrium [9].

 Figure 1: Chloride content of  mortar specimens after different exposure time under corrosive 
solution and drying-wetting cycles. 

3.1.2 Apparent chloride diffusion coefficient 

The apparent chloride diffusion coefficient (Dapp) of  mortar samples exposed different solutions under 
drying-wetting cycles are presented in Fig. 2. With increasing of  exposure time, the Dapp exhibits a distinct 
reduction correspondingly. It is clear that the samples exposed to the N+M solution shows the highest Dapp 
regardless of  exposure time. The Dapp of  samples in the N+M+S solution is higher than the N solution. It 
is also found that the N+S solution seems decrease the Dapp at 60 and 90 days exposure, while it increase 
the Dapp after 120 days exposure. Overall, the Dapp of  samples follows N+M > N+M+S > N+S> N. It 
indicates the SO4

2- and Mg2+ has different impacts on the Dapp. Namely, the presence of  SO4
2- firstly reduces 

but later increases the Dapp of  mortar in chloride solution, whereas the SO4
2-+ Mg2+ in NaCl solution lead to 

an increase in the Dapp. The results are in accordance with previous studies, which reveal that the SO4
2- can 

refine the pore structure of  matrix and reduce the Dapp of  mortar when exposed to the combined NaCl and 
Na2SO4 solution at the short exposure time [10]. However, the formation of  expansion corrosive product 
will generate crack occurrence and thereby promote the chloride diffusion. The presence of  SO4

2-+Mg2+ 
increases the Dapp significantly. This may be attributed to the fact that the degradation caused by SO4

2-+ 
Mg2+, which aggravates the chloride ingress. 

Figure 2: Dapp of  samples after different exposure time under corrosive solution and drying-
wetting cycles. 
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3.2 Magnesium and sulfur profiles
Fig. 3 shows the elemental concentration of  magnesium (Mg) and sulfur (S) determined by ICP-OES 

for the exposed mortar samples at different exposure time. Since the NaCl solution does not contains 
sulfur and magnesium, samples exposed to solutions of  N+M, N+S and N+M+S are selected for analysis. 
It can be observed that the magnesium content in the outermost layer for mortar exposed to the N+M+S 
solution is increased with increasing exposure time. The outermost layers (0-5 mm) of  the mortar specimens 
exposed to the N+M+S solution are enriched in magnesium. As for the sulfate ion, although the sulfur 
content shows a variation between 30 and 120 days of  exposure, there is no increase in sulfur content 
at the outmost layer for the samples exposed to the N+M+S solution. The magnesium profiles in the 
mortar samples exposed to the N+M reveal that there is no clear increase in the magnesium content at 
the outermost layer except for 120 days of  exposure. For samples exposed to the N+S, the sulfur content 
also does not further increase at the outmost layer. Compared with the chloride ingress (Fig. 1), it is clear 
evident that the penetration depths of  magnesium ion and sulfate ion are much smaller. The precipitation 
of  brucite occurs at higher pH values (pH>10) and reduces the magnesium concentrations, resulting in 
limited mobility of  magnesium in cementitious systems [11]. Indeed, the formation of  brucite is observed 
on the surface of  mortar but its content in the mortar does not increase with the increasing of  exposure 
time. Similar as the results presented in, the magnesium and sulfur were enriched in the outmost section 
(0-1 mm) [12].

Figure 3: Total magnesium (Mg) and sulfur (S) content determined by ICP-MS for profile ground 
mortar samples.

3.3  Degradation progress

3.3.1  Mass change
Fig. 4 shows the mass change of  mortar specimens exposed to different corrosive solutions under 

drying-wetting cycle. It is clear that the mass changes of  samples exposed to the N solution are increased 
with the increasing of  exposure age. However, for the samples exposed to the N+M solutions, the mass 
changes show an increase and reach the maximum until the exposure age of  90 days. Afterwards, it shows a 
decrease after 120 days of  exposure. It is also obvious that the mass changes curves of  samples exposed to 
the N+S and N+S+M solution are similar to the group of  N+M. The specimens exposed to the N solution 
show the maximum mass gain of  1.10%, while the mass gains of  samples exposed to the combined solution 
N+M, N+S, and N+M+S reach the maximum of  2.74, 2.34% and 2.51%, respectively. The combined 
solutions exhibit greater mass changes than those exposed to the N solution under drying-wetting cycles. 
Initially, the mass of  specimens in the N+M solution under drying-wetting cycles increases to 2.74% until 
90 days and follows by a slight decrease down to 2.68%. The mass changes of  samples exposed to the 
N+S and N+S+M solutions show a similar tendency. When exposed to corrosive solutions, the presence 
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of  sulfate and magnesium ion in the chloride environment leads to a higher mass gain than the sodium 
chloride solution. This may be caused by the precipitation of  brucite and AFt, which could adhere on the 
surface of  pore walls and inside the pore space in cement matrix. Moreover, it is clear that the solution with 
sulfate, magnesium and chloride ions results in larger mass change than that with sulfate and chloride. The 
results in accordance with a previous finding, which revealed that the ordinary Portland concrete immersed 
in the magnesium sulfate plus sodium chloride solution showed a larger mass decrease than the magnesium 
sulfate solution [13]. The magnesium ion does not cause obvious mass loss in the chloride solution, this 
can be attributed to magnesium ion attack, which only reacts with hydroxyl ions at the outmost surface and 
limit internal erosion, resulting in indistinctive degradation of  mortar.

Figure 4: Mass change vs. time for mortar specimens exposed to different solution under drying-
wetting cycles.

3.3.2 Dynamic of  modulus of  elasticity 
The dynamic modulus of  elasticity for mortar exposed to different exposure solutions under drying-

wetting cycles are presented in Fig. 5. It can be noticed that the curves of  relative dynamic modulus of  
elasticity (Erd) is increased with the increasing of  exposure age when exposed to the N, N+M and N+S 
solution, respectively. .

Figure 5: Variation of  dynamic modulus of  elasticity vs. time for mortar specimens exposed to 
different solution under drying-wetting cycles

While the Erd of  mortars in the N+M+S solution firstly increases until 90 days of  exposure and then 
slightly decreases after 120 days. After 90 days of  exposure, the Erd for the mortar exposed to the N+M+S 
solution reaches the maximum. It can be seen that the presence of  sulfate and magnesium in chloride 
environment has impacts on the variation of  Erd, which also proves that the presence of  sulfate ion in 
chloride solution reduces the damage of  mortar under drying-wetting cycles. However, the coexistence of  
sulfate, magnesium and chloride ion intensifies the degradation of  mortar. This may indicates that when 
exposed to sulfate and chloride attack, the generated corrosion products such as ettringite and Friedel’s salt 
(Fig. 6) fill the pore walls and densify the cement matrix. At the early stage of  seawater attack, the corrosion 
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products also refines the pore structure, however, the attacks of  multiple corrosive ions lead to corrosion 
intensification at later stages of  exposure

3.4  Phase assemblage

3.4.1  Phase composition
The hydration products and corrosion products of  cement paste in different solution after 120 days 

of  exposure are analyzed by XRD and the results are illustrated in Fig. 6. The patterns show that the 
hydrated products contain hemicarbonate (Hc) and monocarbonate (Mc) before exposure and Friedel’s 
salt (Fs) is observed in all samples after exposed to corrosive solutions. Actually, both Hc and Mc could 
directly convert to Fs with high chloride concentrations. The TGA analysis of  exposed hydrated cement 
for 120 days of  exposure (0-5 mm) shows that the phase assemblages contain C-S-H, ettringite (AFt), 
portlandite (CH) as well as calcium carbonate (Cc), as shown in Fig. 7. It is suggested that the peak ranges 
from 230~410°C is referred to the decomposition of  Fs and the interval of  410-500°C is mainly ascribed 
to the dehydration of  portlandite.

Figure 6: XRD patterns for cement paste samples exposed to different solutions after 120 days 
drying-wetting cycles

Figure 7: DTG curves of  for cement paste samples exposed to different solution after 120 days 
drying-wetting cycles.

The amount of  CH and Fs are determined by DTG and the results are presented in Fig. 8. In contrast 
to sample exposed to N solution, the amount of  Fs decreases in the one exposed to N+S solution, indicating 
that the formation of  Fs is limited by sulfate ions. This is attributed to the fact that C-S-H gels can absorb 
more sulfates instead of  chlorides when exposed to the sulfate + chloride solution. The sulfate presented 
in combined solution (N+S) reduces the chloride binding and part of  Fs converted to Ettringite as a result. 
Similarly, the presence of  SO4

2-+Mg2+ in chloride solution declines the content of  Fs, which suggests that 
the combined SO4

2-+Mg2+ decreased the chloride uptake in the C-S-H and induce increased formation of  
corrosion products [14]. Moreover, it is obvious that the CH content in the N+M+S solution is lower than 
that exposed to the N solution. The precipitation of  brucite reduced the content of  CH. Previous study 
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also indicated that the SO4
2-+Mg2+ in chloride solution reduce the formation of  Fs at the outmost layer.

Figure 8: Portlandite and Friedel’s salt determined by DTG in the cement paste samples exposed to 
different solution after 120 days drying-wetting cycles

3.4.2 Modelling of  phase change

Figure 9: Hydration phases vs. the free chloride concentration for different exposure solutions by 
GEMS modelling.

Fig. 9 illustrates changes of  predicted hydration phases vs. the free chloride present exposed to different 
solution by GEMS modelling. It is clear that the free chloride concentrations have significant impacts 
on the phase assemblage of  cement. The phase assemblages include C-S-H gel, portlandite, ettringite, 
monosulphate (AFm) and Kuzel’s salt (Ks) in the exposure solutions at low chloride concentrations[15]. 
However, at high chloride concentration levels, The Fs is the only AFm phase. The results indicate that, 
with the increasing chloride concentration, the presence of  magnesium ion in chloride solution forms 
to brucite and hence cause a decrease in calcium hydroxide, which is also confirmed by TGA analysis. 
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Similarly, the changes in hydration phases exposed to N+M+S solutions appear to formation of  brucite at 
high chloride concentration (Fig. 9d). Additionally, it is clear that the content of  ettringite is increased when 
sulfate ion presence in chloride solutions. Thus, GEMS model can predict the hydration phases formed in 
equilibrium system.

3.5  Microstructure

3.5.1  SEM-EDS
To determine the influence of  exposed solutions on the microstructure, mortar matrixes are 

characterized at 120 days using a Scanning Electron Microscope (SEM) so as to observe their morphology. 
Fig. 10 shows that the region of  SEM observation in mortar matrix generates micro cracking and pores. 
There are more micro cracking and pores in mortar exposed to the chloride and sulfate solutions (Fig. 
10c). However, Mg2+ and SO4

2-+Mg2+ ion in chloride solution show not significant micro cracking in SEM 
observation (Fig. 10b and Fig. 10d). This may be attributed to ettringite crystals and resulted in micro 
cracking occurrence. Fig. 11 shows the SEM-EDS plots for the selected specimens immersed in simulated 
solutions. The SEM-EDS measurements indicate that, compared with the NaCl solution, the Si/Ca ratios 
the sample exposed to N+M solutions are decreased. The cloud of  points which represent C-S-H gel shifts 
to left as shown in Fig. 11. This might lead to an increase in the absorption of  hydroxyl ions and results 
in lower pH values. Additionally, the cloud of  points of  specimens exposed to NaCl+Na2SO4 solutions 
shows higher Si/Ca ratios than the NaCl solution. The change of  AFm phases in the composition of  the 
C-S-H can also be observed in the SEM-EDS plots, which are confirmed from XRD spectra and TG 
curves.

   

Figure 10: SEM observations of  mortar matrices exposed to different solutions after 120 days 
exposure.

Figure 11: SEM-EDS plots for the mortar specimens exposed to different simulated solutions 
after 120 days exposure

3.5.2  Pore structure
The MIP analysis in conducted to clearly clarify the pore characteristics. The detailed pore parameters and 
pore size distribution for samples exposed to different solutions are illustrated Fig. 10. It can be observed 
that the incremental intrusion follows a similar pattern and there are two main incremental intrusion 

N N+M+S N+M N+S

Micro-cracking
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distribution peaks in the exposed mortar samples. One peak is ranged from 10 to 50 nm, which is usually 
considered as less harmful pore (20-50 nm). For the samples in N+S solutions, the pore volume (<20 
nm) is higher than that exposed to the N solution, while the volume of  pore size between 100 and 200 
nm are lower. The pore size volume (<20 nm) of  samples exposed to the N+M+S solutions is less than 
the N solution, whereas the pore size volume (>200 nm) are higher. The results demonstrate that the 
presence of  sulfate ion in chloride solution decrease less harmful pore size, while the presences of  sulfate 
and magnesium ion in NaCl solution increase the harmful pore size. The formation of  AFt by sulfate ion 
precipitates inside the pores and refines the pores size, which declines the chloride penetration channels and 
retards the chloride ingress. However, the degradations caused by magnesium and sulfate result in increase 
of  porosity and harmful pore size and thus promote the chloride ingress.

Table 3: Detailed composition of  the exposure solutions.

Exposure 
solution

Pore  structure  information

<20 nm volume 
(%) 

20-100 nm volume 
(%)

100-200 nm 
volume (%)

>200 nm volume 
(%)

Porosity 
(%)

N 55.606 22.564 6.519 15.310 12.977

N+M 57.308 25.267 6.368 11.057 9.006

N+S 58.391 22.819 5.965 12.825 13.681

N+M+S 51.797 21.212 5.987 21.004 13.031

Figure 12: Pore size distribution for mortar samples exposed to different solutions after 120 days 
drying-wetting cycles.

4. Conclusions

(1) The presence of  sulfate ion in the chloride solution inhibits the chloride ingress, while the SO4
2-+Mg2+ 

in chloride ion environment increase the chloride ingress of  mortar. In addition, the ingress of  magnesium 
and sulfate ion is limited to the outmost (0-5mm) at the surface.

(2) The combined corrosive ions have significant effects on the mass loss and relative dynamic modulus 
of  elasticity of  Portland cement mortar. The presence of  SO4

2- in the chloride solution decreases the mass 
loss and the dynamic modulus of  elasticity change of  mortar. However, the simultaneous presences of  
SO4

2-+Mg2+ in NaCl solution aggravate the damages of  mortar. The SO4
2- in chloride environment reduced 

the content of  Friedel’s salt and CH. The presence of  sulfate and magnesium ion in chloride solution can 
further declines the content of  Fs and CH and causes decalcification of  C-S-H.

(3) The synergy effects of  SO4
2- in chloride environment refine the pore structure and decrease the total 
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porosity. The coexisting of  SO4
2-+Mg2+ in chloride solution increases the porosity and harmful pore volume, 

and thus aggravates the ingress of  corrosive ions into the matrix.
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Abstract 

In this paper, the physical and chemical characteristics of  local material (manufactured sands) impacts on 
properties for Ultra-High Performance Concrete (UHPC) are studied. Based on the modified Andersen 
& Andresen (MAA) model, the natural river sand (RS) is partially replaced by manufactured sand (MS) to 
design UHPC. Then, the properties of  the developed UHPC are evaluated. The obtained results show that 
the particle packing model of  UHPC can be disturbed by the addition of  MS. Moreover, the flowability 
and volume stability of  the developed UHPC can also be negatively affected by the inclusion of  MS. 
Additionally, based on the chemical reaction and microstructure development points of  view, the addition 
of  MS has limited influence on the hydration process and pore size distribution of  UHPC, the SEM 
measurements show that the connection of  cementitious matrix with MS is more compact than that with 
RS, which should be attributed to the typical surface characteristics of  the utilized MS particles.

Keywords: Ultra-High Performance Concrete (UHPC), Physical and chemical characteristics, Manufactured 
sands, Microstructures, Local material.

1. Introduction

Ultra High Performance Concrete (UHPC) is one of  the most advanced cement-based construction 
material. It has outstanding mechanical and durability properties, such as compressive strength [1,2], 
malleability [3,4], impact resistance [5], chloride penetration resistance and freezing-thawing resistance[6-8]. 
Compared with other building material (e,g, high performance concrete (HPC)), UHPC can extend service 
cycle and requires less maintenance costs during their service time, which is fit for structures in harsh 
working environment, where the durability performance is a primary demand [9]. A representative UHPC 
mixture proportion consist of  binders (cement, fly ash , and silica fume), aggregate (fine sand, quartz 
or glass power), chemical admixtures, steel fiber, and a small amount of  water[10-15]. For UHPC, the 
aggregate plays an important role in UHPC that occupies about 50% be weight [16-19], which directly 
influences the cost and mechanical properties of  UHPC. Natural river sand has been widely used for 
producing concrete [20-23]. However, one alarming fact, which should never be ignored, is that the natural 
river sand (RS) is non-renewable resource. In some regions, RS has already been exceedingly exploited, 
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which has threatened the safety of  bridges and the stability of  river banks, and creating environmental 
problems [24-26]. In addition, the natural river sand is also a typical local material, for instance, there is 
no RS in Guizhou, China. It must be transported by car from a distance of  1000 kilometers, if  this place 
prepare UHPC use RS which will be generated transportation cost. However, there are a lot of  mechanical 
sand which employed to concrete[27-29]. Therefore, the development of  UHPC employing mechanical 
sand can create additional opportunities for the UHPC applications. The use of  mechanical sand not only 
decreases the cost of  UHPC but also eliminates the time in Guizhou. Thus, there is a need to development 
using mechanical sand which help engineers to use UHPC when necessary without enhances in cost.  

Manufactured sand (MS) is a kind of  artificial fine aggregates from natural stone based on a series of  
breaking and grinding techniques. Due to the difference among mother rock composition during crushing, 
and the reduction ratio, the produced MS grains normally show distinctive particle shapes compared to 
natural river sand [30-32]. The crushing process tends to produce sharp edged, and angular particles. 
Compared with more rounded natural sands, the rough-angular particles yield a granular critical state 
friction angle [33-36]. To clearly understand the influence of  MS on the properties of  concrete, many 
investigations have been executed and shown in available literature [37-42]. For instance, Shen et al [43] 
studied the characterization of  MS, for example, surface properties, particle shape, and behavior in concrete. 
Prakash et al [44] studied the mechanical properties of  MS concrete and RS concrete. The experimental 
results show that the mechanical properties of  MS concrete are better than RS concrete. Donza et al [45] 
investigated the effect of  MS on the mechanical properties of  concrete. The results show that the shape and 
physical properties of  MS could increase the interlocking between paste and aggregate, thus improving the 
compressive strength of  the concrete. Sahu.Sunil Kumar et al [46] studied the properties of  the concrete 
with RS and MS simultaneously. The results show that the concrete working performance could be reduced 
by the addition of  MS. Li et al [47] studied the influence of  MS characteristics on the abrasion resistance 
and mechanical  properties of  pavement concrete, and the effect of  limestone filler content in MS on 
durability of  different class of  concrete. The obtained results indicate that the MS is comparable with RS, 
and a certain stone powder content in MS can contribute to the strength development, abrasion resistance 
and durability of  the concrete. In general, it can be noticed that, in most cases, the MS is applied in the 
production of  normal or normal strength concrete. With an increase of  the requirements on concrete 
properties from construction industry, it is needed to clarify whether the MS is also suitable to be utilized 
in producing advanced concrete (e.g. UHPC).

Based on the premises mentioned above, the object of  this study is to clarify the physical and chemical 
characteristics of  manufactured sands induced impacts on properties for UHPC. The MS is utilized to partial 
replace RS by 10-50% in producing UHPC. Then, the macro and micro properties of  the developed UHPC 
are evaluated, such as flowability, mechanical properties, micro-hardness, pore structure and microstructure 
development. 

2. Methodology

2.1 Materials
CEM II, fly ash, and silica fume are used as binding materials in this study. Their chemical constitution is 
displayed in Table 1. Two types of  natural aggregates (0–0.6 mm and 0.6-1.25 mm natural river sand) and 
two manufactured fine sand (0–0.6 mm and 0.6-1.25 mm manufactured sand). A Polycarboxylic ether based 
superplasticizer is used to adjust the workability of  UHPC.
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Table 1: Chemical composition of  the used powders in this study (wt. %)

Compositions Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

C 0.09 1.61 4.18 19.2 0.09 3.35 0.78 64.93 3.32 2.49

SF 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

FA 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.5 3.12 2.79

(C: Cement, SF: Silica Fume, FA: Fly Ash,)

 X-ray diffraction (XRD) patterns of  fine aggregates are showed in Fig. 1. As can be seen in figure, 
their composition is different from each other. The main ingredients of  RS are SiO2, however, the main 
components of  MS are CaCO3. Fig. 2 shows Scanning Electron Microscopic (SEM) images of  particles 
of  RS and MS. The RS grain has round appearance, whose surface is smooth, and the particle has good 
regularity. Compared with RS, the MS grain has surface asperities, sharp edges and corners. 

Fig.1 X-Ray diffraction (XRD) patterns of  RS and MS

Fig.2 SEM images of  NS and MS
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2.2 Methods

2.2.1 Mix design
Particle packing theory is used for design the UHPC mixtures in this study. Modified Andreasen &Andersen 
model was used. Which is shown in Eq. (1).

                                         (1)

Where P(D) is represented the cumulative percent finer than size D by volume, D is the particle size, 
Dmin represent to the minimum particle size, Dmax is the maximum particle size, and q is coefficient , in 
this paper, the value of  q is set 0.23. The target function play an important role in the optimization of  the 
composition of  mixture modified Andreasen&Andersen model. By adjusting the proportion of  various 
materials, an optimum solution is closest to the target curve based on the Least Squares Method (LSM), the 
result in Eq.(2)

                 (2)

Where RSS is the sum of  the squares of  the residuals (RSS), Pmix represents the composed mix and the 
Ptar represents the target grading calculated form Eq.(1). When the deviation between the target curve 
and the calculated curve is minimized, the concrete design is considered to be the best one.  In this paper, 
UHPC which replace RS according to MS is list in table.2. Compared with the reference samples, 10%, 
20%,30%, 40% and 50% of  RS (by mass) are replaced by MS in the mixture, four examples of  integral 
gradation curves are given in the figure.3 (due to the fact that the PSD of  all the used substitutive are similar). 
The smaller the integral gradation curve deviates from the target curve, the closer the real accumulation 
of  particles is to the ideal accumulation; the greater the deviation from the target curve, the greater the 
deviation from the ideal accumulation, and the greater the porosity in the UHPC system. The mixture of  
RS50-2 is closer to the target curve than the reference RS100, the mixture of  RS50-1, RS50-3 deviates from 
the target curve. This indicates that the particle accumulation of  the mixture of  RS50-2 is better than that 
as the reference sample of  the mixture of  RS100, the MS (0.6-1.25) replaced RS with the same particle size 
can make the compactness of  solid particles pile up maximum. When the MS (0-0.6mm) substitutive to the 
RS of  the same size, the piling between particles becomes worse. The MS (0-1.25mm) replaces the worst 
stacking between RS particles of  the same size

Fig .3 Particle size distribution of  the solid constituents and optimized grading curves of  different 
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mixtures.

Table.2 Mix proportion of  UHPC

Mixture C SF F RS0-0.6 RS0.6-1.25 MS0-0.6 MS0.6-1.25 W SP

RS100 1 0.192 0.267 1.027 0.293 0 0 0.28 0.41

RS10-1 1 0.192 0.267 0.924 0.293 0.103 0 0.28 0.41

RS10-2 1 0.192 0.267 1.027 0.264 0 0.029 0.28 0.41

RS10-3 1 0.192 0.267 0.924 0.264 0.1037 0.029 0.28 0.41

RS20-1 1 0.192 0.267 0.821 0.293 0.235 0 0.28 0.41

RS20-2 1 0.192 0.267 1.027 0.234 0 0.059 0.28 0.41

RS20-3 1 0.192 0.267 0.827 0.235 0.235 0.059 0.28 0.41

RS30-1 1 0.192 0.267 0.719 0.293 0.308 0 0.28 0.41

RS30-2 1 0.192 0.267 1.027 0.205 0 0.088 0.28 0.41

RS30-3 1 0.192 0.267 0.719 0.205 0.308 0.088 0.28 0.41

RS40-1 1 0.192 0.267 0.616 0.293 0.411 0 0.28 0.41

RS40-2 1 0.192 0.267 1.027 0.176 0 0.117 0.28 0.41

RS40-3 1 0.192 0.267 0.616 0.176 0.411 0.117 0.28 0.41

RS50-1 1 0.192 0.267 0.513 0.293 0.513 0 0.28 0.41

RS50-2 1 0.192 0.267 1.027 0.147 0 0.147 0.28 0.41

RS50-3 1 0.192 0.267 0.513 0.147 0.513 0.147 0.28 0.41

(C: cement, F: fly ash, SF: silica fume, RS0-0.6 and RS0.6-1.25: natural river sand 0-0.6 mm and 0.6-1.25mm, MS0-

0.6 and MS0.6-1.25: manufactured sand 0-0.6 mm and 0.6-1.25mm, W: water, SP: superplasticizer)

2.2.2  Flowability test 

To evaluate the fresh behavior of  the developed UHPC, EN1015-3 is applied in this research. Two 
diameters perpendicular to each other are measured. Their mean value is used as the slump flow of  the 
designed UHPC.

 2.2.3 Mechanical properties test

All the fresh concrete is cast in moulds with the sizes of  40 × 40 ×160 mm, the block are demold 
about 24h, after place and cured in standard maintenance room, after curing 3,7,28 days, the flexural and 
compressive strength are tested according to the standard- EN196-1.

2.2.4 Hydration kinetics test

   To understand the influence of  fine particles (≤0.125 mm) of  MS on the hydration process of  cement, 
a heat flow calorimetry test is employed. The isothermal heat of  each sample was measured by ATM AIR 
isothermal calorimeter at 25 ℃. When the mortar is made, put 24.75g into the volumetric flask, mechanically 
seal, the container was placed into the calorimeter. The heat evolution and total heat released of  the sample 
was continuously monitored for the first 7 days of  hydration.

2.2.5 Microstructure analysis

To clearly understand the effect of  the MS on the microstructure development of  the design UHPC, 
three test methods are applied. The pore (pore size distribution and total porosity) of  the UHPC measured 
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by a Micromeritics mercury Porosimeter (namely AutoPore IV-9500, pore size range: 6 nm-360μm).  The 
pore structure was test on 7 days and 28 days respectively. The Scanning Electron microscopy (SEM) is 
characterized the microstructure of  UHPC in Backscattered electron mode.   

3. Results and discussion

3.1 Fresh behavior of  the developed UHPC with manufactured sand
The flowability of  UHPC in this research is shown in Fig.4. It is clear that the fluidity is continuously 
reduced with the increase of  the substitution rate of  the MS.  Compared with reference sample, the fluidity 
decreased 35mm when the replacement(0-1.25mm) rate is 50% and the fluidity only decreased 15mm 
when the substitute ratios(0.6-1.25mm) is 50%. This indicated the MS impact on flowability, and then 
the MS (0-1.25mm) has greater effect than MS (0.6-1.25mm). The main reason is caused by the surface 
properties of  the MS and the particle size distribution. Firstly, the surface of  MS is rough, multi-ridges. 
The increase of  internal friction between the paste and the MS in UHPC, result in the slurry flow needs to 
be overcome greater resistance. Secondly, the accumulation of  MS is worse than that of  RS, led to the free 
water reduction of  UHPC.

Fig .4 Results of  slump f low test

3.2  Mechanical properties of  the developed UHPC with manufactured sand 
Fig. 5 shows the compressive strength when the different particle size of  RS are replaced by MS in designed 
UHPC matrix at 3, 7, and 28 days, respectively. It can be noticed that the compressive strength increased, 
when the RS is replaced by the MS (0-0.6 mm and 0-1.25 mm, respectively). The increased value of  
compressive strength is 0.2-16.8 MPa. When the substitution rate is less than 30%, the compressive strength 
is not noticeably. When the substitution rate is more than 40%, the value of  compressive strength increase 
more than 10 MPa. The maximum compressive strength increasement is16.8MPa when the RS substitution 
ratio is 40% and the 0-1.25 mm. The compressive strength does not increase significantly when the RS is 
replaced by the MS (0.6-1.25 mm).

Based on appropriate application of  modified Andreasen & Andersen particle packing model. Firstly, good 
stacking generate better mechanical properties in UHPC. Although the strength should be the highest 
because the MS (0.6-1.25 mm) are the best substitute for stacking. However, the experimental showed 
opposite result. When MS (0-0.6 mm and 0~ 1.25 mm) are replaced by the same particle size RS, the 
strength of  RS is improved, especially when the substituted rate is considerable, the strength increase is 
more obvious. Secondly, when the RS is replaced by the MS, there are interlockings between slurry and 
aggregate in MS UHPC, which would increase the coupling force between slurry and aggregate because 
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of  the edge-angle of  the MS particle. Compared with RS, the surface of  MS is rough, and the effect of  
UHPC matrix and aggregate is enhanced by rough surface. In addition, the rough surface makes the C-S-H 
gel grow nondirective, thus increasing the ratio of  crystal to gel. In summary, the compressive strength is 
determined by the particle accumulation and the surface properties of  aggregate in UHPC system.

  

                             a) MS 0-0.6mm                                               b) MS 0.6-1.25mm

c) MS 0-1.25mm

Fig. 5: Results of  compressive strength

3.3  Pores structure of  the developed UHPC with manufactured sand 
To clearly understand the influence of  MS on the microstructure development of  UHPC, the MIP is used 
to evaluate the development of  UHPC pore structures. The results are shown Fig.6. It can be seen from 
the figure that the pore size of  UHPC is mainly between 5-20 nm at 7days, with the increase of  age, the 
cement continues to hydrate and fill the void between particles. At 28days of  age, the pore size of  UHPC 
is mainly are in 3-11nm. The critical pore size is decreasing, the density of  concrete increasing. The reason 
for this phenomenon is that there are more MS particles which less than 125µm, and the grain surface is 
rough, which can be better combined with cement paste. The ITZ can be improved and the density of  the 
ITZ can be increased, the porosity of  ITZ is reduced. In addition, the composition of  MS is CaCO3, it can 
be react with cement hydration product and improve the connection between MS and slurry, therefore the 
ITZ becoming denser.
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Fig .6 Pore structure analysis results of  the UHPC

3.4 Isothermal calorimetry
To clearly understand the impact of  these sand particles on cement hydration in UHPC. The hydration heat 
test was carried out in cement hydration process in UHPC, the results are shown in Fig. 7 (hydration heat 
release rate curve). The as seen in figure, this results in a slightly different looking the RS100 than the RS50-
3 in hydration heat release curve and cumulative heat release curve, this is consistent with previous reseach. 
This indicates those grain do not affect the hydration process in cement, or has weakness nucleation effect. 
Therefore, they have very limited influence on cement hydration and most likely act as filler in the developed 
UHPC.

Fig.7 Effect of  different sand on the hydration kinetics of  the UHPC cementitious system

3.5  Microstructure development and ITZ analysis
To observe the ITZ between aggregate and cement paste, the backsacatter scanning electron was used to 
study the ITZ. The results are shown in Fig. 8. As can be seen from the figure, there are obvious cracks in 
the ITZ between RS and paste, but the cracks were not found in ITZ of  MS. The reason is mainly due to 
the nature of  the surface properties and particles shape of  aggregate. Fig. 2 shows that the surface of  RS 
is smooth, the particles are regular, but the grain of  MS is multi-angled and the surface is rough. When the 
cement is hydrated, the contact area between the rough surface and cement paste increases, which can be 
better combined with the paste. In addition, the MS particles have edge-angles, there are interlocks between 
MS and the cement paste. In the complex process of  cement hydration, it is difficult to slip the cement 
paste and the MS. Therefore, compared with the RS, the MS can be better combined with the cement paste 
and restrain the slippage of  the slurry on the surface of  the aggregate during the cement hydration process, 
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forming a denser ITZ.

Fig .8 BSE/SEM images for the mixture at 28 days

Fig. 9 shows the relationship between the porosity and strength of  UHPC at 28days. In generally, the 
strength of  concrete decrease with the increase of  porosity, the strength concrete increase with the decrease 
porosity. It can be seen from the Fig. 9, the mixture of  RS100 has the highest porosity, and the lowest 
corresponding strength, the macro-porosity of  the mixture of  RS50-1 and RS50-3 is equivalent and the 
strength is also equivalent. The reason is mainly caused by the surface characteristics and composition of  
the MS. The main component of  MS is CaCO3, it could have a weak chemical reaction with the cement 
paste, the interface between aggregate and paste is closely connected, in addition, the surface of  the MS is 
rough, compared with the volume of  the MS and RS, its specific surface area is large, and it can be better 
combined with the slurry. The MS particles have multiple edges and corners, thus the interlockings exsit 
between the cement pastes. The results are in good agreement with the results of  BES. There is no obvious 
crack between the MS and the slurry, but it can be found between the RS and the slurry.

Fig.9 Compressive strength and Macro-porous percentage

4. Conclusions

Based on closest packing theory, a study on the replacement of  RS by limestone MS is carried out. 
The properties of  MS UHPC are analyzed in terms of  fluidity, mechanical properties, and 2.2.5 
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Microstructure analysis. The key survey and findings of  this research can be summarized as follows:

1. The MS has great influence on fluidity, the UHPC which is made up of  MS has worse fluidity;

2. Under certain conditions, particle accumulation determining the mechanical properties of  UHPC. The 
surface properties of  aggregate also affect the mechanical properties of  UHPC. Namely, the mechanical 
properties of  UHPC are determined by particle packing, aggregate morphology and surface properties;

3. Based on the chemical reaction point of  view, the included fine particles from MS have limited effect on 
the cement hydration kinetics of  UHPC. However, the typical physical characteristics of  MS (rough surface, 
multi-edges, and interlocks) are the key factor to obtain UHPC with advanced mechanical properties and 
optimized microstructure (e.g. ITZ of  UHPC)
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Abstract - Fresh water is the natural resource for human survival, and it is widely used in human life and 
production. Due to the increasing scarcity of  freshwater resources, more and more freshwater applications 
need to find alternatives to other substances. Concrete production needs a large amount of  fresh water. 
Processes including mixing and maintenance all require massive fresh water. In coastal areas far from 
the interior, sea water is used to produce concrete. However, there are still many problems to be verified 
during seawater mixing, one of  which is Mg2+ interaction with matrix. In this study, the effect of  Mg2+ 
on early hydration of  Portland cement is discussed. Heat flow calorimetry is employed to characterize 
influence of  Mg2+ on early hydration of  cement. The obtained results reveal that hydration during induction 
and acceleration periods is significantly influenced after incorporation of  Mg2+. Mg2+ induces hydration 
inhibition during deacceleration and stabilization period. The results from this study can provide more 
supporting materials for verification on seawater mixing.

Keywords: Mg2+; calorimetry; Krstulovic-Dabic model; C3S dissolution

1. Introduction

With the growing shortage of  drinking water and constantly increasing on global population, insufficient 
supply of  freshwater has become a severe problem in the front of  human races [1]. It is predicted that 
half  of  global population will be lack of  freshwater at the end of  2025 [2]. Development of  concrete 
industry requests huge consumption of  freshwater. In the year of  2016, the whole production amount of  
cement worldwide was 4.2 billion tons [3]. It is estimated that over 3.0 tons of  freshwater has cunsumed 
in concrete mixing and curing in one year. In coastal areas far from continent, seawater is considered to 
be an alternative of  freshwater and it is concluded that seawater can be employed in concrete structures 
without reinforced rebars [4-6]. However, there are still many problems to be solved concerning about safe 
utilization of  seawater mixing, one of  which is concerns about interactions of  Mg2+ from seawater with 
cement-based materials.

Mixing with Mg2+ solutions could induce significant hydration delay in cement system. Reddy et al 
incorporate MgCl2 with different concentrations into ordinary Portland cement system and find that both 
initial and final setting time are prolonged. More importantly, the elongation degree increases with increase 
on MgCl2 concentrations [7]. Thomas et al apply seawater in the peninsular area of  Sierra Leone as mixing 
water in ordinary Portland cement system and conclude that seawater in Goderich, Sussex, Bawbaw and 
No. 2 River significantly delay setting time of  cement [8].
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In previous study, research about internal corrosion of  Mg2+ mainly analysis with calorimetry analysis [9-
12]. However, effect of  Mg2+ on cement hydration should be further carried out. Discussion on this part 
requires more comprehensive understanding on hydration process.

In this study, research is concentrated on Mg2+ induced influences on early age cement hydration. Heat 
flow calorimetry is employed to characterize influence of  Mg2+ on early hydration of  cement. Hydration 
kinetics analysis is carried out with Krstulovic-Dabic model. The results from this study can provide more 
supporting materials for verification on seawater mixing.

2. Methodology

2.1 Materials
P I 52.5 Portland cement is used in this study. Chemically pure magnesium nitrate is applied to provide 
magnesium into hydration system. The chemical composition of  P I 52.5 Portland cement is presented in 
Table 1.

Table 1: Chemical composition of  main materials (wt. %).

Material SiO2 Al2O3 CaO Fe2O3 SO3 MgO Na2O K2O P2O5 LOI

PC 20.04 5.27 63.19 3.24 2.59 1.59 0.17 0.83 0.06 2.06

2.2 Methods
The w/c ratio of  cement paste is fixed at 0.3. 0.055 mol/L (M1 group), 0.110 mol/L (M2 group) and 
0.22 mol/L (M3 group) magnesium nitrate solution are prepared to introduce different concentration of  
magnesium during mixing. The group (R group) without magnesium added is employed as reference.

Hydration heat test is carried out with TAM AIR microcalorimeter from TA instruments, USA. Based on 
consistence on specific heat with reference, 15 g paste is prepared and examined. The heating rate is fixed 
from 0.1 - 2.0 °C/min.

3. Results and discussion

3.1 Hydration heat release
The heat flow of  Portland cement with different Mg2+ concentration is presented in Figure 1. It can be seen 
the heat release during induction period is promoted after Mg2+ incorporation. The improvement degree 
is proportional to the concentration of  Mg2+, especially when concentration of  Mg2+ reaches 0.22 mol/L. 
In terms of  acceleration period, it can be seen from Figure 1 that heat release presented limited difference 
when Mg2+ concentration is below 0.11 mol/L. While significant promotion on heat evolution is observed 
when concentration of  Mg2+ reaches 0.22 mol/L. The lowest heat flow during induction period is 0.75 
mW/g, 0.85 mW/g, 0.92 mW/g and 1.14 mW/g for R, M1, M2 and M3, respectively. The enhancement 
on heat release is inherited from induction period to acceleration period. As the heat release between 1 and 
12 h of  Portland cement is mainly brought by reaction of  C3S and to C-S-H and Ca(OH)2 as presented by 
Jansen et al, it can be seen that incorporation of  Mg2+ could somehow influence C3S reaction, especially 
under high concentrations [13]. More importantly, it can be seen that Mg2+ also induces regular decline 
on maximum heat flow and advance on time of  maximum heat flow. This will be further discussed in the 
following part. The maximum heat flow is also considered to be controlled by C3S hydration [13-14].
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Figure 1: Heat f low of  Portland cement with different Mg2+ concentration.

Figure 2 presents heat of  Portland cement with different Mg2+ concentration. As all groups possess the 
same mix proportion, the heat released is in consistent with hydration degree. It can be seen when Mg2+ 
concentration is below 0.11 mol/L, influence from Mg2+ is not obvious in first 12 hs. However, when 
Mg2+ concentration is reaches 0.22 mol/L, significant hydration promotion is exhibited in first 12 hs. The 
reaction from C3S to C-S-H and Ca(OH)2 during acceleration period is more significant in M3 group and 
that in reference group. The promotion on heat evolution should be attributed to changes on pore solution 
environment [15-17].

Figure 2: Heat of  Portland cement with different Mg2+ concentration.

However, after hydrated for 12 hs, the decrease on heat release is presented in groups with Mg2+ incorporated. 
This is consistent with research from Agatzini et al [18-20]. The M3 group also exhibits some specific 
characteristics. Except for acceleration during acceleration period and inhibition during deacceleration 
period, decreased difference between R and M3 groups during stabilization period is observed.
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Furthermore, the main information of  heat release characteristics of  Portland cement with different Mg2+ 
concentration is presented in Table 2. Mg2+ increases maximum heat flow when Mg2+ concentration is 
0.055 mol/L and 0.110 mol/L but decreases maximum heat flow when Mg2+ concentration is 0.220 mol/L. 
Meanwhile, Mg2+ decreases time of  maximum heat flow. The time of  maximum heat flow of  R, M1, M2 
and M3 is 7.88 h, 7.78 h, 7.66 h and 7.07 h, respectively. The onset of  acceleration period of  R, M1, M2 
and M3 are 2.28 h, 2.92 h, 2.87 h and 2.54 h, respectively. More importantly, the delay degree decreases 
with increase on Mg2+ added. Simultaneously, Mg2+ decreases hydration heat after hydrated for 24 h. As 
presented in Table 2, the heat release at 24 h of  R, M1, M2 and M3 is 166.3 J/g, 162.4 J/g, 161.0 J/g and 
159.5 J/g, respectively. The inhibition effect is proportional to Mg2+ addition. However, after hydrated for 
48 h, the heat release of  R, M1, M2 and M3 is 185.5 J/g, 182.2 J/g, 181.3 J/g and 184.1 J/g, respectively. 
The M3 group does not exhibit the most significant inhibition.

Table 2: Heat release characteristics of  Portland cement with different Mg2+ concentration.

R M1 M2 M3

maximum heat flow [mW/g] 4.76 4.91 4.80 4.69

time of  maximum heat flow [h] 7.88 7.78 7.66 7.07

Onset of  acceleration period [h] 2.28 2.92 2.87 2.54

24 h heat release [J/g] 166.3 162.4 161.0 159.5

48 h heat release [J/g] 185.5 182.2 181.3 184.1

3.2 Hydration kinetics analysis
Krstulovic-Dabic model is employed to analyze the hydration kinetics analysis of  Portland cement [21]. Based 
on Krstulovic-Dabic model, hydration of  cement should be divided into three stages, including nucleation 
and growth process (NG), phase boundary process (I), diffusion process (D) [22-23]. Determination of  
kinetic factors from linear regression and fitting curves of  hydration rate are presented in Figure 3, Figure 
4, Figure 5 and Figure 6. It can be seen R2 during linear fitting are all above 0.9950, indicating the fitting is 
credible.

 

 

Figure 3: Determination of  kinetic factors from linear regression for R group.
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Figure 4: Determination of  kinetic factors from linear regression for M1 group.

 

 

Figure 5: Determination of  kinetic factors from linear regression for M2 group.

Furthermore, the kinetic parameters determined by Krstulovic-Dabic model are presented in Table 3. The 
n value of  R, M1, M2 and M3 is 1.6160, 1.4346, 13724 and 1.2666, respectively.

The hydration rate during D process of  R, M1, M2 and M3 is 0.005, 0.0050, 0.0047 and 0.0041, respectively. 
It is proposed by Zheng et al that brucite precipitates on cement particles in micro-crystalline size and form 
a “protective layer”, which hinders the further cement hydration [19]. Moreover, it can be seen hydration 
mechanism in group without Mg2+ is NG-I-D. Addition of  Mg2+ limits development of  I process and 
makes hydration mechanism become NG-D.

The hydration degree during NG process of  R, M1, M2 and M3 is 0.2463, 0.2533, 0.2466 and 0.2267, 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

134

IC
SBM

 2019
ID

 017

respectively. Decreased hydration degree is observed when Mg2+ concentration increases from 0.055 mol/L 
to 0.220 mol/L.

 

 

Figure 6: Determination of  kinetic factors from linear regression for M3 group.

Table 3: Kinetic parameters determined by Krstulovic-Dabic model.

n KNG [h-1] KI [μm·h-1] KD [μm2·h-1]
hydration 

mechanism
α1 α2 α1-α2

R 1.6160 0.0864 0.0264 0.0055 NG-I-D 0.2463 0.2470 0.0007

M1 1.4346 0.0882 0.0269 0.0050 NG-D 0.2533 0.2533 0

M2 1.3724 0.0893 0.0263 0.0047 
NG-D

0.2466 0.2466 0

M3 1.2666 0.0907 0.0253 0.0041 NG-D 0.2267 0.2267 0

Table 4: Share of  individual processes up to 48 h of  hydration /h.

Sample Induction period NG I D

R 2.28 5.28 0.01 40.43

M1 2.92 4.76 0 40.32

M2 2.87 4.57 0 40.56

M3 2.54 4.05 0 41.41

Share of  individual processes up to 48 h of  hydration is presented in Table 4. It can be seen the duration of  
induction period R, M1, M2 and M3 is 2.28 h, 2.92 h, 2.87 h and 2.54 h, respectively. The most significant 
extension is presented when Mg2+ concentration is 0.055 mol/L. The duration of  NG process decreases 
regularly as increase on Mg2+ added from 0 mol/L to 0.22 mol/L. The duration of  R, M1, M2 and M3 is 
5.28 h, 4.76 h, 4.57 h and 4.05 h, respectively. Within 48 hs hydration, the share of  D process of  R, M1, M2 
and M3 is 40.43 h, 40.32 h, 40.56 h and 41.41 h, respectively.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

135

IC
SB

M
 2

01
9

ID
 0

17

4. Conclusions

In this study, effect of  Mg2+ on early hydration of  Portland cement is discussed. Based on calorimetry test 
and hydration kinetic analysis, the following conclusions can be drawn:

1. Mg2+ increases heat release during induction and acceleration period, especially under high Mg2+ 
concentrations.

2. Mg2+ induces hydration inhibition during deacceleration and stabilization period.
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Abstract 

Ultra-high performance concrete (UHPC) is a relatively new building materials, which has superior durability, 
ductility and strengths in comparison with Normal Strength Concrete (NSC) and Fiber Reinforced Concrete 
(FRC) due to its extremely low porosity, dense matrix, high homogeneous system and the inclusion of  
various fibres. However, in recent years, due to the fact that more and more attentions have been paid on 
sustainable development and cleaner products, the high materials cost and high environmental impact of  
UHRC seem to be the main disadvantages that restrict its further development and application. Hence, to 
solve the problem mentioned above, a series of  approaches have been proposed. In this study, based on 
the investigation by the authors, several key methods for developing eco-friendly UHPC are presented: 1) 
optimized design of  UHPC particle packing skeleton; 2) appropriate application of  cementitious materials; 
3) appropriate application of  aggregates; 4) effective increase of  steel fibre efficiency. Moreover, some 
detailed mechanism for the properties and microstructure development in the developed sustainable UHPC 
are also discussed. At last, based on a large amount of  experimental results and analysis, the development 
trend for sustainable UHPC in near future is suggested. 

Keywords: Ultra-High Performance Concrete (UHPC), Sustainable development, optimized design, 
efficient application, mechanism analysis

1. Introduction

Nowadays, the sector of  building materials (mainly cement based materials, as concrete) is the third largest 
CO2 emitting industrial sector world-wide [1]. Therefore, to achieve a sustainable development of  concrete 
industry, one of  the promising approaches is to design and produce a type of  concrete with less clinker 
[2-4], inducing lower CO2 emissions than traditional ones [5], while providing the same or better reliability 
and durability [6]. 

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a relatively new construction material 
[7]. Considering the successful application of  UHPFRC in practice (e.g. Mediterranean Culture Museum 
in Marseille of  France, Gärtnerplatz bridge build in Kassel of  Germany), UHPFRC seems to be one of  
the most suitable candidates to reduce the global warming impact of  construction materials [8]. Due to 
the advanced mechanical properties and durability, the structure made of  UHPFRC can be much more 
slender compared to normal concrete structure. However, the disadvantage of  UHPFRC in reducing its 
environmental impacts can also be noticed. This can mainly attributed into following three aspects: 1) the 
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cement/binder amount in the production of  UHPFRC is relatively high, and the cement/binder efficiency 
is relatively low; 2) the application of  recycled materials or industry by products needs theoretical support; 
3) the utilization of  steel fibres can be treated as a black box, and the fibre efficiency is relatively low. 
Although, in available literature, many researchers have contributed a lot of  experimental and theoretical 
results in developing sustainable UHPFRC, this field still needs further investigation and effort. 

In general, based on these premises mentioned above, to promote the sustainable development of  UHPFRC, 
its matrix and used fibres efficiencies should be optimized. Therefore, in this study, three strategies are 
mainly employed: 1) optimized design of  the UHPFRC matrix based on modified Andreasen & Andersen 
particle packing model and appropriate application of  substitutive materials; 2) appropriate utilization of  
recycled materials based on close packing theory; 3) efficient improve the fibre efficiency based on an 
optimized casting method. 

2. Methodology

2.1 Materials
The cement used in this study is Ordinary Portland Cement (52.5). A polycarboxylic ether based 
superplasticizer is used to adjust the workability of  concrete. Several supplementary cementing materials 
(SCM), such as fly ash (FA), ground granulated blastfurnace slag (GGBS) and silica particles (S-P) in slurry, 
are used as pozzolanic materials to replace cement. Limestone powder (LP) is treated as filler in this study. 
Four types of  sand are used: micro-sand, sand (0-0.6), sand (0.6-1.25) and sand (0-2). The addition of  
construction and demolition wastes is used to reduce energy consumption. The particle size distribution, 
shape and texture of  river sand and construction and demolition wastes have been compared and the 
detailed information is presented in Figures 1.The water absorption of  construction and demolition wastes 
and river sand has also been measured (19.60% for construction and demolition wastes and 2.9% for river 
sand). Additionally, one type of  steel fibres is utilized: length = 13 mm, diameter = 0.2 mm. 

Based on the modified Andreasen & Andersen particle packing model, the optimized UHPFRC matrix is 
firstly designed (as shown in Table 1). Compared to the reference sample, about 30% of  Portland cement 
(by mass) is replaced by FA, GGBS or LP in the mixtures. One of  the resulting integral grading curves are 
shown in Figure 2.

Figure 1 :  Properties of  C&D (construction and demolition wastes) and river sand
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Table 1: Mix recipes of  the designed UHPFRC matrix (kg/m3 concrete)

NO.
C

(kg/m3)

FA

(kg/m3)

GGBS

(kg/m3)

LP

(kg/m3)

S

(kg/m3)

MS

(kg/m3)

S-P

(kg/m3)

W

(kg/m3)

SP

(kg/m3)

1 591.9 264.3 0 0 1057.0 220.2 24.7 159.3 44.0
2 606.4 0 270.7 0 1082.9 225.6 25.3 163.2 45.1
3 602.8 0 0 269.1 1076.5 224.3 25.1 162.2 44.9

Ref. 883.9 0 0 0 1091.2 227.3 25.5 164.4 45.5
(C: Cement, FA: Fly ash, GGBS: Ground granulated blast-furnace slag, LP: Limestone powder, S: sand, MS: 
Microsand, S-P: Silica particle, W: Water, SP: Superplasticizer, W/B: water to binder ratio, Ref.: reference 
samples without industry by-products, #: LP is considered as a binder in the calculation)

Figure 2: PSDs of  the involved ingredients, the target and optimized grading curves of  the 
developed UHPFRC matrix

After that, construction and demolition wastes with maximum size of 0.6mm are utilized to replace 
cement and natural river sand. The influence of the replacement by construction and demolition wastes 
on the solid particle system is illustrated in Figure 3 and results further confirm the feasibility. The 
mixing design and binder composition of UHPC mixtures including construction and demolition wastes 
are shown in table 2. 

Figure 3: the replacement of  cement and river sand by construction and demolition wastes on the 
packing system of  UHPC
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Table 2: Recipe of  UHPFRC with different compounded high-active powders (kg/m3)

C&D C SF FA S Water Sp R1 R2

REF. 0 670 188 200 990 210 30 0 0
C&D 215 215 536 188 200 904 210 30 25 8.7
C&D 430 430 402 188 200 818 210 30 50 17.4

(C: Cement, FA: Fly Ash, SF: Silica Fume, C&D: construction and demolition wastes; R1: Volume replacement 
ratio of  cement by construction and demolition wastes; R2: Volume replacement ratio of  river sand by 
construction and demolition wastes; S: river sand with particle size of  0-0.6 mm; Sp: superplasticizer.)

Thirdly, to efficiently improve the fibre orientation and fibre efficiency, two cast methods (as shown in 
Figure 4) are used in this study: 1) A: cast at one side of  the mould with flowing process (optimized casting); 
2) B: cast randomly without flowing process (non-optimized casting). 

Figure 4: Employed casting methods: (a) cast at one side of  the mould with f lowing process 
(optimized casting); (b) cast randomly without f lowing process (non-optimized casting)

3. Results and discussion

3.1  Properties evaluation of  UHPFRC skeleton with low cement/binder amount
Figure 5 presents the compressive strength of  the designed UHPFRC matrix (without fibres) at 28 and 
91 days. It can be noticed that the reference sample always has the highest compressive strengths at both 
28 and 91 days, which can be attributed to its high cement content. When the cement is partly replaced 
by industry by-products, it can be found here the mixture with GGBS has superior mechanical properties 
at both 28 and 91 day, while that the strengths of  the mixtures with FA or LP are similar to each other. 
According to the compressive strength results obtained in this study, it can be summarized that based 
on appropriate application of  modified Andreasen and Andersen particle packing model, a dense packed 
UHPFRC matrix skeleton can be obtained. When the unhydrated cement particles in this dense packed 
skeleton are replaced by industry by-products, the utilized cement amount can be reduced by about 30%, 
and the concrete mechanical properties are still acceptable.

To evaluate the eco properties of  the designed UHPFRC matrix, the concept of  embedded CO2 emission is 
employed in this study, which focus on the amount of  materials required for 1 m3 of  compacted concrete. 
Based on the embodied CO2 values for each components of  concrete [9], the embedded CO2 emissions 
of  the designed UHPFRC matrix in this study are calculated and shown in Figure 6. It is obvious that the 
reference sample has the highest embedded CO2 emission, while that value for the mixture with industry 
by-products are much lower (about 30% less) and similar to each other. This can be attributed to the large 
cement amount in reference sample and the relatively high environmental impact of  cement material. 
Therefore, appropriately replace the cement by industry by-products is a promising method to promote the 
sustainable development of  UHPFRC.
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Figure 5: Compressive strengths of  the designed UHPFRC matrix with different mineral admixtures

Figure 6: Comparison of  embedded CO2 emission (Qe) for the optimized UHPFRC matrix based 
on different binder compositions

3.2  Appropriate application of  recycled materials in UHPFRC
The compressive strength for the UHPC mixtures are presented in Figure 7. It can be noticed that with 
increase amount of  C&D wastes, the 1d compressive strength of  UHPC including construction and 
demolition wastes obvious decrease. However, it is important to notice that the addition of  C&D wastes 
have limited effect on the compressive strength development of  UHPC at 7 and 28 days. For instance, the 
maximum compressive strength for the UHPC produced is about 127 MPa (at 28 days), while the value 
for UHPC including 448kg/m3 C&D is around 116 MPa (at 28 days). Compared with other eco-efficient 
UHPC, it can be concluded that the compressive strength per cement is higher. This also highlights the 
advantage of  substitution strategy based on maintaining the close packing system of  UHPC. To evaluate 
the environmental contribution of  UHPC mixtures including C&D wastes, the ecological indexes are 
calculated based on 1m3 designed materials. As shown in Figure 8, it is clear that the ecological overload can 
be significantly reduced with the addition of  C&D wastes. For instance, C&D 448 (mixtures replacing 40% 
cement and 18.2% river sand) shows a significant reduction in environmental categories: about 39%, 20%, 
33%, 11% and 16% reduction in renewable energy input, non-renewable energy input, global warming 
potential, nitrification potential and acidification potential, respectively, compared to that of  reference 
specimens (REF.). Hence, based on the obtained experimental results, it can be summarized that the 
outcome of  this research can not only benefit for solving the landfill problem caused by C&D waste, but 
also provide UHPC with low environmental burden [10].
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Figure 7: Compressive strengths for the UHPC with and without C&D wastes

Figure 8: Comparison of  the ecological characteristics of  UHPC with different C&D wastes dosages

3.3  Improvement of  fibre efficiency of  UHPFRC based on optimized casting method 
Figure 9 illustrates the flexural strength variation of  the UHPFRC with different steel fibre content. The two 
curves represent the 28d flexural strength of  UHPFRC based on optimized casting method (with flowing 
process) and non-optimized casting method (without flowing process). It is fund that with an increase of  
the steel fibre content, the flexural strengths simultaneously increase. Moreover, it is important to notice 
that the UHPFRC produced based on optimized casting method always has higher flexural strength than 
that of  the one produced based on non-optimized casting method, which proves that the UHPFRC cast at 
one side of  the mould has higher flexural strength than randomly casting samples.

These difference flexural strength results obtained from two casting methods can be attributed to the 
influence of  fibre orientation in UHPFRC. As commonly known, the fibre orientation has close relationship 
with the flexural strength of  concrete. When a large amount of  steel fibres are perpendicular to the flexural 
force direction, the steel fibres can significantly resistant the cracks generation and growth, which is helpful 
for improving the concrete flexural strength. Hence, in this study, it can be predicted that in the UHPFRC 
produced based on the optimized casting method has more fibres perpendicular to the flexural force 
direction [11-12].
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Figure 9: Flexural strength variation of  the UHPFRC produced based on different casting methods

Figure 10: Comparison of  embedded CO2 emission (Qe) for the designed UHPFRC based on 
different casting methods

As shown in previous sections, the concept of  embedded CO2 emission (EN ISO 14040 and 14044) is also 
employed to evaluate the eco properties of  the optimized UHPFRC based on different casting methods (as 
presented in Figure 10). It is obvious that with almost the sample flexural strength, the designed UHPFRC 
based on controlled casting method presents low environmental impact. For instance, when the flexural 
strength is about 20 MPa, the embedded CO2 emissions are about 700 and 750 kg/m3 for the UHPFRC 
based on controlled casting and random casting. This further demonstrates the controlled casting method 
can effectively promote the sustainable development of  UHPFRC for a cleaner production [13].

4. Conclusions

Based on the experimental investigations shown in this study, the following conclusions can be drawn:

1) Based on appropriate application of  modified Andreasen and Andersen (A&A) particle packing 
model, a dense packed UHPFRC matrix skeleton can be obtained, which has relatively higher binder 
efficiency.

2) C&D wastes with maximum size of  0.6mm can be treated as mixture blending of  cement and 
natural sand and the reasonable substation of  cement and sand has no negative effect on the deviation 
between mixtures and target curve calculated by modified A&A model.
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3) When the developed UHPFRC cast at one side of  the mould (optimized casting method), the 
fibres orientation can be well optimized, which is beneficial for improving the fibre efficiency and producing 
sustainable UHPFRC.

5. Acknowledgment 
The authors acknowledge the financial supports of  National Nature Science Foundation Project of  

China (No. 51608409), National Nature Science Foundation Project of  China (51679179), Major science and 
technology project in Zhongshan city, Guangdong province (2017A1021), Yang Fan plan of  Guangdong 
Province (201312C12), Open research project of  Advanced Engineering Technology Research Institute of  
Wuhan University of  technology in Zhongshan city (WUT201802).

6. References

[1] UNSTATS, 2010. Greenhouse gas emissions by sector (absolute values).United Nation Statistical 
Division: Springer.

[2] Yu, R., Spiesz, P., Brouwers, H.J.H., 2015. Development of  an eco-friendly Ultra-High Performance 
Concrete (UHPC) with efficient cement and mineral admixtures uses. Cem. Concr. Comp., 55, 383-394.

[3] Yu R., Spiesz P., Brouwers H.J.H., Mix design and properties assessment of  Ultra- High Performance 
Fibre Reinforced Concrete (UHPFRC), Cement and Concrete Research, 2014, 56: 29-39.

[4] Yu R., Spiesz P., Brouwers H.J.H., Effect of  nanosilica on the hydration and microstructure development 
of  Ultra-High Performance Concrete (UHPC) with a low binder amount. Construction and Building 
Materials, 2014; 65: 140-150.

 [5] Igliński, B., Buczkowski, R., 2017. Development of  cement industry in Poland – History, current state, 
ecological aspects. A review. J. Clean. Prod., 141, 702-720.

[6] Mohammadhosseini, H., Yatim, J.M., Sam, A.R.M., Abdul Awal, A.S.M., 2017. Durability performance 
of  green concrete composites containing waste carpet fibers and palm oil fuel ash. J. Clean. Prod., 144, 
448-458.

[7] Richard P., Cheyrezy M., Composition of  reactive powder concretes, Cement and Concrete Research, 
1995; 25 (7): 1501-1511. 

[8] Habert, G., Arribe, D., Dehove, T., Espinasse, L., Le Roy, R., 2012. Reducing environmental impact by 
increasing the strength of  concrete: quantification of  the improvement to concrete bridges. J. Clean. Prod., 
35, 250-262.

[9] Randl N., Steiner T., Ofner S., Baumgartner E., Mészöly T., Development of  UHPC mixtures from an 
ecological point of  view. Construction and Building Materials, 2014; 67: 373-378.

[10] Wang X.P., Yu R., Shui Z.H., Song Q.L., Liu Z., Bao M., Liu Z.J., Wu S., Optimized treatment of  
recycled construction and demolition waste in developing sustainable ultra-high performance concrete. 
Journal of  Cleaner Production, 2019, 221: 805-816.

[11] Song Q.L., Yu R., Shui Z.H., Wang X.P., Rao S.D., Lin Z.W., Optimization of  fibre orientation and 
distribution for a sustainable Ultra-High Performance Fibre Reinforced Concrete (UHPFRC): Experiments 
and mechanism analysis. Construction and Building Materials, 2018, 169: 8-19.

[12] Song Q.L., Yu R.*, Shui Z.H., Wang X.P., Rao S.D., Lin Z.W., Wang Z., Key parameters in optimizing 
fibres orientation and distribution for Ultra-High Performance Fibre Reinforced Concrete (UHPFRC). 
Construction and Building Materials, 2018, 188: 17-27.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

146

IC
SBM

 2019
ID

 025

[13] Yu R., Song Q.L., Wang X.P., Zhang Z.H., Shui Z.H., Brouwers H.J.H., Sustainable development of  
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC): Towards to an optimized concrete matrix 
and efficient fibre application. Journal of  Cleaner Production, 2017, 162: 220-233.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

147

IC
SB

M
 2

01
9

ID
 0

48Influence of  External Water Introducing 
by Coral Sand on Autogenous Shrinkage 

and Microstructure of  Ultra-High 
Performance Concrete (UHPC)

K. Liu1,2, Z. Shui1, R. Yu1, S. Yi2

1 State Key Laboratory of  Silicate Materials for Architectures, Wuhan University of  Technology, Wuhan 
430070, China;

2 School of  Materials Science and Engineering, Wuhan University of  Technology, Wuhan 430070, China

Abstract 

Ultra-High Performance Concrete (UHPC) is a new cement-based material with high strength, toughness 
and durability, which has broad application prospects in marine engineering. The biggest disadvantage 
of  UHPC is large early autogenous shrinkage and cracking risk. Coral sand as an internal curing agent 
employed in UHPC can effectively inhibit the self-desiccation inside the concrete and reduce its autogenous 
shrinkage. In this paper, 0-0.6 mm river sand was replaced by the same size of  pre-wetting coral sand (water 
absorption rate of  19.0%, 24.7% and 31.2%, respectively) by a certain volume fraction (10%, 20% and 
30%, respectively), and the early autogenous shrinkage and development of  microstructure of  UHPC were 
evaluated. The experimental results show that the introduction of  wet coral sand improves the fluidity of  
UHPC fresh slurry and prolong the setting time. Meanwhile, the development of  mechanical properties 
and early autogenous shrinkage of  UHPC hardened paste are inhibited as a whole. The optimum mixture 
design is that 20% (vol. %) of  river sand is replaced by coral sand with 19.0% (wt. %)water absorption rate, 
and UHPC fluidity increases by 43.2%, 28 d compressive strength increases by 1.3%, 28 d flexural strength 
decreases by 4.8%, 7 d autogenous shrinkage decreases by 42.2%. Image analysis of  pore structure presents 
that the porosity of  micron-scale coarse pores in UHPC increase, and that porosity of  millimeter-scale 
stomata decreases. Environmental Scanning Electron Microscope and Electron Backscattered Diffraction 
photomicrographs show that Interfacial Transition Zone (ITZ) of  damp coral sand and matrix becomes 
homogenized and densified, and micro-cracks are more difficult to initiate and propagate.

Keywords: ultra-high performance concrete (UHPC), coral sand, water absorption, autogenous shrinkage, 
microstructure

1. Introduction

Ultra-high Performance Concrete (UHPC), as a new type of  cement-based material, is designed based on 
the tightest accumulation of  component particles at low water/binder ratio (w/b < 0.2) [1-3]. Compared with 
ordinary concrete, UHPC has excellent performance such as ultra-high strength, toughness and durability, 
leading to wide application prospect and development potential in construction and restoration engineering 
fields [4,5]. However, due to the low water/binder ratio of  UHPC, the early autogenous shrinkage caused by 
the self-desiccation phenomenon is extremely large, which makes the concrete have poor volume stability 
and cracking risk. Therefore, how to effectively reduce the early contraction of  UHPC is particularly 
important.
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The commonly method for controlling of  the early autogenous shrinkage of  concrete is adding expansion 
agent, shrinkage reducing agent and introduce internal curing agent. However, the action time of  expansive 
agents and the scale of  expansion are quite difficult to control [6-8]. Shrinkage reducing agent can inhibit 
the early strength development of  concrete, and it is easy to interact with admixtures, resulting in further 
degradation of  performance [8-10]. Internal curing can radically solve the problem of  self-shrinkage by 
compensating the internal humidity of  concrete through the water slow-release effect of  the medium and 
delay the self-desiccation. Recent research on super absorbent polymer (SAP) and porous mineral materials 
are the main internal curing media studied. SAP has a good internal curing effect, which can completely 
eliminate self-shrinkage and even cause the matrix to slightly expand [11-14]. However, the holes caused by 
SAP after water release will reduce the density of  concrete matrix, resulting in a decrease in the mechanical 
properties and durability. Therefore, the use of  porous mineral materials as internal curing agent is an 
effective way to reduce the early autogenous shrinkage of  UHPC.

Nowadays, the research on using porous mineral materials as internal curing agent in UHPC is still at initial 
stage. Meng et al. [15,16] designed UHPC by replacing river sand with saturated expansion shale and light sand 
respectively. The results showed that the compressive strength of  UHPC introducing saturated expansion 
shale (25%, vol. %) increased from 130 MPa to 158 MPa after 28 days, and the corresponding self-shrinking 
deformation decreased from 489 μm/m to 365 μm/m. When saturated light sand replaced river sand, 
UHPC 28 d compressive strength increased from 145 MPa to 160 MPa, 28 d self-shrinking deformation 
decreased from 406 μm/m to 72 μm/m. Liu et al. [17] used saturated coral sand as internal curing agent in 
UHPC, and revealed that the early self-shrinking deformation of  UHPC decreased with the increase of  
coral sand. When the content of  saturated coral sand exceeded 35% (vol. %), the micro-expansion began 
to appear. Meanwhile, the strength of  UHPC decreased, as well as the degree of  reduction was positively 
correlated with the content of  that saturated coral sand. When the dosage reached 35% (vol. %), the 
compressive strength decreased by 19.6% on the 28th day. Wang et al. [18] not only prepared the ecological 
UHPC by using saturated micro-coral powder and coral sand to replace cement and river sand respectively, 
but also evaluated its early self-shrinking development. The results indicated that saturated coral sand had 
significant internal curing effect, and the content of  30% (vol. %) saturated coral sand reduced the 7 d self-
shrinkage of  UHPC from 1175 μm/m to 617 μm/m. At the same time, under the condition that saturated 
coral sand replaced river sand at a lower level, mechanical properties of  UHPC would not be significantly 
degraded, or even improved to a certain extent (< 20%, vol. %). However, it has not systematically studied 
about the water absorption rate of  porous mineral materials curing agent and the total amount of  water 
introduced on the internal curing effect in UHPC.

In this paper, UHPC was prepared using water-absorbing coral sand with different water absorption rates 
to replace river sand with a certain volume fraction, and its influence on the performance of  UHPC was 
studied. The macroscopic properties of  UHPC such as working performance, mechanical properties and 
early autogenous shrinking were characterized according to relevant standards. Besides, the pore structure 
and microstructure development of  UHPC were evaluated.

2. Methodology

2.1 Materials
Cementitious materials used in the experiment include OPC 52.5 cement, fly ash (FA), silica fume (SF). 
Fine aggregates include two particle sizes of  natural river sand (0-0.6 mm and 0.6-1.25 mm) and coral sand 
(0-0.6 mm) from south China sea. The XRF analysis results of  cementitious materials and coral sand (CS) 
are shown in Table 1. Admixture is a polycarboxylic ether based superplasticizer (SP) with a solid content 
of  20% and water reduction rate of  40%.
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Table 1 Chemical compositions of  cementitious materials and coral sand (wt . %)

Compositions Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

Cement 0.09 1.61 4.18 19.20 0.09 3.35 0.78 64.93 3.32 2.49

SF 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

FA 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.50 3.12 2.79

CS 0.38 2.00 0.25 0.98 0.07 0.74 0.03 50.42 0.09 44.32

The apparent densities of  0-0.6 mm natural river sand and crushed coral sand are 2.66 kg/m3 and 2.57 kg/
m3 respectively, and their particle morphology is shown in Figure 1. As a naturally formed porous mineral 
material, the SEM photomicrograph of  coral sand is shown in Figure 2. The saturated water absorption rate 
of  0-0.6 mm coral sand is 31.2% (wt. %) [19].

 

Figure 1 Images of  0-0.6 mm nature river sand and broken coral sand particles

 

Figure 2 SEM photomicrographs of  coral sand

2.2 Methods

2.2.1 UHPC mix design method 
The modified Andreasen-Andersen (A&A) model is the most widely used mix design method for UHPC, 
as shown in equation (1). Where, P(D) represents the total amount of  particles under sieve (%), D is the 
current particle size (μm), Dmin and Dmax represent the minimum and maximum particle size (μm), q is the 
distribution modulus. In this paper, the q value is 0.23 [18,20,21].

                         (1)

According to the particle size distribution of  cement, fly ash, silica fume, river sand and coral sand, the 
least square method is used to evaluate the packing state between particles of  each component, as shown 
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in equation (2). Among them, the  represents particles of  a certain level of  distribution scope, n 
represents the number of  particles selected, Pmix and Ptar represent the actual accumulation curve and target 
curve between particles respectively. RSS represents the sum of  squares of  residuals. The smaller the value 
of  RSS is, the smaller the error between the actual accumulation curve and the target curve will be.

                       (2)

According to the cementitious materials (cement, fly ash and silica fume) and the fine aggregates (river 
sand and coral sand) particle size distributions to adjust their volume fractions, the mix proportion of  
UHPC system was designed. The closer the actual accumulation curve and the target curve was, UHPC 
components between particles reached the more compact packing. The mix design of  UHPC was prepared 
with 0-0.6 mm coral sand particles with different water absorption rates (19.0%, 24.7% and 31.2%, wt. %) 
instead of  a certain amount (10%, 20% and 30%, vol. %) of  same size river sand. The mix design is shown 
in Table 2 and the accumulation curve is shown in Figure 3. The results showed that although the gradation 
of  coral sand particles in the same size range was not completely the same as that of  river sand, the actual 
accumulation curve of  each substitution ratio was in good agreement with the target curve. It meant that 
the particles accumulation form of  UHPC components mixed with coral sand was not obviously destroyed, 
and the matrix was still in a compact packing state.

Table 2 Mix design of  UHPC combined with pre-wetting coral sand (kg/m3)

Group Cement FA SF

River sand Pre-wetting coral sand

Water SP
0-0.6 mm 0.6-1.25 mm Drying coral sand

Extra water

RE 750 200 144 770 220 0 0 175 31
C1 750 200 144 693 220 74.33 14.12 175 31
C2 750 200 144 616 220 148.66 28.25 175 31
C3 750 200 144 539 220 222.99 42.37 175 31
C4 750 200 144 693 220 74.33 18.36 175 31
C5 750 200 144 616 220 148.66 36.72 175 31
C6 750 200 144 539 220 222.99 55.08 175 31
C7 750 200 144 693 220 74.33 23.19 175 31
C8 750 200 144 616 220 148.66 46.38 175 31
C9 750 200 144 539 220 222.99 69.57 175 31

Figure 3 Particle accumulation curve of  UHPC raw materials
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2.2.2 Fluidity
The fluidity of  UHPC slurry was tested according to the related Chinese standard GB/T 2419-2005.

2.2.3 Setting time
The setting time of  UHPC slurry was tested according to the related Chinese standard JGJ/T 70-2009.

2.2.4 Mechanical properties
The compressive and flexural strength of  UHPC samples were tested according to the related Chinese 
standard GB/T 17671-1999. The sample size was 40 mm×40 mm×160 mm and cured in water (20±2℃).

2.2.5 Autogenous shrinkage
The Autogenous shrinkage of  UHPC was tested according to the related Chinese standard GB/T 50082-
2009, and the device was shown in Figure 4. The temperature and humidity of  deposited surrounding were 
20±2℃ and 60±5%, respectively, and setting time was the beginning of  the test.

Figure 4 UHPC autogenous shrinkage testing device

2.2.6 Pore structure 
The pore structure of  UHPC was evaluated by Image J software with image analysis on cross-sectional 
morphology of  matrix.

2.2.7 Microstructure 
The development of  microstructure of  UHPC was evaluated by image analysis of  SEM and EBSD 
(Electron BackScattered Diffraction). SEM and EBSD were used to observe the structure of  ITZ and the 
development of  microcrack in matrix, respectively.

3. Results and discussion

3.1 Fresh behavior
Figure 5 shows the fluidity and setting time of  fresh UHPC slurry with different mixing ratios. The fluidity 
of  C1~C9 was 115.3%, 143.2%, 148.6%, 147.0%, 170.0%, 174.3%, 105.5%, 157.4% and 168.9% of  the 
reference group, respectively. The results show that the fluidity of  UHPC fresh slurry can be improved by 
adding wet coral sand, and the growth is positively correlated with the total amount of  introducing water 
as a whole. This is because during mixing process of  UHPC, the water introduced by water-absorbing coral 
sand breaks away under the action of  rotor centrifugal force and enters into the slurry, which increases 
the free water in the system. As more free water can participate in the lubrication between particles, the 
fluidity of  the paste increases. The fluidity of  C7 group was not significantly improved compared with the 
reference group, because the content of  water-absorbing coral sand was relatively high, which increased 
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the contact opportunities with the cementitious material, so that part of  free water released by wet coral 
sand was adsorbed on the surface of  cementitious material particles. The amount of  water introduced into 
effective lubrication was limited, and the fluidity of  slurry was not significantly increased.

The setting time of  C1~C9 was 75.0%, 150.0%, 168.8%, 156.3%, 164.6%, 187.5%, 158.3%, 187.5% and 
187.5% of  the reference group. The results show that the addition of  water-absorbing coral sand will lead 
to prolonged setting time of  UHPC slurry. The setting time of  UHPC mortar is directly proportional to 
the total amount of  introduced water. This is because the moisture released by the wet coral sand promotes 
the hydration of  cement and generates more hydration products, which thickens the film layer of  hydration 
products covering cement particles, and delays the formation of  the gel network and prolongs the setting 
time. However, the shortened setting time of  group C1 is due to the fact that the coral sand with low water 
absorption rate and content will continuously absorb free water out from the system, so as to thin the film 
of  hydration product encapsulating cement particles, accelerating the continuous hydration of  cement 
particles and the formation of  cementitious structure network.

Figure 5 Fluidity and setting time of  UHPC fresh slurry with different mixture ratios

3.2 Mechanical properties
The development of  compressive and flexural strength of  UHPC with different mixing ratios is shown in 
Figure 6 and 7 respectively. The compressive strength of  C1~C9 on the 28th day was 105.6%, 101.3%, 96.1%, 
93.9%, 90.1%, 87.8%, 91.0%, 77.3% and 68.5% of  the reference group respectively. The results showed 
that the introduction of  water-absorbing coral sand could inhibit the development of  early compressive 
strength of  UHPC. As the total amount of  introduced water was low, UHPC had a significant strength 
compensation development after 7 days, and the compressive strength of  28 days would exceed that of  the 
reference group (C1 and C2). This is because the introduction of  water-absorbing coral sand has positive 
and negative effects on the development of  mechanical properties of  UHPC. The negative effect is mainly 
due to the fact that the water introduced by the wet coral sand increases the actual water-binder ratio of  the 
UHPC system, increasing the porosity of  the hardened paste and decreasing the mechanical properties. The 
positive effect is that the water released from the water-absorbing coral sand can continuously promote the 
hydration of  cement and the secondary hydration of  active mineral admixtures (SF and FA), and improve 
the hydration rate of  the cementitious system and promote the development of  UHPC strength, especially 
in the later stage. The development of  compressive strength of  UHPC is the result of  these two effects.

The 28 d flexural strength of  C1~C9 was 112.5%, 95.2%, 85.6%, 87.5%, 82.7%, 73.1%, 83.7%, 71.2% 
and 68.3% of  the reference group. The results show that, except for group C1, the addition of  water-
absorbing coral sand not only leads to the reduction of  the flexural strength of  UHPC, but also the flexural 
strength will retract obviously with the extension of  age. This is because the coral sand is more porous 
than river sand, which easily leads to stress concentration and micro cracks [22]. With the extension of  age, 
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the continuous expansion of  micro-cracks causes more defects and the bending strength of  UHPC matrix 
decreases.

Figure 6 Development of  compressive strength of  UHPC with different mixture ratios

Figure 7 Development of  f lexural strength of  UHPC with different mixture ratios

3.3 Autogenous shrinkage
The development of  early autogenous shrinking of  UHPC with different mix ratios is shown in Figure 
8. The self-shrinking evolution of  UHPC could be divided into three stages: rapid growth, callback and 
stable growth. The contraction of  UHPC increased rapidly within 12 h after hardening, and the shrinkage 
accounts for more than 40% of  the total shrinkage deformation at 7 d, which is the most important stage 
determining the volume stability of  UHPC matrix [23].

Compared with the reference group, the total amount of  7 d autogenous shrinking deformation of  C1~C9 
decreased by -16.1%, 42.2%, 59.1%, 20.3%, 30.2%, 35.5%, 24.4%, 47.2% and 47.9%. The results show 
that the water-absorbing coral sand has good internal curing effect, and the shrinkage reducing efficiency is 
proportional to the amount of  water introduced. This is because the slow-release effect of  moisture from 
wet coral sand can compensate for the decline of  relative humidity in UHPC, delaying the self-desiccation 
and inhibiting the early self-shrinking development of  UHPC matrix.

Compared with the reference group, the autogenous shrinkage of  group C1 increased by 16.1%. The 
water-absorbing coral sand did not reach the state of  saturation, and the total amount of  introduced water 
was too low. Hence, the coral sand would continue to absorb water from the system, which aggravated the 
decrease of  relative humidity inside the matrix and caused the contraction to increase. Consequently, the 
water absorption rate of  wet coral sand and the total amount of  water introduced have a great influence 
on its internal curing effect. Too little water will lead to the increase of  UHPC autogenous shrinkage. If  
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excessive water is introduced, the mechanical properties of  UHPC will decrease significantly. The optimal 
mix ratio given in this experiment was C2, the fluidity of  UHPC increased by 43.2%, the 28 d compressive 
strength increased by 1.3%, the 28 d flexural strength decreased by 4.8%, and the total autogenous shrinkage 
deformation within 7 d decreased by 42.2%.

  

a)                                                    b)                                                  c)

Figure 8 Early autogenous shrinkage development of  UHPC with different mixture ratios: 

a) C1~C3; b) C4~C6; c) C7~C9;

3.4 Pore structure
Due to the porous structure of  coral sand particles, it is not accurate to characterize pore structure of  
UHPC hardened paste mixed with coral sand by means of  mercury intrusion porosimetry, which is difficult 
to eliminate the disturbance of  pores of  coral sand. Therefore, this paper intends to evaluate the pore 
structure of  UHPC matrix by image analysis on cross-sectional morphology.

Figure 9 shows the image analysis on cross-sectional morphology of  representative UHPC specimens 
after 28 d curing, such as RE, C2, C5 and C8 groups. The pore of  micron size is coarse pore, the hole of  
millimeter size is stomata. The results of  pore structure analysis are shown in Table 3. The results show 
that the porosity of  UHPC matrix mixed with water-absorbing coral sand is proportional to the total 
amount of  water introduced. The higher the porosity of  coarse pore, the lower the compressive strength 
of  UHPC hardened paste. The higher the porosity of  stomata, the lower the fluidity of  UHPC fresh slurry. 
The results of  pore structure analysis are completely consistent with the preceding performance of  UHPC.

Figure 9 Cross-sectional image analysis of  UHPC specimens                     

 Table 3 Cross-sectional pore structure of  UHPC specimens (area. %)

Code RE C2 C5 C8

Coarse pore 2.178 2.421 2.948 3.751

Stomata 1.247 1.224 1.042 0.732

Total porosity 3.425 3.645 3.990 4.483
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3.5 Microstructure
The morphological characteristics of  ITZ structure between river sand/coral sand and paste in hardened 
UHPC after 28 d curing are shown in Figure 10 and Figure 11. Figure 10 photomicrographs display that 
compared with the ITZ between river sand and paste, the ITZ boundary between coral sand and that paste 
is not obvious, and the structure is more uniform and dense. Figure 11 images exhibit that micro-cracks 
around the ITZ region between coral sand and paste are more difficult to initiate and expand under stress 
conditions compared with that ITZ structure between river sand and paste. It can be summarized that the 
ITZ structure between fine aggregate and paste is significantly improved and optimized in UHPC mixed 
with wet coral sand. Main reasons can be concluded as follow: (1) The slow release of  water from the wet 
coral sand can promote the hydration of  ITZ reaction layer. (2) The shape of  coral sand is irregular (the 
river sand is spherical), increasing the contact area with paste, and the mechanical meshing force between 
fine aggregate and paste is strengthened. (3) The moisture released from wet tank promotes secondary 
hydration of  FA and SF, consuming flaky Ca(OH)2 crystal and inhibiting its directional distribution near 
ITZ. The optimization of  ITZ between fine aggregate and paste also contributes positively to mechanical 
properties of  UHPC.

    

Figure 10 SEM photomicrographs of  river sand/coral sand and paste ITZ structure

    

Figure 11 EBSD photomicrographs of  river sand/coral sand and paste ITZ structure

4. Conclusions

1.  (1) UHPC is prepared by mixing with water-absorbing coral sand, the fluidity of  fresh slurry is increased 
and the setting time is prolonged. The fluidity and setting time of  UHPC fresh slurry are positively 
correlated with the total amount of  water introduced by wet coral sand as a whole.

2. (2) The addition of  damp coral sand inhibits the development of  mechanical properties of  UHPC, 
especially during the early strength. Coral sand with a low water absorption rate (19.0%, wt. %) replaces 
river sand at a low level (< 20%, vol. %), there is a significant strength compensation development of  
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UHPC after 7 days, and the compressive strength at 28 days will exceed that of  the reference group. At 
the same time, the introduction of  water-absorbing coral sand will lead to a retraction of  the flexural 
strength of  UHPC.

3. (3) Water-absorbing coral sand has significant internal curing effect, and the shrinkage reducing 
efficiency is proportional to the amount of  water introduced in the mass. Under substitution system 
of  unsaturated coral sand with low content (< 10%, vol. %), the early autogenous shrinkage of  UHPC 
will be increased.

4. (4) The optimal conditions for water-absorbing coral sand to be used as internal curing agent for 
UHPC are: replacing 20% (vol. %) river sand with 19.0% (wt. %) water absorption rate coral sand, 
the fluidity of  UHPC increases by 43.2%, the 28 d compressive strength increases by 1.3%, the 28 d 
flexural strength decreases by 4.8%, and the autogenous shrinking deformation decreases by 42.2% 
within 7 d.

5. (5) The introduction of  wet coral sand will lead to an increase in the porosity of  micron-scale coarse 
pores in UHPC matrix, and that porosity of  millimeter-scale stomata will decrease. 

6. (6) The ITZ structure of  damp coral sand and matrix is more uniform and dense, and micro-cracks are 
more difficult to initiate and expand.
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Abstract 

3D printing of  cementitious materials is a newly developing technology in which structural elements are 
built via a layer-by-layer process. Among the many advantages of  this technique, it is also expected to lead 
to more sustainable structures due to a reduced waste generation and more efficient structural design, 
placing materials only where needed. However, the result of  this technique is a layered and anisotropic 
specimen, creating weak interlayers which will not only endanger the structural behaviour, but also affect 
the durability as they form a preferential path for the ingress of  aggressive substances. For that reason, this 
research study focuses on the transport of  water through printed elements, fabricated with different print 
velocities (i.e. 1.7 cm/s and 3.0 cm/s) and with special attention for the interlayer interface. Water transport 
was visualised by means of  neutron radiography, performed at the Paul Sherrer institute in Villigen. The 
effect of  an increased print velocity is investigated through qualitative and quantitative analyses of  the 
obtained radiographs. First qualitative results showed that for samples printed with a lower printing speed, 
the water uptake occurs in a more uniform way compared to specimens printed with a higher velocity. In 
case of  a higher printing speed, the water ingress starts more at the sides and this effect becomes more and 
more pronounced due to the non-uniform distribution of  sand particles through the sample. These results 
are confirmed by representing the water profile at the interface in a quantitative way. Calculation of  the 
amount of  water in a specified zone at the interface shows that, independently from the water distribution, 
the water uptake after 60 minutes of  exposure is higher in case of  a low printing speed.

Keywords: 3D printing, cementitious materials, interlayer, water ingress, neutron radiography

1. Introduction

3D printing of  cementitious materials enlarges the possibilities in construction, especially in terms of  
geometrical freedom and flexibility. This newly developing technique not only reduces construction time, 
it also leads to more sustainable structures due to a reduced waste generation and more efficient structural 
design. Notwithstanding the many advantages, this technique includes a layer-by-layer deposition of  the 
material, introducing an additional amount of  voids. These voids will create a weak interface between two 
super positioned layers and deteriorate the mechanical performance of  the printed element. Due to the 
absence of  moulding, also drying shrinkage will become more pronounced when comparing 3D printing 
with traditional casting, creating cracks all over the printed specimens. The combination of  an increased 
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amount of  voids and cracks will endanger the durability as both result in capillary suction of  aggressive 
liquids from the concrete surface to the interior.

Visual impressions of  several existing 3D-printed elements have already disclosed that there is a preferential 
water uptake via the interlayer [1]. However, further research on the transport properties on the meso- and 
microscale has not been performed yet and a lot of  parameters in this research field are still unknown. 
Therefore, the current study aims at further developing the correlation between the print process parameters 
and the transport properties of  a printed element. In particular, the effect of  an increased printing speed 
has been investigated and neutron radiography was used to visualise and quantify the capillary sorption 
behaviour of  3D printed cementitious materials along the interface at different times after water exposure. 
Prior to neutron radiography testing, basic capillary sorption tests were performed in order to select the 
maximal exposure time.

2. Methodology

2.1 Materials and mix compositions
Ordinary Portland Cement (CEM I 52.5 N) was combined with standardized sand (Dmax = 2 mm) and 
a water to cement ratio equal to 0.35 was applied. To increase the flowability of  the mix composition, a 
polycarboxylic ether (PCE) with a molecular weight of  approximately 4000 g/mol and 35% solids was used 
as superplasticizer. The exact mix composition can be found in Table 1. 

Table  1: Mix composition

Mix component [-] Amount [kg/m³]

CEM I 52.5 N 620.5

Sand 0/2 1241.0

Water 226.5

PCE 0.15% [WOC]

The printability of  the cementitious material was evaluated based on three different parameters: extrudability, 
buildability and workability. To classify the mixture as extrudable, it was mandatory that one layer with a 
total length of  300 mm could be expelled without blocking or segregation and that the deformation after 
extrusion was limited to 10%. Buildability was obtained when at least 5 layers could be printed on top of  
each other and a general conclusion about the workability was made by performing VICAT tests in an 
automated way.

2.2 Sample preparation
An in house developed apparatus was used to simulate the 3D printing process. The extrusion-based system 
is capable of  printing up to 300 mm long specimens at different speeds and different interlayer time intervals 
between the depositions of  two layers.. For the purpose of  this research, two different printing speeds were 
applied (1.7 cm/s and 3.0 cm/s, respectively). The height of  each layer is manually adjustable and to ensure 
the same print quality in both cases, layer heights of  respectively 15 mm and 20 mm were selected for both 
printing speeds. The nozzle of  the print equipment was elliptical shaped (28 mm x 18 mm), creating layers 
with an average width of  30 mm. Consequently, a different printing speed and layer height introduce a 
different flow rate. In case of  a low printing speed, the flow rate is equal to 0.028 m³/h, a higher printing 
speed induces a flow rate of  0.065 m³/h.

Sample preparation consists of  filling the equipment and extruding the material through the nozzle with 
a constant speed. A base layer (l = 300 mm) was extruded for each specimen and the second layer was 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

160

IC
SBM

 2019
ID

 050

immediately deposited on top of  the previous one. Due to the zero minute time gap, both layers were 
printed from the same batch of  material in order to induce layers with the same rheological behaviour. 
After changing the height of  the nozzle, the second layer was printed at the same position to create a similar 
time gap at every position. After printing, the specimens were stored during 28 days in a standardized 
environment (20 + 3°C, 60% RH) and saw-cut to a thickness of  maximum 20 mm (Figure 1).  Afterwards, 
the specimens were placed in an oven. Based on previous research [2], a temperature of  35°C was selected  
in order to minimize microstructural damage. After two days, the specimens were removed from the oven 
and sample dimensions were determined. Due to the very irregular shape of  the specimens (Figure 1 and 
Figure 2) and in order to create unidirectional water uptake, lateral surfaces were not sealed by self-adhesive 
aluminium tape in order to simulate real life printing conditions as much as possible.

Figure 1: Schematic representation of  a printed specimen, saw-cut from an original printed element, 
used for visualizing the capillary water uptake based on neutron radiography

2.3 Capillary water sorption
Capillary water sorption tests were performed on three cylindrical specimens with a diameter equal to 14 mm. 
These specimens were drilled out of  an original printed specimen, stored in standardized conditions (20 + 
3°C, 60% RH) until the age of  28 days and dried in a ventilated oven at 35 + 5°C for 7 days. A capillary 
sorption test was performed by placing the cylinders on circular rods in a small water bath, locating the 
water level at 2 + 1 mm above the bottom side of  the specimens. After wiping them with a towel, capillary 
sorption was measured by weighing the specimens with a Kern Electronic balance (accuracy 0.01 g) at 
different times (1, 3, 4, 24 and 72 hours).

2.4 Neutron radiography
Visualisation of  the moisture distribution and quantification of  the water content was done by using 
neutron radiography. The measuring principle consists of  recording the radiation passing through an object 
by a position sensitive detector. The beam used for performing these measurements was the neutron beam 
line at the measuring station NEUTRA. This beam line is situated at the thermal neutron radiographic 
institute at the Swiss spallation source SINQ of  the Paul Scherrer Institute (PSI). Measurements resulted in 
a radiograph consisting out of  an array of  grey level intensity values. 

Before starting the test, specimens were weighted with a Sartorius BP 3100 S balance (accuracy 0.01 g) and 
afterwards placed on line supports into a water basin mounted on a support frame (Figure 2). Before the 
water basins were filled with water, reference images of  the samples were taken in dry state. Subsequently, 
water was added manually 3 min before the actual start of  neutron radiography measurements. The samples 
were approximately 4 mm immersed in the liquid. Subsequent radiographs were made every 20 seconds 
for a total measurement time of  6 hours. In this way, the water penetration through capillary suction could 
be followed as a function of  time. After the 6 hours test, the wet mass was determined using the same 
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mass scale and the total amount of  absorbed moisture was quantified and compared to the values obtained 
by post-processing the neutron radiographs. After 24 hours of  water suction, the mass of  the specimen 
was measured again and a last neutron radiograph was made to correlate with the other specimens in a 
qualitative way.

Figure 2: Test setup for neutron radiography testing

Based on previous research [1, 3, 4], a comparison was made by calculating the water content W [kg/m³] at 
different time steps by comparing the wet and dry radiographs (Eq. [1]).

[1]

Where [kg.m-3] is the density of  water, ∑w [m-1] the attenuation coefficient of  water (3.64 cm-1), d [m] 
the thickness of  the specimen, Iw [cm-2.s-1.µA-1] the flux through wet material and Idry [cm-2.s-1.µA-1] the flux 
through dry material. More in depth information about the before mentioned parameters can be found in 
[3, 4].

For qualitative information, each image obtained with neutron radiography needed to be filtered with 
the image correction tool “Quantitative Neutron Imaging (QNI)”, provided and developed at the PSI 
institute. The reason for this processing is that the exponential law of  attenuation is influenced by several 
deviations. The images were corrected using the dark current, the open beam (flat field) and the black body 
radiographs with and without samples. These separate radiographs were made before every new test series. 
All corrections were based on an average of  five radiographs per correction factor, to further optimize the 
obtained results. After post-processing of  these radiographs, all further image operations were performed 
using ImageJ. Within this software, a distinct water content profile along a rectangular zone (Figure 3) at the 
interlayer of  the printed specimen was calculated using a grey-level profile plot. In case of  a low printing 
speed, the rectangular zone had a width of  12 mm and a height equal to 0.1 mm. In case of  a higher printing 
speed, the width and height of  this zone of  interest were respectively 15 mm and 0.1 mm. In this way, 
the water uptake over time could be studied and visualized in detail. The profiles were made and a precise 
calculation of  the water amount in this interlayer zone was done after 5 min, 60 min and 360 min of  water 
exposure.
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(a)    (b)
Figure 3: Representation of  the rectangular zone used for calculation of  the capillary water 
uptake in case of  specimens printed on (a) low speed and (b) high speed.

3. Results and discussion

3.1 Capillary water sorption
Figure 4(a) shows the capillary water sorption capacity of  a specimen, fabricated with a low printing speed. 
Based on this, one can conclude that the highest water uptake occurs within the first 4 hours. For that 
reason, a water exposure time equal to 6 hours is selected for neutron radiography and the relevance of  the 
selected exposure time is confirmed by measurements with neutron radiography (Figure 4(b)).

(a) (b)
Figure 4: Capillary water sorption of  a two layered specimen (a) dril led from an original element 
and measured in standardized conditions, (b) saw-cut from an original printed element and 
measured by using neutron radiography (error bars represent standard deviation)

3.2 Neutron radiography 

3.2.1 Qualitative analysis
Figure 5 visualizes the capillary water uptake of  specimens, fabricated with different print velocities, after 
different water exposure times. In case of  elements fabricated with a low printing speed, the water front 
(white region) rises in a very consistent way through the material. Immediately after being placed in contact 
with water (0 minutes), one can see that the water uptake is most pronounced in the central part of  the 
specimen. With an increased exposure time, the water front rises gradually and reaches the interface between 
the two super positioned layers around 60 minutes. After crossing this weak zone, the water front rises in 
the same way. After 24 hours, the specimen is almost completely saturated.

Increasing the printing speed of  the element introduced a change in water front behaviour. Within the 
first minutes after exposure, the water amount is higher at the sides compared to the bulk material. This 
effect becomes more pronounced with an increased exposure time (Figure 5). After 30 minutes, the 
water front at the sides reaches, but even after 360 minutes the water front in the bulk material did not 
yet completely cross the interface. After 24 hours, the water front looks similar as the one of  the sample 
printed at low printing speed.
This different water front behaviour can be explained based on previous research [5]. Within this research, 
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it was observed that a higher printing speed introduces a lower surface roughness. This lower roughness 
could be explained by a higher kinetic energy working on the sand particles, forcing them deeper into the 
layer. Consequently, the bulk material of  layers printed with a higher velocity will contain a higher sand 
fraction and be more compacted compared with the interface, limiting the water ingress and creating a non-
uniform water front. In case of  a low printing speed, the composition of  the bulk material and the interface 
are more or less comparable, resulting in an uniform water ingress over the whole specimen.

0 minutes 5 minutes

1.7 cm/s 3.0 cm/s 1.7 cm/s 3.0 cm/s
15 minutes 30 minutes

1.7 cm/s 3.0 cm/s 1.7 cm/s 3.0 cm/s
60 minutes 120 minutes

1.7 cm/s 3.0 cm/s 1.7 cm/s 3.0 cm/s
360 minutes 24 hours

1.7 cm/s 3.0 cm/s 1.7 cm/s 3.0 cm/s
Figure 5: Qualitative comparison of  the capillary water uptake capacity at different water exposure 
times of  specimens fabricated with different printing speeds. For each test series, a representative 
sample is pictured.

3.2.2 Quantitative analysis
Based on Eq. [1], the exact amount of  water in a specified region (Figure 3) can be calculated and these 
results are represented in Table 2. One can conclude that after 5 minutes of  water exposure, the amount 
of  water calculated based on the obtained grey levels in ImageJ is almost zero in case of  specimens printed 
with a low velocity.

Comparing the samples after an exposure time of  60 minutes, one can see that the water amount is higher 
in case of  a low printing speed, indicating that a higher amount of  water was able to reach the interlayer 
zone. This phenomenon can be explained by the microstructural change induced by a higher print velocity. 
As mentioned before, the sand fraction in the bulk material is higher, creating a denser structure in the bulk 
of  the printed specimen, limiting the water uptake capacity, introducing a lower amount of  water at the 
interface. After 360 minutes (6 hours), the water amount in the interface region is higher in case of  a higher 
printing speed. 

Figure 6 shows the water amount at the interlayer on different positions in the horizontal direction. These 
results confirm in a qualitative way the results showed in Figure 5. After 5 minutes of  water exposure, the 
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amount of  water in the interface is zero in case of  a low printing speed. In case of  an increased printing 
speed, some of  the water already reached the interface at the left side of  the specimen. With an increased 
exposure time, one can see that the water amount is more equally distributed in case of  a lower printing 
speed. After 60 minutes, the water amount through the interface region is comparable, while in case of  a 
higher printing speed, the water uptake at the sides of  the element is more pronounced. One can also see 
that in both cases, after 60 minutes of  water exposure, the water has not completely reached the interlayer.

Table  2: Calculated amount of  water at the interface region after different exposure times

Exposure time
[minutes]

Water amount [g/cm³]

1.7 cm/s 3.0 cm/s

5 minutes 0.00001 0.00011

60 minutes 0.00073 0.00041

360 minutes 0.00101 0.00121

(a) (b)
Figure 6: Water absorption at the interlayer at different exposure times for samples printed on (a) 
1.7 cm/s and (b) 3.0 cm/s

4. Conclusions

The effect of  an increased print velocity on the water uptake of  printed specimens was investigated in this 
research. Visualisation of  the moisture distribution and quantification of  the water content was done by 
using neutron radiography and image analysis. From this study, the following conclusions can be drawn: 

• Capillary water absorption measurements, performed under standardized circumstances, showed that 
the highest amount of  water is absorbed during the first 4 – 6 hours of  exposure. These results were 
confirmed by measurements performed by neutron radiography and therefore, a total exposure time 
of  6 hours was selected;

• In case of  a low printing speed (1.7 cm/s), the water ingress occurs in a more uniform way compared 
to specimens fabricated with a higher velocity;
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• Increasing the printing speed to 3.0 cm/s will induce a higher amount of  water at the sides due to the 
non-uniform distribution of  sand particles through the sample; 

• After a water exposure time of  60 minutes, the water front did not reach the predefined interlayer zone 
completely. This phenomenon could be observed in case of  both a low and high printing speed;

• After a water exposure time of  360 minutes, the samples were not completely saturated;

• The water amount at the interlayer is higher in case of  an increased printing speed.
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Abstract 

Natural pozzolans are suitable raw material for geopolymer synthesis as they are a tremendous source of  
silica and alumina with ease of  mining and transportation accompanying lesser cost and lower environmental 
footprint than for artificial precursors. In this research study, a natural pozzolan formed as a result of  
meteorite impact has been used for the production of  geopolymers. A comparative study has been made 
between heat treatment and mechanical activation as reactivity alteration methods. The geopolymer samples 
have been synthesised using raw and altered pozzolans. Several silica moduli of  the alkaline solution and 
curing at ambient conditions were used. Results show that the heat treatment is more suitable as a reactivity 
alteration method compared to the mechanical activation as indicated by higher compressive strength and 
accelerated geopolymer reaction. Based on these results, microstructural characteristics have been studied 
for the geopolymer samples made with raw natural pozzolan and heat-treated pozzolan. Findings indicate 
that the heat-treated pozzolan has higher reactivity because of  partial conversion of  calcite to lime. A shift 
of  optimum silica modulus to higher value in order to achieve maximum compressive strength has also been 
observed. Results of  ATR-FTIR show the shift of  various bands with the time due to uptake of  Al into 
the structure. On the one hand, broadening of  the band corresponding to Al/Si-O-Si indicates disorder 
introduced by initial geopolymerization. On the other hand, sharpening of  this band denotes an increase in 
order with the age of  geopolymer. TGA gives insight about the changes occurred during geopolymerization 
and shows the formation of  C-S-H gel in geopolymer of  heat-treated natural pozzolan. Results of  XRD 
and SEM reveal that geopolymer gel is nevertheless mainly a mixture of  N-A-S-H and (C)-N-A-S-H phase 
with the incorporation of  Mg, Fe and K as charge-balancing cations. 

Keywords: Geopolymer, natural pozzolan, compressive strength, alkaline solution, heat treatment.

1. Introduction

Global warming is the increase in the average atmospheric temperature over long-time, and it is one of  the 
major issues which the world is facing currently. Scientists around the globe are thriving to find ways to 
reduce the green-house gas emissions. Building industry is one of  the major contributors to global warming 
because of  high production and consumption of  cement [1]. Hence, there is a need to develop building 
materials with comparatively low CO2 emissions for specific applications in order to cut short the use of  
cement. In this context, geopolymers have gained a lot of  interest in recent decades. Comparatively low 
green-house gas emission, good mechanical and durability properties make them a foreseeable material 
for specific applications [1–3]. Geopolymers are a class of  inorganic binders which possess a polymeric 
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Si-O-Al framework structure and can be synthesised by reaction of  aluminosilicate source material with 
a concentrated alkaline solution [2, 4, 5]. Several aluminosilicate sources including natural and artificial 
pozzolans can be used as geopolymer precursor. Studies conducted till to date show that the natural pozzolans 
of  volcanic origin can be used for geopolymer synthesis [6–13]. However, there is limited published data 
on the usability of  other natural pozzolans for geopolymer synthesis which include diatomaceous earths, 
opaline cherts, shales, pumicites and materials formed by meteorite impact. This research study focusses on 
the use of  natural pozzolan formed as a result of  meteorite impact for geopolymer synthesis. The material 
named as breccia Suevite or Bavarian trass was formed approx. 14.5 million years ago when a meteorite hit 
the earth in a region later called the Nördlinger Ries, Germany [14]. 

Studies show that natural pozzolans have lower reactivity in alkaline medium in comparison to artificial 
pozzolans such as fly ash and metakaolin [8, 15]. Several methods have been applied to improve their 
reactivity including mechanical activation, heat treatment, partial replacement by secondary cementitious 
materials and alkali fusion [8, 16–19]. Bondar et al. applied heat treatment by calcinating four different natural 
pozzolans at different temperatures. Results showed that the calcination can have positive and negative 
effects on the reactivity of  natural pozzolan depending on the mineralogy of  the raw sample [18]. Djobo et 
al. investigated the effect of  mechanical activation on Cameroonian volcanic ash and found that mechanical 
activation helps in improving the reactivity, however, excess milling beyond a certain limit can have adverse 
effect on the reactivity of  volcanic ash [16]. Alkali fusion includes calcination in the presence of  alkali 
hydroxides. Tchakoute et al. applied the alkali fusion technique on Cameroonian volcanic ash using NaOH 
pellets and burning at 550 °C for 1 h. Geopolymer samples synthesised using this fused volcanic ash and 
metakaolin showed good mechanical properties, short setting time and low shrinkage [19]. Several materials 
such as kaolinite, metakaolin, bauxite, calcined oyster shell and slag have been used as partial replacement 
of  natural pozzolan for geopolymer synthesis [17, 20–22]. Results pointed out that the addition of  kaolinite 
give similar compressive strength has no appreciable effect on the improvement of  compressive strength 
[17]. Whereas, replacement by slag and metakaolin improves the properties of  resultant geopolymer [21, 
22]. The inclusion of  bauxite has been found a promising way to reduce efflorescence while the addition of  
calcined oyster shell helps in reduction of  setting time [20]. 

However, there are limited published studies available on the comparison of  different reactivity enhancement 
methods and their effect on the properties of  the geopolymer product. This research study aims to compare 
two reactivity alteration methods, i.e. heat treatment and mechanical activation and to study their effect on 
final geopolymer product. Geopolymer samples have been obtained by mixing raw natural pozzolan, heat-
treated or mechanical activated natural pozzolan with an alkaline solution. For the purpose, three different 
silica moduli of  alkaline solution have been used. Based on the results of  compressive strength and reaction 
kinetics, one reactivity enhancement method has been chosen to study its effect on the microstructural 
properties of  final geopolymer made with several silica moduli at various ages. TGA, XRD, ATR-FTIR and 
SEM have been used to study the microstructural characteristics. 

2. Materials and methods

2.1 Materials and characterization

2.1.1 Pozzolans
Natural pozzolan from Germany named as Bavarian trass (BT) has been used in this study. Bavarian trass 
was supplied by Märker Zement GmbH, Germany. Chemical composition was determined by XRF analysis 
using PW 2400, PHILIPS and is given in Table 1. Bavarian trass (BT) was subjected to heat treatment and 
mechanical activation. Heat treatment was conducted by calcining the sample at 700 °C for 3 h, followed by 
cooling to room temperature in a desiccator with silica gel. While, the mechanical activation was performed 
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by milling in a planetary ball mill (PULVERISETTE 5 classic line, Fritsch GmbH, Germany) at a speed of  
200 rpm for 5 min or 10 min with media to material ratio of  1:0.16.

Table 1: Chemical composition of  all natural pozzolans.

Sample / 
wt.% Total LOI SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 SO3

BT 100.25 11.24 52.35 12.25 4.15 0.09 0.91 13.85 1.67 2.44 0.61 0.22 0.47

The grinding bowl made of  hardened steel consisting of  125 ml capacity was filled with 80 g of  pozzolan 
sample. 15 grinding balls made of  hardened steel of  20 mm diameter were used for milling. The calcined 
Bavarian trass has been named as BTC and milled Bavarian trass for 5 and 10 min has been named as BT5 
and BT10, respectively. It should be noted here that applying reactivity alteration methods add additional 
cost to the production of  the building material. Therefore, from economical and industrial perspective 
more practical methodology was adopted. Specific surface area as measured by Blaine fineness according to 
EN 196-6 [23] was recorded as 6746 cm2/g for BT sample. For BTC as a result of  heat treatment specific 
surface area increased to 7141 cm2/g. While for BT5 and BT10 the specific surface area was recorded as 
7018 cm2/g and 11721 cm2/g. Figure 1a presents the particle size distributions of  BT, BTC, BT5 and BT10 
samples measured using Mastersizer 2000 of  Malvern Instruments and Figure 1b shows the d50 particle 
size for BT, BT5 and BT10 samples. With the applied mechanical activation method, a reduction of  23% 
and 43% in d50 has occurred for BT5 and BT10, respectively. X-ray diffraction analysis was performed 
on BT, BTC, BT5 and BT10 using the method as described in section 2.2. Figure 2 presents the X-ray 
diffractograms of  all pozzolans with the mineralogical phases. The mineralogical phases were determined 
in accordance with the literature [24–29]. In addition to mentioned crystalline phases, BT sample also 
contain a glass phase. Due to heat treatment, some amount of  calcite has been found to decompose 
(calcite peaks reduced in height) and formation of  lime has been observed in XRD in BTC sample (as 
shown in Figure 2). Partially crystalline phases present in BT which may correspond to the presence of  clay 
and zeolite minerals also decomposed as a result of  heat treatment. XRD detects entirely no differences 
between BT, BT5 and BT10. 
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Figure 1: (a) Particle size distribution for BT, BTC, BT5 and BT10 samples, (b) d50 for BT, BT5 and 
BT10 samples.

2.1.2 Alkaline activator
Alkaline activator consisting of  combinations of  sodium hydroxide (NaOH) and sodium silicate solutions 
(Na2SiO3) were used. NaOH of  99 wt.% purity was obtained from VWR International GmbH in pellets. 
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NaOH solutions were prepared by dissolving NaOH pellets in deionized water at least 24 h before use. 
Sodium silicate solution (Betol 52T) was obtained from Woellner GmbH with silica modulus of  2.12. The 
NaOH solution and Na2SiO3 solution were mixed in different fractions to obtain the alkaline solutions of  
desired silica modulus. Three silica moduli of  alkaline solution of  0.707 (H2O/Na2O molar ratio = 9.7), 
0.797 (H2O/Na2O molar ratio = 11.4) and 1.061 (H2O/Na2O molar ratio = 10.5) were used for BT and 
BTC geopolymers, while silica modulus of  0.707 was used for BT5 and BT10 geopolymer samples. 

2.2 Experimental methodology
The geopolymer paste samples were prepared using a laboratory hand mixer with a mixing time of  3 min. 
In-between break of  30 s was taken after mixing the sample for 90 s to collect all the sample in the centre 
of  the bowl for homogeneous mixing. After complete mixing, the paste was poured in 20 mm cubic molds 
and was compacted using vibration table for 2 min. Samples were sealed using plastic foil from all sides and 
were cured at 21 ± 1 °C and 100% relative humidity till test age. Alkaline solution to solid ratio was kept 
equal to 0.75 for all geopolymer samples to achieve good workability. 

The compressive strength of  cubic samples was determined at 7, 28, 90 and 180 d age. Pieces of  broken 
samples were collected at 7, 28 and 90 d age and geopolymer reaction was stopped for examination by 
TGA, XRD, ATR-FTIR and SEM-EDX. The reaction was stopped by solvent exchange using isopropanol. 
Samples were submerged in isopropanol for 24 h followed freeze-drying for 7 d. Afterwards, samples 
were ground by hand in mortar and pestle to a size <125 µm. In the case of  storing, the samples were 
stored in a desiccator with sodium hydroxide (on support) obtained from Merck, KGaA, Germany to avoid 
environmental carbonation. 
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Figure 2: X-ray diffractograms of  BT, BTC, BT5 and BT10 samples.

Isothermal conduction calorimetry was performed to understand the reaction kinetics and to study the 
effect of  heat treatment and grinding on the reactivity of  natural pozzolan. For the calorimetric study, 
device MC-CAL 100P, C3 Prozess- und Analysentechnik GmbH, Germany was used. Samples were mixed 
outside the device for 45 s each with vortexer. Therefore, zero in the calorimetric curves is the point when 
samples were placed inside the device. 
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Thermogravimetric analysis (TGA) was performed using TG 209, Tarsus F3, Netzsch Instruments under 
a nitrogen atmosphere at a flow rate of  250 mL/min. For each test, 10 ± 1 mg of  sample was used. The 
sample was first held at 25 °C for 20 min, and then heated from 25 °C to 850 °C at a heating rate of  10 
°C/min. 

Fourier transform infrared spectroscopy (FTIR) was performed on raw natural pozzolan and respective 
geopolymer samples using Spectrum Two of  PerkinElmer fitted with diamond crystal via the attenuated 
total reflection (ATR) method. IR spectra were obtained between 4000 to 400 cm-1 with a resolution of  1 
cm-1. 

X-ray diffraction analysis (XRD) was performed using an Empyrean PANalytical diffractometer with Ni 
filter and CuKα radiation (k = 1.540598 Å), operating at 40 kV and 40 mA in continuous mode with a 
resolution of  0.0131° and speed of  0.0176 °/s for a range of  5° to 65° for 1 h. The phase evaluation was 
performed using HighScore Plus software with ICDD and ICSD. 

Polished freeze-dried samples were impregnated in epoxy resin to study the microstructure and elemental 
distribution. For the purpose, scanning electron microscopy fitted with energy-dispersive X-ray spectrometer 
(SEM-EDX) was performed using device GeminiSEM500, ZEISS operated at 15 kV.

Throughout the manuscript, the geopolymer samples made with BT, BTC, BT5 and BT10 are labelled with 
the respective raw sample, silica modulus used to prepare each geopolymer and the age of  the sample.

3. Results and discussion

3.1 Effect of  heat treatment on compressive strength
Figure 3 presents the compressive strength development of  BT and BTC geopolymer samples. Results 
indicate that heat treatment of  BT improved the reactivity as found by an increase of  compressive strength 
in BTC geopolymer samples. An increase of  32% and 45% in compressive strength has been observed 
at 90 d age for samples BTC-0.797 and BTC-1.061, in comparison to corresponding BT samples. While 
for sample BTC-0.707, 7- and 28-d compressive strength was improved and thereafter, no significant 
improvement in compressive strength has been observed. Considering the BT geopolymer, the optimum 
silica modulus to achieve highest compressive strength was recorded as 0.707, while for BTC geopolymers it 
is found as 0.797. Thus, the optimum silica modulus shifted to higher silica modulus for BTC geopolymers 
in comparison to BT geopolymers. This confirms the improvement in reactivity of  this natural pozzolan 
and a reduction in the alkali concentration of  the solution used, which is beneficial from both economic 
and environmental perspective. 

Table 2 presents the visual observation of  BT and BTC samples prepared with various silica moduli at 90 
d. The pictures presented in Table 2 show that for sample BTC-0.707, efflorescence formation increased 
in comparison to sample BT-0.707. While for sample BTC-0.797 and BTC-1.061, the formation of  
efflorescence decreased in comparison to samples BT-0.797 and BT-1.061. The formation of  efflorescence 
is because of  an excess of  free alkalis in geopolymer matrix which react with carbon dioxide from the 
environment and produce sodium carbonate which precipitates at the surface or in pores of  geopolymer 
matrix. 
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Figure 3: Compressive strength of  BT and BTC geopolymers at different ages.

Table 2: Visual observation of  BT and BTC sample at 90 d age.

Silica modulus 0.707 0.797 1.061

BT

BTC

3.2 Effect of  mechanical activation on compressive strength
The effect of  mechanical activation as the reactivity alteration process has also been studied by compressive 
strength and the results are presented in Figure 4. 
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A slight improvement in strength with grinding has been found. However, no significant improvement in 
strength has been observed at all ages of  the sample, and the values are mostly within the range of  standard 
deviation. 

3.3 Effect of  heat treatment on reaction kinetics 
Figure 5 presents the calorimetric curves for BTC compared to BT samples. Results show that geopolymer 
reaction for BT geopolymer samples is characterised by two exothermic peaks. The initial peak occurs when 
natural pozzolan and alkaline solution come in contact and is therefore attributed to wetting and dissolution 
of  reactive phases. This peak is followed by deacceleration which is associated with polycondensation thus 
the amount of  heat released decreases. Thereafter, a second exothermic peak has been observed which 
is assigned to a delayed dissolution of  some phases. Delayed dissolution of  calcium-rich phases leading 
to a second exothermic peak was observed by Gebregziabiher et al. [30]. The formation of  early product 
in alkali-activated system depletes the alkalis and the relative silica concentration increases, which in turn 
retards the dissolution of  calcium phases [30]. For samples BT-0.707, BT-0.797 and BT-1.061, second 
exothermic peak was observed at 11 h, 12.6 h and 28.3 h with a maximum at approx.12.5 h, 14.5 h and 34.7 
h, respectively.

Comparing BT and BTC geopolymer samples, the rate of  reaction increased for all calcinated samples in 
comparison to BT samples indicated by higher heat evolved over 168 h, higher heat flow in first hours and 
shift of  second exothermic peak to an earlier time or complete disappearance. For sample BTC-0.797 and 
BTC-1.061 this peak was not observed at all. For BTC-0.707 sample, this peak moved to approx. 8 h and 
appears only as a slight hump (Figure 5). These findings are in accordance with the results of  compressive 
strength, as for sample BTC-0.707 compressive strength is also lower than for sample BTC-0.797 and 
BTC-1.061 which can be described by the delayed dissolution and therefore, lack in a gain of  compressive 
strength. Comparing BTC-0.707, BTC-0.797 and BTC-1.061 to each other, the rate of  dissolution increases 
with the decrease of  silica modulus. 

The improvement of  pozzolanic reactivity as a result of  calcination for this natural pozzolan has also been 
reported by [25], however the authors found that a possible reason of  such improvement was presence of  
smectite minerals. In the current research, this mineral group has not been identified. Therefore, the reason 
for such improvement in reactivity as a result of  the heat treatment is most likely the conversion of  calcite 
to lime which imparts higher reactivity [31]. This is because the reaction of  lime with water leads to a rise 
in the pH of  the system which enhances the dissolution of  aluminosilicate species [32]. Thus, the rate of  
reaction increases and 2nd exothermic peak shifts to earlier times. Henceforth, the increase in dissolution 
rate results in a higher amount of  precipitated geopolymer gel associated with an increase of  compressive 
strength in most cases (Figure 3) and heat evolved over 168 h (Figure 5) of  calcinated samples in comparison 
to BT samples. This finding also enables to explain the alteration of  efflorescence development depicted in 
Table 2. The samples with silica moduli 0.797 and 1.061 precipitate enough geopolymer gel to incorporate 
most of  the alkalis of  activator solution. Therefore, lower efflorescence product is formed. On the other 
hand, the alkaline concentration in sample BTC-0.707 is too high and most of  it has not been incorporated 
in geopolymer gel and thus it leads to formation of  higher amount of  efflorescence (as seen in Table 2). 
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Figure 5: Heat evolution curves for BT and BTC geopolymers.

3.4 Effect of  mechanical activation on reaction kinetics 
To study the influence of  mechanical activation on reaction kinetics, isothermal conduction calorimetry 
was conducted. Firstly, BT, BT5 and BT10 raw samples were separated in two fractions by a 40 µm sieve, 
afterwards, calorimetry was conducted on these separated fractions. The fractions of  material were separated 
to understand the effectiveness of  mechanical activation on the fine and coarse fractions of  the sample, 
such that the first hump of  bimodal particle size distribution was separated (Figure 1). Geopolymer samples 
were prepared with silica modulus of  0.707 for each fineness and are labelled as BT-0.707, BT5-0.707 and 
BT10-0.707. The results of  the calorimetric study are presented in Figure 6 for both fractions of  samples.

Results indicate that the fraction <40 µm exhibits higher reactivity than fraction >40 µm. Mechanical 
activation in the ball mill is more effective in reducing the size of  larger particles. The calorimetry curves 
of  BT samples show that the part of  sample <40 µm develops approx. twice as much hydration heat after 
168 h as that >40 µm. Total heat slightly increases with increasing fineness of  sample (from BT over BT5 
to BT10) for fraction <40 µm. While for the fraction >40 µm, total heat released stays nearly unchanged 
from BT to BT5 but increases significantly for BT10-0.707.

It is important to note here that the second exothermic peak occurs only for fraction <40 µm for sample 
BT-0.707 and BT5-0.707. While for sample BT10-0.707, it occurs for both fractions. By increasing the 
overall fineness of  sample (from BT over BT5 to BT10), this reaction triggers to earlier time and heat flow 
value decreases but time span over which reaction occurs is increased. These observations indicate that with 
the increase in fineness the reaction degree is increasing at a lower rate; therefore, only a slight improvement 
in compressive strength has been observed. However, to see a significant impact of  mechanical activation, 
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sample may be milled for a longer time, but care must be taken while choosing a reactivity alteration method 
and its economic advantages. 

XRD analysis was performed on the separated fractions of  BT, BT5 and BT10 as shown in Figure 7 to 
understand calorimetric analysis. The results show that the fractions <40 µm have excess amount of  calcite 
while the fractions >40 µm are enriched in minerals such as quartz, sanidine and albite which have higher 
Mohs scale hardness. Further the fraction BT <40 µm has highest amount of  calcite while as a result of  
milling the calcite content is slightly decreasing in BT5 <40 µm and BT10 <40 µm. Therefore, as a result in 
calorimetric analysis the height of  2nd exothermic peak is decreasing with increasing milling time. 

With increasing milling time, the calcite content in fraction >40 µm is consequently increasing. This is 
because of  possible agglomeration of  soft and small calcite particles during milling. In BT10 geopolymer 
samples both fractions exhibit the 2nd exothermic peak. This can be because of  sufficiently high content of  
calcite in both fractions. The agglomeration leads also in coarse fraction to a sufficient amount of  calcite 
content to develop the 2nd peak. While the hard minerals are not much effected by grinding and therefore, 
doesn’t exhibit any appreciable differences in their reactivity. 
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Figure 6: Heat evolution curves for BT, BT5 and BT10 geopolymers.

Comparing both reactivity alteration methods, the effect of  heat treatment is more prominent than reduced 
particle size. Looking at Figure 1, BTC sample has a higher fraction of  coarser particles in comparison to 
BT5 and BT10 samples. But the inclusion of  more reactive phases such as lime imparts higher reactivity 
than reduced size of  particles. Based on these results, heat treatment has a higher influence on the reactivity 
of  BT. Therefore, further detailed microstructural analysis has been made only on BT- and BTC-based 
geopolymers in following sections.
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Figure 7: Diffractograms of  BT, BT5 and BT10 fractions below and above 40 µm showing ref lexes 
for (a) quartz (b) sanidine and albite (c) calcite.

4. Microstructural characteristics

4.1 Thermogravimetric analysis (TGA)
Thermogravimetric analysis was performed on BT and BTC geopolymer samples at the age of  7, 28 and 
90 d. Results for the sample prepared with silica modulus of  0.797 for both pozzolans are presented in 

Figure 8.  

82
84

86
88
90

92
94
96

98
100

25 190 355 520 685 850

TG
 (

%
)

Temp. ( C)

BT 0.797-7 d
0.797-28 d 0.797-90 d

25 190 355 520 685 850

D
TG

 (
%

/m
in

)

Temp. ( C)

BT 0.797-7 d
0.797-28 d 0.797-90 d

82
84
86

88
90
92
94
96

98
100

25 190 355 520 685 850

TG
 (

%
)

Temp.( C)

BTC 0.797-7 d
0.797-28 d 0.797-90 d

25 190 355 520 685 850

D
TG

 (
%

/m
in

)

Temp. ( C)

BTC 0.797-7 d
0.797-28 d 0.797-90 d

C-S-H  

Figure 8: TG and DTG curves of  BT and BTC samples at 7, 28 and 90 d age.

The overall mass loss for BT and BTC geopolymers prepared with silica modulus of  0.797 is higher at all 
ages than in raw pozzolans. Similar behaviour has been also observed for BT and BTC geopolymer samples 
prepared with silica modulus of  0.707 and 1.061 which are not shown here. The overall mass loss seems to 
increase with the age of  sample slightly. This increase in the mass loss is attributed to geopolymerization 
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reaction. Mass loss till approx. 150 °C is considered as the liberation of  loosely bound water. Mass loss from 
150 – 600 °C is attributed to liberation of  stronger chemically bound water. As a result of  geopolymerization, 
bound water is introduced in the system as a part of  geopolymer gel which is formed due to dissolution 
and subsequent precipitation of  aluminate and silicate species. This mass loss in the range of  30 – 600 
°C can be correlated to the amount of  reaction product formed [33]. Results presented in Table 3 show 
that dehydration in the temperature range of  30 – 600 °C is affected by the change of  silica modulus of  
alkaline solution used and the age of  the sample. For samples BTC-0.797 and BTC-1.061, the mass loss 
in mentioned temperature range increases with age while for all others it initially increases from 7 to 28 d 
and then decreases till 90 d. Such a reduction in water content with the age can be caused by efflorescence 
formation in these samples with age [34]. The last stage in TG refers to decarbonization (600 – 850 °C) and 
shows that the carbonate content of  samples is reduced as a result of  geopolymerization [35, 36].

Table 3: Mass losses in the temperature range of  30 – 600 °C for BT and BTC geopolymer samples at various ages.

Mass loss (wt.%)
Age of  sample BT-0.707 BT-0.797 BT-1.061 BTC-0.707 BTC-0.797 BTC-1.061

7 d 11.87 11.88 10.76 11.44 11.40 10.38
28 d 13.25 12.98 12.38 11.74 12.40 10.98
90 d 13.00 12.48 12.17 11.43 12.77 11.40

The effects mentioned above are observed in both BT and BTC geopolymers. Additionally, for BTC geo-
polymers, two other peaks in DTG have also been found, i.e. a diffuse peak in the temperature range of  
160 – 300 °C with its centre at approx. 200 °C and a sharp peak above 790 °C with a maximum at approx. 
795 °C. The first peak is attributed to dehydration of  C-S-H gel which has been observed to form in case 
of  availability of  reactive calcium [35, 36]. This peak has been observed in all BTC geopolymer samples 
but in none of  the BT geopolymer samples. This shows that as a result of  calcination, calcite converts to 
lime which imparts more reactive calcium. After that, the second peak observed only in BTC geopolymer 
samples is attributed to the decomposition of  C-S-H to wollastonite; such decomposition has been also 
observed in the literature and was also confirmed here by conducting XRD on the decomposed residue 
[36, 37]. 

4.2 X-ray diffraction analysis (XRD)
Figures 9 and 10 show the XRD diffractograms of  BT and BTC geopolymers at the age of  7, 28 and 90 
d prepared with silica modulus of  0.797, respectively. XRD analysis was made on all samples, but for easy 
understanding selected samples have been shown here. 

In raw BT and BT geopolymer samples, two amorphous humps were recorded ranging approx. 5° – 8° 
and 24° – 34°. While in raw BTC and BTC geopolymer samples only the second hump mentioned above 
has been recorded. The first hump in raw BT and BT-based geopolymers was not identifiable, but it may 
correspond to the presence of  clay or zeolite minerals. As a result of  geopolymerization the shape of  
this amorphous hump changed indicated by the shift of  the centre of  the hump. This may be due to the 
formation of  aluminosilicate gel phase. 

In both raw pozzolans, the centre of  the second amorphous hump was recorded at 27°. While in both 
pozzolan-based geopolymer samples the centre of  the second amorphous hump shifted to higher 2 theta 
values i.e. 31°. Such a shift has been described to occur due to the formation of  geopolymeric gel [38–40]. 
Further, in BT geopolymer sample made with silica modulus of  0.707 at 7 d and in BTC geopolymer 
samples made with silica modulus of  1.061 at 28 d a new reflex has been observed to form at approx. 27°. 
This reflex has not been observed in all other samples. It is attributed to the formation of  aragonite (98-
028-0991) which is a polymorph of  calcium carbonate and may form under high alkaline conditions [41, 
42]. However, the lower stability of  this phase is the reason that it has been not observed in other samples. 
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As seen earlier, efflorescence formation was observed for BT and BTC geopolymer samples. XRD results 
reveal that efflorescence is caused by precipitation of  natrite (γ-Na2CO3 ,98-009-5549). This is formed 
because of  the reaction of  excess free alkalis in the geopolymer system with environmental carbon dioxide. 
Looking at Figures 9 and 10, the participation of  calcite and lime in geopolymer reaction can be clearly 
observed as indicated by the reduction of  reflex height of  calcite while reflexes of  lime are completely 
absent in geopolymer samples. 
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Figure 9: Comparison of  raw BT and BT geopolymer sample at the age of  7, 28 and 90 d for 
geopolymer sample prepared with sil ica modulus of  0.797. 
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Figure 10: Comparison of  raw BTC and BTC geopolymer sample at the age of  7, 28 and 90 d for 
geopolymer sample prepared with sil ica modulus of  0.797. 

This confirms the previous finding that lime imparts higher reactivity than calcite as indicated by its complete 
participation in geopolymer reaction. Other crystalline phases may be participating in geopolymer reaction 
include biotite and sanidine, as indicated by slight changes in the reflexes for these minerals.

4.3 Fourier transform infrared spectroscopy (FTIR)
ATR-FTIR spectra were collected for the BT and BTC raw samples and their respective geopolymer 
samples at 7, 28 and 90 d ages. Results have been presented in Figure 11. FTIR analysis was made on all 
geopolymer samples and they showed comparable characteristics; therefore, for the easy understanding 
sample prepared with silica modulus of  0.707 has been shown here. The major characteristic peaks have 
been observed in region 1600 to 400 cm-1. In region 4000 to 1600 cm-1 only one broad hump around 3100 
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cm-1 has been observed which indicates the OH stretching vibration. 

Figure 11: ATR-FTIR spectra of  raw BT and BTC samples and BT and BTC geopolymer samples 
prepared with sil ica modulus of  0.707 at 7, 28 and 90 d age.

An intense band in raw BT and raw BTC samples at 1013 and 1003 cm-1, respectively, attributed to asymmetric 
stretching of  Al/Si-O-Si has been found to move to lower wavenumber i.e. 995 and 976 cm-1 in respective 
geopolymer samples. This is significant of  changes that occurred as a result of  the dissolution of  the raw 
sample to form Al-rich geopolymer gel. As the SiO4 tetrahedra of  silica-rich network of  the raw sample 
are broken and precipitates take AlO4 tetrahedra up [9, 43]. Further, broadening of  bands observed at 995 
and 976 cm-1 in comparison to respective raw sample has been observed. This broadening is significant of  
structural disorder with the addition of  water in structure [44]. Moreover, in BTC geopolymers the band 
present at 976 cm-1 is sharpening with age, which indicates the increasing order in the phase [43]. 

Another significant change observed between raw BT and BTC samples is the reduction of  the carbonate 
group as a result of  heat treatment. As the stretching bands of  O-C-O observed at 1435, 873 and 710 cm-1 
in raw BT sample and at 1435, 875 and 712 cm-1 in raw BTC sample reduced in intensity while comparing 
BT and BTC samples to each other. Moreover, comparing the BT and BTC geopolymer samples, a clear 
reduction in this band has been observed as a result of  geopolymerization. This indicates the participation of  
carbonates in geopolymer reaction. Further, a characteristic band corresponding to symmetrical stretching 
of  Si-O-Si has been observed in both geopolymer samples at 798 and 520 cm-1. Bending vibration band of  
Si-O-Si has been observed at 466 cm-1 in BT geopolymers and at 420 cm-1 in BTC geopolymers. This shift 
from higher to lower wavenumber is significant of  incorporation of  Al in gel structure [43]. 

4.4 Scanning electron microscopic (SEM) analysis coupled with energy dispersive X-ray 
spectroscopy (EDX)

Figures 12 and 13 show the scanning electron microscope micrographs and elemental maps of  same 
region of  the selected samples obtained for BT and BTC geopolymers, respectively. The microstructure 
illustrates a heterogeneous morphology, while elemental maps show a nonhomogeneous distribution of  
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several elements. Looking at the micrographs of  BT geopolymers, three different zones in microstructure 
labelled as 1, 2 and 3 and microcracks are visible (Figure 12). The microcracks may appear as a result of  the 
sample preparation method. Zone 1 in the micrograph shows a sponge-like structure which corresponds to 
Na-rich aluminosilicate geopolymer gel as indicated by the presence of  Na, Al, Si and O in this zone from 
elemental maps. In addition to Na, the presence of  Mg and Fe has also been recorded in this zone. While 
the elemental maps of  K and Ca show that there is a small amount of  K present while no Ca has been 
observed. Comparison of  Si and Al elemental maps in this zone shows that the reaction product is richer 
in Al. Thus, it signifies that zone 1 potentially consists of  N-A-S-H geopolymer gel incorporating Mg and 
Fe cations. 

Zone 2 shows a natural pozzolan particle under alkali attack and dissolution of  the particle. The particle has 
broken to small fragments under alkaline solution attack. Meanwhile, the reaction product is precipitated 
in cavities as indicated by the elemental map. Further, the elemental maps show that K and Ca are non-
uniformly distributed in gel structure in contrast to zone 1. Zone 3 shows an unreacted particle of  natural 
pozzolan which is rich in Si and O, and can be a quartz particle. 

Si Al

O Na

CaMg FeK

1

2

3

Figure 12: SEM image and elemental maps of  BT geopolymer made with sil ica modulus of  0.707 
at 7 d age.

Figure 13 presents a micrograph and elemental maps for BTC geopolymer sample. At least two types of  
gel phases can be seen marked as 1 and 2. The micrograph of  the BTC geopolymer sample depicts a more 
homogeneous and compact microstructure with a more uniform distribution of  several elements than the 
BT geopolymer. Like BT geopolymers, zone 1 shows Na-rich aluminosilicate gel, with an absence of  Ca and 
the presence of  Mg and Fe cations. As seen in BT geopolymers, this gel also has sponge-like structure. Zone 
2 is characterized by a heterogeneous morphology with a compact gel structure where Na- and Ca-rich 
regions are overlapping each other. Further, in BTC micrograph a clear reduction in the size of  unreacted 
particles of  natural pozzolan can be seen in comparison to BT geopolymer sample. The geopolymer binder 
strongly binds the unreacted particles present. Comparing the elemental maps of  Si and Al, the geopolymer 
gel in BTC geopolymers is rich in Si. This justifies the higher reactivity of  BTC and higher compressive 
strength as Si-O bonds are stronger than corresponding Al-O bonds [2]. Combining the results of  BT and 
BTC geopolymers, it is obvious that the geopolymer binder is heterogeneous in nature and consists majorly 
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of  N-A-S-H, within cooperation of  Mg, K, Fe and Ca. 

Si Al

O Na

CaMg FeK

1

2

Figure 13: SEM image and elemental maps of  BTC geopolymers made with sil ica modulus of  0.707 
at 7 d age.

5. Conclusions

In this work, the natural pozzolan Bavarian trass obtained from Germany has been subjected to heat 
treatment and mechanical activation as reactivity enhancement methods. Results show that pozzolans in 
their natural state and after implementation of  reactivity enhancement methods can be used as a precursor 
for geopolymer synthesis. The chemical composition, particle size and mineralogical phase composition of  
natural pozzolan effects the properties of  resultant geopolymer product. The calcite-rich natural pozzolans 
can be used as geopolymer precursor by heat treatment, as the conversion of  calcite to lime imparts higher 
reactivity and thus, an increase in compressive strength. An economical mechanical activation method 
was applied as reactivity enhancement method. However, no significant improvement in compressive 
strength has been observed as a result of  mechanical activation. The calorimetric study showed that the 
fine fraction of  natural pozzolan largely contributes to the reactivity. While mechanical activation helps 
majorly in reducing the size of  coarser fraction thus only a slight improvement in reactivity has been 
observed. Comparing both reactivity enhancements methods, it is seen that the effect of  calcination is more 
prominent than the reduced particle size. 

For geopolymer samples prepared with calcined Bavarian trass (BTC), less amount of  efflorescence was 
observed in comparison to BT samples for high silica modulus samples. As a result of  heat treatment, 
an increase in the optimum silica modulus required to achieve higher compressive strength has also 
been observed. Therefore, the choice of  reactivity enhancement method should be made depending 
on the properties, economic and environmental advantages. The second exothermic peak observed in 
the calorimetric study of  BT geopolymers is assigned to the delayed dissolution of  some phase(s) likely 
calcium rich phases. This delayed dissolution shifted to an earlier time for BTC geopolymers because of  
higher reactivity of  BTC. The chemically bound water in the geopolymer structure gives insight about the 
dependence of  the rate of  reaction on silica modulus and age of  the sample. Crystalline mineral phases 
such as calcite, lime, biotite and sanidine participate in geopolymer reaction by either complete or partial 
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dissolution in alkaline medium. Phase composition of  geopolymer gel shows that it consists of  N-A-
S-H and (C)-N-A-S-H with the incorporation of  Mg, Fe and K in the structure for both BT and BTC 
geopolymers.   
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Abstract 

The effect of  calcium hydroxide on the hydration of  CSA cement with high concentration of  borate solution 
were investigated by a range of  analytical techniques, aiming to accelerate the hydration of  CSA cement 
and prevent the retardation by borate solution. The results indicate that the hydration of  CSA cement was 
severely retarded by borate solution through formation of  dense layer of  amorphous ulexite on the surface 
of  cement particles, preventing further dissolution of  anhydrous cement particles. No hydration product 
was identified by up to 28 days. The amorphous ulexite transformed into crystalline ulexite by 56 days of  
hydration in borate solution. By addition of  sodium hydroxide, the hydration of  CSA cement in borate 
solution accelerated through formation of  foil-like hexahydroborite and borate-incorporating ettringite, 
resulting in the prevention of  formation of  ulexite. The main hydration products for CSA cement in borate 
solution with sodium hydroxide addition were ettringite, AFm and hexahydroborite.

Keywords: Ulexite, Hexahydroborite, Borate solution, Sulphoaluminate cement, Borate-incorporating 
ettringite.

1. Introduction

Radioactive waste is produced from nuclear power plant, scientific research and medicine industry[1], 
which is classified into four levels according to radioactivity, namely high-level waste (HLW), intermediate-
level waste (ILW), low-level waste (LLW) and very low-level waste (VLLW)[2]. The latter three types of  
radioactive waste take up approximately 99% in volume globally, but with lower radioactive content[3]. 
With long decays period of  radionuclides in the radioactive waste, ionized radiation severely harms humans 
and the environment[4].

The radioactive waste liquid is mainly produced from cooling system of   nuclear power plants, and usually 
contains high concentration of  boron [5]. Borate compound or boric acid is used to control the rate of  
nuclear reaction in a pressurized water reactor (PWR)[6]. Borate compound is well known as set retarder 
during the hydration of  cement [7-10], which will affect the effectively consolidation of  radioactive waste 
liquid during the successful disposal of  ILW and LLW. Several types of  calcium borate (2CaO·3B2O3·8H2O, 
CaO·B2O3·6H2O [11, 12]) were identified during the hydration of  cement in borate solution under various 
pH values, resulting in the retardation of  hydration. Using alkaline additive to react with borate acid was 
suggested to solve the retardation of  hydration[13]. Retardation phases still formed after addition of  
alkaline additives. More effective method could be to decompose unstable calcium hexahydroborite[14].
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Calcium sulphoaluminate (CSA) cement is manufactured by calcining gypsum, bauxite and limestone at 
1300°C, with less energy consumption and less carbon footprint[15-17]. CSA cement is widely used in 
applications such as fast construction, fast repair[18] and permeability resistance project[19, 20] due to 
its high early-age strength and short setting time. CSA cement is a potential candidate to consolidate the 
radioactive waste with high concentration of  borate because borate ions demonstrated less effect on the  
hydration of  CSA cement than Portland cement[21-23]. The hydration of  CSA cement has been intensively 
studied by many researchers. Ettringite and monosulphate are identified as main hydration products (Eq. 1 
and 2)[24]. High-density and low-porosity microstructure are obtained during the early age hydration due 
to the formation of  ettringite, monosulphate and alumina hydrate, resulting in the high early strength and 
short setting time[19].

                       (1)

             (2)

Previous study on the hydration of  CSA cement in 1M borate solution under pH of  11 indicates that the 
hydration is retarded by 15 hours, comparing to that in deionized water, due to the formation of  poorly-
crystallized borate compound (ulexite, )[25], although no direct observation of  
the compound. Ulexite, a crystalline borate mineral containing three borate tetrahedra and two borate 
triangular groups, is fibrous. There is little literature reporting the formation of  poorly crystalline ulexite. 
Potential methods to prevent the retardation during the hydration of  CSA cement with high concentration 
boron solution are to avoid the ulexite formation or accelerate the phase transformation of  ulexite to other 
minerals.

In this study, the effects of  calcium hydroxide on the hydration of  CSA cement with high concentration of  
borate solution were investigated by a range of  analytical techniques, aiming to accelerate the hydration of  
CSA cement and prevent the retardation by borate solution, and to provide feasible solution to improve the 
hydration and properties of  CSA cement on radioactive waste liquid solidification in the future.

2. Methodology

2.1 Materials
Sulphoaluminate cement and sulphoaluminate cement clinker from Anda Special Cement Ltd. (Yicheng, 
Hubei, China) were used. Chemical composition of  CSA clinker and CSA cement are shown in Table 1, 
which were quantitatively analysed by X-ray fluorescence spectroscopy (XRF, PANalytical Axios advanced, 
Netherlands). Solid sodium hydroxide (NaOH, Sinopharm, AR grade, CAS code:1310-73-2), boric acid 
(H3BO3, Sinopharm, AR grade, CAS code:10043-35-3), calcium hydroxide (Ca(OH)2, Sinopharm, AR 
grade, CAS code:1305-62-0) and deionized water were used for simulated highly-concentrated borate liquid 
waste and paste specimens. Zeolite with specific surface area of  740 m2/g was used during the paste 
specimen preparation.

Table 1 Chemical composition of  CSA clinker and CSA cement determined by XRF (wt%)

Oxides SiO2 Al2O3 Fe2O3 CaO SO3 TiO2 MgO Na2O K2O SrO LOI*

C S A 
clinker

12.92 25.99 8.38 39.83 7.82 1.93 1.26 0.30 0.20 0.12 1.25

C S A 
cement

10.67 13.99 5.60 36.98 20.92 1.12 1.76 0.24 0.40 0.23 8.09

*Loss on ignition at 1000 °C. 
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2.2 Specimen preparation
Simulated liquid waste with high concentration of  borate was prepared as follows. Boric acid solution 
of  0.5M was used as the boron solution. After dissolution of  boric acid in deionized water, sodium 
hydroxide was added in the solution to modify the pH value to 7, which is the pH value specified by LLW 
and ILW effluent produced from PWR nuclear plants in China.
To investigate the effect of  calcium hydroxide on the properties of  CSA cement with high concentration 
borate solution, the water/cement (w/c) ratio was set at 0.6, which could prevent the potential early age 
bleeding and the stop of  hydration resulted from the lack of  water[25]. Calcium hydroxide was added as 
the mole ratio of  borate, namely 0, 0.22, 0.44, 0.66, 0.88, 1.10, 1.32, 1.44 and 1.56. Paste specimens were 
cast in cylinder moulds of  50 mm in diameter and 50 mm in height. After demoulded at 1 day, the cylinder 
specimens were cured at temperature of  20 ℃ and relative humidity of  98%. 

To characterize the effects of  borate on the hydration of  main mineral phases of  CSA cement, the powder 
of  CSA clinker was mixed with 0.5 M borate solution at a w/c ratio of  25, where 500 g of  borate solution 
of  0.5 M were mixed with 20 g powder of  CSA clinker in a sealed container stirring by a magnetic stirrer. 
The hydration of  CSA clinker powder was stopped at 0, 1, 3, 6, 10, 18, 24 hours, and 3, 7 and 28 days, 
respectively, by immersing the clinker powder in ethanol and drying at room temperature (20±2 ℃). 
Similarly, the effects of  calcium hydroxide on the hydration of  CSA cement in the borate solution were 
characterized. CSA cement was mixed with calcium hydroxide under the ratio of  1:1 and hydrated in 0.5 M 
borate solution at w/c of  25. The hydration was stopped at 5, 15, 30 and 45 min, and 1, 2, 18, 24 and 72 
hours by immersing the paste in ethanol and drying at room temperature.

2.3 Analytical techniques

2.3.1 Calorimetry
The heat evolved during the hydration of  CSA cement in borate solution with and without calcium hydroxide 
was measured by Thermometric TAM Air under isothermal conditions at 20 ℃. 10 g of  CSA cement and 6 
g of  0.5 M borate solution with or without calcium hydroxide were mixed in a flask. After stirring for 1 min, 
the paste was sealed with cap in the container and transferred into the calorimeter for 72 hours. The heat 
evolved from specimens during the first hour was excluded due to the external mixing. The total evolved 
heat during hydration was calculated by integration of  heat flow rate excluding those from the first hour.

2.3.2 X-ray powder diffraction (XRD)
XRD was performed to characterize the phase assemblage in the specimens with w/c of  25 by a Bruker D8 
Advance diffractometer with Cu Kα radiation (1.5406Å), under conditions of  step size of  0.02° 2θ/step, 
measuring time of  0.24 s/step, start position 5° (2θ) and end position 60° (2θ). After stopping hydration at 
various ages, approximately 1 g of  paste was finely ground until passing 0.063 mm sieve. The fine powder 
was backfilled in the sample holder before being transferred for characterization. The XRD patterns 
obtained were analysed and the mineral phases were identified by PANalytical Highscore Plus with PDF 
2004 database.

2.3.3 Thermal analysis
Thermal analysis was conducted on the specimens by a Netzsch STA 499 simultaneous thermal analyser 
under N2 atmosphere with flow rate of  50 ml/min on approximately 15 mg of  fresh finely-ground specimen 
at a heating rate of  10 K/min up to 1000 °C. Differential thermogravity (DTG) results were calculated 
from thermogravity (TG).
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2.3.4 Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy was performed to identify the bonding in the mineral 
phases in the specimens with w/c of  25. Thermo Nicolet Nexus FTIR spectroscopy was employed under 
attenuated total reflectance (ATR) mode in the wavenumber range of  4000–400 cm-1 under 4 cm-1 resolution. 
Specimens were freshly finely ground to powder before transferred for analysis.

2.3.5 Scanning electron microscopy (SEM)
The development of  microstructure of  specimens was characterized by FEI Quanta 450FEG Environmental 
SEM under the conditions of  spot size 5, accelerating voltage 20 kV. The specimens were coated with Pt 
before transferred to the vacuum chamber of  SEM. Images were taken under secondary electron mode.

2.3.6 Electron probe micro-analysis (EPMA)
The morphology and elements distribution on the surface of  specimens were characterized by JEOL JXA-
8230 electron probe microanalyser equipped with Oxford Instruments INCA X-Act energy dispersive 
spectrometer (EDS). The specimens were coated with carbon before transferred for analysis.

3. Results and discussion

3.1 Hydration kinetics
The mineral phases of  CSA clinker and CSA cement used in this study were identified by XRD and shown 
in Figure 1. The main mineral phases in the clinker were ye’elimite and belite, with minor minerals, namely 
perovskite and calcite. Anhydrite was identified in the CSA cement together with those minerals identified 
in the CSA clinker.
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PC BP
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Y

Y

B
P YY
Y

Y
Y:Ye'elimite A:Anhydrite
C:Calcite     B:Belite
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CSA Clinker

 

2 Theta (deg.)

CSA Cement

Figure 1 XRD patterns of  CSA clinker and CSA cement.

The heat evolution rate and cumulative heat in the first 72 hours of  hydration of  CSA cement in deionized 
water and borate solution were characterized (Figure 2(a)). For CSA cement hydrating with deionized water, 
a dormant period of  approximately 1.2 h was noted before the initial peak, which indicated the reaction of  

 with . The second main hydration peak was at 3.2 h, due to the rapid dissolution of   after 
sulphates in solution were depleted. The total heat in the first 72 hours was approximately 149 J/g.

No peak was observed by up to 72 hours of  hydration for CSA cement hydrated with 0.5 M borate solution, 
indicating that the hydration of  CSA cement is greatly retarded. Borate solution retarded the hydration of  
both ordinary Portland cement and CSA cement. Borate anions reacted with calcium component in CSA 
cement by formation of  various borate compounds. The retardation mechanism and chemical composition 
of  borate compound will be discussed in the following sections.

Addition of  calcium hydroxide accelerated the hydration of  CSA cement with borate solution (Figure 2(b) 
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and (c)). The time of  maximum heat evolution rate decreased with the increase of  content of  calcium 
hydroxide, indicating that the hydration of  CSA cement was effectively accelerated by calcium hydroxide, 
possibly by formation of  different borate mineral comparing to that in CSA cement with borate solution.
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Figure 2 Heat evolution rate of  (a) CSA cement hydrated with deionized water and borate solution 
(break from 24 h to 60 h) and (b) CSA cement hydrated in borate solution with various content of  
Ca(OH)2 in 72 h, and (c) first 5 h in (b).

3.2 Phase assemblage
The phase assemblage of  CSA cement hydrated in borate solution for 28 d, together with anhydrous CSA 
cement is shown in Figure 3(a). According to these results, there was hardly any hydration products formed 
after 28 day of  hydration in borate solution, indicating strong retardation of  CSA cement hydration by borate. 
After 56 days of  hydration in borate solution (Figure 3(b)), crystalline ulexite (NaCaB5O8(OH)6·5H2O) was 
identified as the main hydration products. By addition of  the same amount of  calcium hydroxide as CSA 
cement, the hydration of  CSA cement in borate solution was accelerated and the hydration products were 
formed, namely hexahydroborite (Ca[B(OH)4]2·2H2O) and ettringite as seen in Figure 3(c). By hydration 
of  5 min, most of  CSA cement hydrated due to the high amount of  calcium hydroxide addition. The main 
peak of  ettringite shifted to the left (Figure 3(d)), indicating the increase of  space of  (001) plane due to the 
incorporation of  boron in the ettringite crystal structure in the form of  B(OH)4

-[9, 25]. These results agree 
well with those from calorimetry.
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Figure 3 XRD results of  CSA cement hydrated with borate solution at (a) 28 d and anhydrous CSA 
cement, (b) at 56 d, (c) CSA cement hydrated in borate solution with the same amount of  Ca(OH)2 
at various ages, and (d) first 5 h in (c).

Although there was no crystalline phase identified in CSA cement hydrated in borate solution for 28 days 
according to XRD results, amorphous borate phase was identified from TG/DTG results as weight loss at 
100 °C [25](Figure 4(a)), due to the dehydration of  borate related phases. After addition of  the same amount 
of  calcium hydroxide, the formation of  hexahydroborite, ettringite, AFm and calcite were confirmed from 
TG/DTG results after 3 days of  hydration, together with residue calcium hydroxide (Figure 4(b) and (c)). 
These results well agree with those from XRD, confirming the accelerated hydration of  CSA cement in 
borate solution after calcium hydroxide addition by formation of  hexahydroborite, ettringite and AFm 
phases.
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Figure 4 TG/DTG results of  (a) CSA cement hydrated with borate solution at 28 d, (b) CSA cement 
hydrated in borate solution with the same amount of  Ca(OH)2 at 3 d, and (c) 30-150 °C in (b).

3.3 Microstructure
After hydrated in borate solution for 3 days, a dense layer of  hydration products fully covered the 
surface of  CSA cement particles (Figure 5(a)), preventing further dissolution of  anhydrous phases 
and resulting in strong retardation of  CSA cement hydration. While for CSA cement hydrated in the 
deionized water for 3 days (Figure 5(b)), foil-like hydration products formed on the surface of  CSA 
cement particles with most part of  surface exposed, resulting in the continuous hydration of  CSA cement.

       

(a)        (b)

(c)
Figure 5 Microstructure of  (a) CSA cement hydrated with borate solution at 3 days, (b) CSA cement 
hydrated in deionized water at 3 days, and (c) CSA cement hydrated in borate solution with the same 
amount of  Ca(OH)2 at 1 day.
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 After addition of  calcium hydroxide in the CSA cement with borate solution (Figure 5(c)), foil-like hydration 
products were observed after 1 day of  hydration. Chemical composition of  hydration products of  CSA 
cement with addition of  calcium hydroxide in borate solution was characterized by energy-dispersive X-ray 
spectroscopy (EDX). The average Ca/Al ratio in five positions was 4.38 (Table 2), indicating the hydration 
products were hexahydroborate and ettringite, which intermixed with residue calcium hydroxide.

Table 2 Chemical composition of  points in Figure 5(c). (atom%)

1 2 3 4 5 Ca/Al

Ca 24.6 27.1 26.9 24.5 28.6

4.38O 69.6 64.7 64 64.3 66.2

Al 5.7 8.2 9.1 4.2 5.2

Figure 6 Element mapping of  CSA cement hydrated with borate solution for 3 days

Figure 7 Element mapping of  CSA cement hydrated in borate solution with addition of  the same 
amount of  Ca(OH)2 at 1 day.
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EPMA was performed on the CSA cement hydrated with borate solution for 3 days and CSA cement 
hydrated in borate solution with calcium hydroxide addition for 1 day, to characterized the chemical 
composition of  hydration products. For CSA cement hydrated in borate solution for 3 days (Figure 6), 
the distributions of  boron and sodium were similar, indicating the formation of  borate mineral, which 
was ulexite accroding to XRD results. For CSA cement hydrated in borate solution with sodium hydroxide 
addition (Figure 7), there was hardly any boron on the surface of  cement particles. The distribution of  
sulphur and aluminium were similar, indicating the formation of  ettringite.

4. Conclusions

The effects of  calcium hydroxide on the hydration of  CSA cement with high concentration of  borate 
solution were investigated by a range of  analytical techniques. The hydration kinetics, phase assemblage and 
microstructure of  CSA cement hydrated in borate solution with or without sodium hydroxide addition were 
characterized. According to the results obtained, the following conclusions can be drawn.

High concentration of  borate severely retarded the hydration of  CSA cement by formation of  a dense 
layer of  amorphous ulexite on the surface of  cement particles, preventing further dissolution of  anhydrous 
cement particles. The amorphous ulexite transformed into crystalline ulexite by 56 days of  hydration.

Addition of  sodium hydroxide accelerated the hydration of  CSA cement in borate solution by formation of  
hexahydroborite and incorporation of  borate in ettringite to prevent the formation of  ulexite layer on the 
surface of  cement particles. The main hydration products for CSA cement in borate solution with sodium 
hydroxide addition were ettringite, AFm and hexahydroborite.
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Abstract 

As the amount of  high-grade limestone decreases rapidly, limestone containing high amount of  MgO could 
be applied as the supplement in the production of  Portland cement clinker. This paper aims to study the 
effect of  MgO on the structure and chemical composition of  calcium silicate hydrates (C-S-H) gels during 
early stage hydration, which is the main product of  Portland cement hydration. Magnesium oxide (MgO), 
silica fume (SiO2) and calcium oxide (CaO) were used in the preparation of  MgO modified C-S-H with (Ca 
+ Mg)/Si ratio=0.8. A high water to solid ratio (around 10) and elevated temperature (60 C) were applied in 
order to ensure the sufficient water for reaction, promoting the ions diffusion and accelerating the reaction. 
The obtained solids were characterized by SEM, TEM-EDS, XRD, FT-IR and TG-DSC. The results show 
that the pure magnesium silicate hydrates (M-S-H) gels exhibit significantly different structure and chemical 
composition from C-S-H. The addition of  MgO could retard the reaction of  the entire MgO-CaO-SiO2 
system. The prepared MgO modified C-S-H gels have a poorly crystalline structure, which are similar to 
the synthesized pure C-S-H gels. The increasing initial amount of  MgO lead to the formation of  M-S-H 
gels and the possible formation of  a new phase magnesium calcium silicate hydrates (M-C-S-H), showing 
the homogenous distribution of  Mg, Si and Ca elements which was observed by TEM-EDS. The structure 
and chemical composition of  reaction products is highly depending on the input molar ratio of  Mg to Ca. 
However, the detailed reaction process still requires further investigations.

Keywords: magnesium silicate hydrates, calcium silicate hydrates, hydration, modification 

1. Introduction

Cement remains the most used building materials and it will continue for a quite long time[1]. As the annual 
cement production is continuously increasing and high-grade limestone is not sufficiently available around 
the world, more low-grade limestone containing high magnesium content would be applied into the cement 
industry[2]. Some researchers have shown great interests in the effect of  magnesium on calcium silicate 
hydrates[3–7]. Calcium silicate hydrate(C-S-H) gels are the primary hydration product and binding phase of  
Portland cement paste. It has a poor crystalline structure and variable composition controlled by initial Ca : 
Si ratio and the calcium ions content [8–10]. By mixing appropriate quantities of  magnesium oxide, calcium 
oxide and silica fume, two sperate phases C-S-H and M-S-H (magnesium silicate hydrates ) were observed 
by Bernard[4]. The structure of  C-S-H which is based on single silica chains is clearly different from the 
sheet like structure of  M-S-H. Although both phases are poorly crystalline, have loosely bound water 
and a variable chemical composition, M-S-H has higher silica polymerization degree than C-S-H[10–14]. 
In M-S-H, Q3 silicate tetrahedrons are present as the main silica network while C-S-H has mainly Q1, Q2 
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silicate tetrahedrons corresponding to the single chain-like structure. As Chiang[15] reported before, the 
primary units of  C-S-H gels are polydisperse multilayer disks while the M-S-H globules can be modelled 
as polydisperse spheres at nanoscale. As a result, the interaction between C-S-H and M-S-H is negligible.

With magnesium addition into CaO-SiO2-H2O system, the decomposition of  C-S-H is possibly happened 
and the calcium concentration in the solution is increased. Magnesium facilitates the formation of  brucite 
or reacts with dissolved silicon ions and leads to the formation of  M-S-H[16]. The formation of  M-S-H 
is a slow process at ambient temperature (20~25oC), which could continuous for a quite long time to 
consume the unreacted silica. At early age, only a small amount of  M-S-H would be formed. Magnesium 
and silica exist as brucite and amorphous silica respectively. Therefore, in the mixed MgO-CaO-SiO2-H2O 
system, the formation of  C-S-H and brucite is faster than that of  M-S-H at room temperature[4,16]. The 
limited concentration of  magnesium in the solution makes it difficult to be incorporated into the structure 
of  C-S-H or form a single phase magnesium calcium silicate hydrates (M-C-S-H)[3,7].However, under 
hydrothermal conditions, G. Qian[6] has confirmed the incorporation of  magnesium into tobermorite and 
xonotlite. Brucite disappears with the increasing time and temperature. The possible presence of  magnesium 
into C-S-H structure was also identified by L. Fernandez[17,18]. The magnesium might be incorporated 
into the octahedral sites in the interlayer space of  dreierketten or the gap of  Q2p silicon tetrahedron as 
tetrahedral magnesium, which depends largely on Ca/Si ratio. The addition of  magnesium can also increase 
crystallinity of  C-S-H and the polymerization of  silicate chains[19]. Elevating the reaction temperature in 
MgO-SiO2-H2O system has been claimed to have great influence of  temperature on hydration behavior[20]. 
The samples with the same initial Mg/Si cured at different temperature shows quite different results. More 
brucite was observed in the XRD pattern from the sample cured at ambient temperature than these samples 
cured at elevated temperature, which shows more formation of  M-S-H.  The effect of  magnesium on the 
chemical composition and structure of  C-S-H is still unclear, which depends on the reaction temperature, 
the magnesium source and water/solid ratio etc. At present research, the MgO-CaO-SiO2-H2O system 
was investigated via mixing calcium oxide, silica fume and magnesium oxide at 60℃ for 72h to obtain the 
products. The obtained solids were characterized by TEM/EDS, SEM, XRD, FT-IR and TG-DSC. The 
morphology, chemical composition and structure characteristics of  the synthesized phase M-C-S-H would 
be discussed and compared to that of  C-S-H and M-S-H gel.

2. Methodology

2.1 Materials
Pure C-S-H, M-S-H and MgO modified C-S-H gels were synthesized by mixing magnesium oxide (MgO), 
calcium hydroxide (CaO) and silica fume (SiO2) at 60 oC. Different Ca/Si molar ratios (0, 0.2, 0.4, 0.5, 0.6 
and 0.8) were used in the preparation of  M-C-S-H with a total (Mg+Ca)/Si = 0.8. The samples are labelled 
according to the prepared Mg/Si atomic ratio, i.e. 0.8M, 0.6M, 0.4M, 0.3M, 0.2M and 0M, respectively, as 
shown in Table 1. 

Table 1: Mix proportions.

Sample CaO SiO2 MgO Water
g g g g

0.8M 0.00 10.00 5.33 153.33 

0.6M 1.87 10.00 4.00 158.67 
0.4M 3.73 10.00 2.67 164.00 
0.3M 4.67 10.00 2.00 166.67 
0.2M 5.60 10.00 1.33 169.33 
0M 7.47 10.00 0.00 174.67 
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2.2 Methods
All samples were prepared in conical flasks sealed with plastic foils with a water/solid ratio of  10 in order 
to minimize CO2 contamination. A high water/solid ratio of  10 was used to ensure sufficient water for 
dissolution and reaction. The samples were matured in a water bath at 60oC for 3d and then filtered with 
0.45 μm Nylon filter. The residues were rinsed first with 50 mL of  1:1 water–ethanol solution and then 
flashed with 50 mL 94% ethanol solution. The obtained solids were freeze dried for 2d, and ground in an 
agate mortar before stored in desiccators using sodium hydroxide pellets as CO2 trap until analysis[4].

XRD measurement was carried out on a D8 Advance X-ray diffractometer using CuKα radiation. The 
samples were scanned between 5° and 60° 2θ with the scanning speed of  5°/min. TG-DSC experiment 
was performed with sample mass of  30 to 40mg using a STA449F3 TG-DSC with a heating rate of  20°C/
min from 50 to 980 °C. FT-IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer using the 
attenuated total reflection (ATR) method. The investigated frequency range was from 400 to 4000 cm-1 with 
a resolution of  1 cm-1. SEM investigations were carried out with a JSM-IT300 SEM and TEM investigations 
were done with a JEM-2100F microscope. 

3. Results and discussion

3.1 XRD
Figure 1 shows the XRD patterns of  samples M-S-H, C-S-H and MgO modified C-S-H samples,  
respectively. As can be seen, the pure M-S-H (Mg/Si =0.8) has a semi-crystalline structure indicated 
by the broad Bragg reflections at 20.1, 35.1 and 59.9° (2θ). The result is in good agreement with 
previous finding about the crystalline structure of  M-S-H[21–23]. Besides, the existence of  silica 
fume is clearly shown by the broad peak of  about 20° 2θ[12]. The reflection peaks of  pure C-S-H 
(Ca/Si = 0.8) at 16.3, 29.3, 32.0, 43.0, 49.7 and 55.1 °2θ is attributed to a poorly-ordered 14Å 
tobermorite (5CaO·6SiO2·9H2O, PDF 00-029-0331). The XRD patterns of  samples containing 
Mg and Ca show the Bragg reflections both shown in M-S-H and C-S-H, and the changes on 
Mg/Ca ratio makes no big difference. Besides, for the samples with higher initial Ca/Si ratio, the 
formation of  brucite is also found. Furthermore, it can be seen that the intensity of  M-S-H gel, 
magnesium hydroxide and unreacted silica fume gradually decreases with the decrease of  Mg/
Si ratio. For instance, the reflections of  sample 0.4M at 20.1, 35.1 and 59.9° 2θ almost disappear. 
However, the intensity of  C-S-H gel is gradually increased with the decrease of  Mg/Si ratio, 
especially for the reflection located at 29.3 °2θ.

 

Figure 1: XRD patterns of  the synthesized samples (S=silica fume, B=brucite, *=M-S-H, #=C-S-H).
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3.2 FTIR
Figure 2 shows FT-IR spectra of  six samples. The pure C-S-H (Ca/Si = 0.8) shows a OH 
stretching vibrations at 3442 cm-1 and H-OH bending vibrations of  molecular water at 1639 cm-

1. Furthermore, the spectrum contains an Si-O-Si bending band at 662 cm-1 and Si-O stretching 
vibration bands at 971 cm-1 (Q2 tetrahedra) and 876 cm-1 (Q1 tetrahedra)[24]. The pure M-S-H 
(Mg/Si = 0.8) shows Mg-OH stretching vibrations at 3692 cm-1 and other OH vibrations at 3439 
cm-1 together with H-OH bending vibrations of  non-structural water at 1637 cm-1. Besides, the 
sample also shows a Si-O-Si bending band at 899 cm-1 and Si-O stretching vibration bands at 
798 cm-1(unreacted silica fume), 1017 cm-1(Q3) [21]. The bands in the range of  1400–1500 cm-1 
correspond to the asymmetric stretching of  CO3

2-. It is difficult to prevent carbonation when the 
sample is exposed to air. 0.6M sample shows the similar spectra to that of  0.8M sample. It shows a 
Si-O-Si bending band at 899 cm-1 and Si-O stretching vibration bands at 798cm-1 (unreacted silica 
fume), 1017 cm-1(Q3), indicating that M-S-H gel remains the major reaction product at higher Mg-
Si ratios and the amount of  unreacted silica fume decreases. The presence of  magnesium (0.4M, 
0.3M, 0.2M) does not further influence the position of  the C-S-H band, but decreases its relative 
intensity. The disappearance of  the Si-O stretching vibration bands at 798cm-1 is in consistence 
with the XRD results that silica fume is completely consumed. It can be the concluded that the 
formation of  C-S-H is faster than that of  M-S-H, which is in line with previous findings that 
the formation of  M-S-H is extremely slow that equilibrium has not yet been reached even after 
1 year[4]. The constant position of  the bands in the presence of  varying fractions of  C-S-H and 
M-S-H is in consistence with the presence of  two different phases.

Figure 2: FT-IR spectra of  the synthetic M-C-S-H samples

3.3 TG-DSC
Figure 3 shows the TG/DTG data of  M-C-S-H sample. In general, the results can be classified 
into two stages [12]: the loss of  loosely bound interlayer water between 50 and 250 °C; weight 
loss between 250 °C and 800°C associated with the dehydroxylation of  magnesium hydroxide and 
silanol groups. The pure C-S-H (Ca/Si = 0.8) gel shows a main water loss between 50 and 250 °C, 
which can be attributed to the dehydration of  interlayer water. No weight loss is observed at 400oC 
in the pure C-S-H gel, indicating that calcium hydroxide is absent and all calcium is incorporated 
in C-S-H. The TG-DTG data is in line with the differential scanning calorimeter (DSC) results 
(shown in Figure 4), and the peaks at 850 ℃ indicates a distinct exothermic transition, which can 
be attributed to the decomposition of  wollastonite or enstatite [4,25]. The existence of  brucite in 
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that the formation of  M-S-H is much slower than that of  C-S-H, which is in line with the FT-IR 
data. The weight loss of  interlayer water in samples containing magnesium shows no difference, 
while that of  C-S-H is significantly larger. It indicates that more water molecules are incorporated 
into the structure of  C-S-H and the transformation from SiO2 to C-S-H is easier at high pH, 
consuming more water molecules to enhance the reaction.

Figure 3: Weight loss determined by thermogravimetric analysis and 1st derivative of  M-C-S-H 
samples

Figure 4: DSC curves of  M-C-S-H samples

3.4 Microscopic analysis (SEM/TEM)
Fig. 5 shows the morphology of  the pure C-S-H, M-S-H  and MgO modified C-S-H gel obtained by SEM. 
Figure 5a) evidences an irregular porosity between interconnected and densely packed spherical particles 
at the micron level in M-S-H[26]. However, the morphology of  pure C-S-H shows great difference from 
M-S-H. Figure 5c) exhibits foil-like objects arranging in a dense, laminar pattern. 0.4M Sample (shown in 
Figure 5b)) is similar in morphology to pure C-S-H. However, the foils are more distinct in a less extended 
network structure. The addition of  MgO changes the microstructure of  C-S-H and M-S-H more or less. 
Obviously, the formation of  C-S-H play a dominant role in MgO-CaO-SiO2 system. 
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Figure 5a) :  SEM image of  0.8M sample

Figure 5b) :  SEM image of  0.4M sample

Figure 5c) :  SEM image of  0M sample
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Figure 6: TEM characterizations of  the 0.4M–0.4-C-S-H sample and EDS mappings of  magnesium, 
calcium and sil icon

The TEM picture of  0.4M sample in Figure 6 illustrates that MgO modified C-S-H gel exhibits a layered 
texture characteristic. This area is homogeneous and the SiO2 grain is also shown, revealing that the 
formation of  M-C-S-H gel is a process of  dissolution, diffusion and precipitation, and the reaction starts 
on the surface of  SiO2 particles. The EDS data confirms the existence of  an evenly distributed phase 
where the calcium and magnesium elements are distributed homogeneously, indicating the presence of  
large amounts of  calcium in M-S-H or magnesium in C-S-H phase and the possible formation of  the new 
phase M-C-S-H. 

4. Conclusions

By mixing MgO, CaO with silica fume and water at 60℃ for 3d, pure C-S-H, M-S-H and MgO modified 
C-S-H gels were successfully prepared. The structure and properties were confirmed by FT-IR, XRD, TG-
DSC, SEM and TEM-EDS. Based on the results discussed above, the following conclusions can be drawn:

1.The hydration products in MgO-CaO-SiO2 system  are mainly brucite, M-S-H gel and C-S-H gel. The 
formation of  C-S-H is faster than that of  M-S-H under the same conditions, probably due to the higher 
dissolution of  portlandite than brucite, strongly limiting the concentration of  magnesium in the solution.

2. Increasing Ca/Si ratio in MgO-CaO-SiO2 system benefits the reaction among silica fume, 
magnesium oxide and calcium oxide, which contributes to a more extended network structure.

3. The microstructure of  M-S-H is different from that of  C-S-H. In MgO-CaO-SiO2 system, the hydration 
products show more similarities to C-S-H.

4. The possible formation of  a new phase M-C-S-H where magnesium, calcium and silicon elements 
distribute homogenously in a nanoscale was observed by TEM-EDS. However, the formation process of  
the new phases remains unclear, which requires further investigation.
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Abstract 

This paper address the impact of  steel fibre content on the fibre network structure of  ultra-high performance 
fibre reinforced concrete (UHPFRC). Firstly, the design of  the concrete mixtures is based on the aim to 
achieve a densely compacted cementitious matrix, employing the modified Andreasen & Andersen particle 
packing model. And, six fibre content, including 0, 0.5, 1, 1.5, 2, 2.5 and 3 vol.% are used in this study. 
Then, the effect of  fibre content on the properties of  UHPFRC is analysed, including the fresh properties 
and mechanics properties. Moreover, the X-ray CT is employed to evaluate the fibres distribution and 
directions in hardened UHPFRC. The obtained results show that with an increase of  steel fibre content, the 
fresh properties of  the UHPFRC and the fibre efficiency of  mechanics properties improvement decrease. 
The X-ray CT results imply that with an increase of  fibre content, the fibre connected probability will be 
increased and the 2 vol. % is a break point. 

Keywords: Ultra-high performance fibre reinforced concrete (UHPFRC), fibre content, hybrid fibre, fibre 
network structure

1. Introduction

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a new kind of  cement based composite 
material, which exhibits advanced mechanical properties, excellent durability, and high toughness. The main 
differences between UHPFRC and normal concrete (NC) or high-performance concrete (HPC) are high 
content of  cementitious materials, low water to binder ratio (W/B), and high content of  superplasticizer 
[1-11]. Moreover, to improve its ductility, toughness, flexural and shear strengths, steel fibres are normally 
used in the production of  UHPFRC, since the utilized fibres can bridge cracks and prevent the cracks 
extended in the concrete [12-16]. Many studies have reported the positive influence of  steel fibre on the 
UHPFRC, including the fibre content, fibre shape and fibre physical parameters (length, diameter etc.) 
[17-24]. However, in most cases, the fibres are added into the concrete directly and randomly, and the fibre 
network structure in the concrete are not clear, which is equal to a black box treatment. Based on available 
literatures [25-27], it can be concluded that the statement of  fibre are important factors for improving 
concrete properties and fibre efficiency in fibre reinforced concrete. For example, the anisotropic properties 
of  fibre reinforced concrete are caused by the orientation distribution of  fibres [25, 26] and Bensaid et al. 
investigated the flexural behavior of  steel fibre-reinforced concrete, it fund that the flexural behavior are 
significantly improved by the fibre orientation [27]. Hence, to effectively improve the fibre efficiency in 
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UHPFRC, the fibre network structure should be optimized.

In fact, the statement of  fibres have been studied in normal concrete system and some achievements have 
already been obtained [28-35]. For instance, the distribution and orientation of  steel fibres in the concrete 
can be adjusted by magnetic field, since the steel fibres are ferromagnetic. For instance, Torrents et al. [28] 
and Al-Mattarneh [29] investigated the effect of  magnetic field on steel fibres distribution and orientation. 
It was found that the used magnetic field is beneficial for optimizing the fibre orientation. Nevertheless, due 
to the fact that the used steel fibres in concrete can also be magnetized and attracted to each other in the 
magnetic field, the homogeneity of  the fibre distribution may be significantly disturbed, which cause that 
the mechanical properties of  the fibre reinforced concrete are also decreased. Hence, it is logical to find 
other methods to control the fibre orientations and distributions. 

As commonly known, the added steel fibres content in UHPFRC are much higher (2-6% by volume) than the 
normally steel reinforced concrete, which means there is a high chance for the fibres to connect/tough each 
other. When the amount of  interconnected fibre is relatively large, a potential steel fibres network structure 
can be generated. Therefore, if  one point of  this potential steel fibres network structure is attacked by the 
harmful irons (e.g. Cl-) in the marine environment, the whole UHPFRC structure can be seriously corroded 
and damaged. In this case, the steel fibres network structure can be treated as a steel re-bar or other 
metal conductors that buried in the concrete materials without safe protection layer. Generally, the fibre 
interconnection induce corrosion problem in common concrete has not attracted enough attentions, since 
the added steel fibre amount is relatively low (about 0.5% vol.) in normal steel fibre reinforced concrete 
(SFRC), and very limited data can be found in available literature. Therefore, it is necessary and important 
to study the impact of  fibre content on the fibre network of  the UHPFRC. 

Based on the entire premise listed above, the impact of  steel fibres content on the fibre network of  UHPFRC 
is investigated in this study. First of  all, to obtain a densely packed concrete skeleton, the modified Andersen 
& Andreasen model is employed. Then, the properties of  the UHPFRC with different fibre amount are 
evaluated, including flowability, mechanical. Lastly, X-ray computed tomography (X-ray CT) is utilized to 
detailed clarify the fibres network structure in hardened UHPFRC. 

2. Methodology

2.1 Materials
PC 52.5 cement, fly ash, silica fume, metakaolin are treated as cementitious materials in this study, and 
their chemical compositions are shown in Table 1. Two types of  fine aggregates (0–0.6mm and 0.6-1.25 
mm natural river sand) are utilized. A polycarboxylic ether based superplasticizer is employed to meet the 
flowability requirements for the designed UHPFRC. Additionally steel fibre (13 mm length and 0.2 mm 
diameter) is also included in the UHPFRC production

Table 1: Chemical composition of  the used powders in this study (wt. %)

Compositions Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

Cement 0.09 1.61 4.18 19.2 0.09 3.35 0.78 64.93 3.32 2.49
Silica fume 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

Fly ash 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.5 3.12 2.79

In this research, the mixtures of  the UHPFRC are presented in Table 2. It can be found that the fibres 
amount added in the UHPFRC are 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and 3.0%(vol.), respectively. In addition, 
the particle size of  materials and the derived comparison between the optimized and target grading curves 
of  the UHPFRC matrix are presented in Figure 1.
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Table 2: Recipe of  the designed UHPFRC with different steel fibres dosage

C
(kg/m3)

FA
(kg/m3)

SF
(kg/m3)

Sand-1
(kg/m3)

Sand-2
(kg/m3)

Water
(kg/m3)

Sp
(kg/m3)

SSF
(vol.%)

1 750 200 144 770 220 190 30 0.0
2 750 200 144 770 220 190 30 0.5
3 750 200 144 770 220 190 30 1.0
4 750 200 144 770 220 190 30 1.5
5 750 200 144 770 220 190 30 2.0
6 750 200 144 770 220 190 30 2.5
7 750 200 144 770 220 190 30 3.0

(C: Cement, FA: Fly Ash, SF: Sil ica Fume, Sand-1: sand 0-0.6 mm, Sand-2: sand 0.6-1.25 mm, Sp: 
superplasticizer, SSF: straight steel fibres)

Figure 1: Particle size distributions (PSDs) of  the involved ingredients, the target and optimized 
grading curves of  the UHPFRC mixtures

2.2 Methods
After mixing, the flowability of  the designed fresh UHPFRC is measured in accordance with the GB/T 
2419-2005. Firstly, the mixtures are filled in a conical cone with the form of  a frustum, respectively. Secondly, 
the molds are lifted vertically so as to allow a free flow for the paste without any jolting. Eventually, two 
diameters perpendicular to each other are measured, and their mean value is treated as the slump flow of  
the developed UHPFRC. The mechanical properties of  concrete are tested according to EN 196-1(2005). 
Flexural strength tests are carried out at 28 days. 

 

Figure 2: The rebuilt process of  the designed UHPFRC 3D structure

The distribution of  steel fibres is analyzed by the system of  Zeiss Xradia 510 versa X-ray CT in this 
experiment. The general principle of  this test can be summarized as follows: 1) The density of  the fiber 
and the UHPFRC matrix is different; 2) Therefore, when the X ray passes through the specimen, different 
grayscales could be observed; 3) The utilized steel fibres have the largest density in the designed UHPFRC, 
so its gray value expressed should be also the largest, which cause that the steel fibres displayed in the 
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CT images are relatively white [30]. The X-ray CT system is composed by the X-ray source, detector and 
sample table. The three-dimensional structure information inside the sample can be obtained by rotating 
the sample in the range of  360 degrees. In order to clearly understand the network structure of  steel fibres 
in UHPFRC, the sample size is 40mm×40mm×100mm and a total of  1601 sequential scan 2D-images are 
captured, which is 2048×2048 pixel2. Then, the 3D structure of  designed UHPFRC can be rebuilt with the 
soft of  object research system (ORS) visual SI (as shown in Figure 2).

3. Results and discussion

3.1 Fresh properties of  the designed UHPFRC

Figure 3: Flowability of  the designed UHPFRC with different steel fibre amount

Figure 3 shows the flowability of  the UHPFRC with different fibre amounts (0%~3%). It can be found 
that the flowability of  the UHPFRC decreases with an increase of  fibres amount. In general, the variation 
of  the tested UHPFRC with different fibres content can be divided into three periods: Firstly, the decline 
of  UHPFRC flowability is relatively slow (from 315mm to 260mm) with the increase of  fibres amount 
increases from 0.5% to 2.0%; Then, the decline of  UHPFRC flowability becomes quick (from 260mm 
to 220mm) when the added fibre is enhanced from 2.0% to 2.5%. Lastly, if  the added steel fibre amount 
is further increased from 2.5% to 3.0%, the flowability of  designed UHPFRC almost keeps stable (about 
220mm). 

These phenomena mentioned above may be caused by the formation of  fibres network structure in 
UHPFRC, which could significantly enhance the flowing resistance for the tested fresh UHPFRC. Similar 
as the results presented in [31], the negative influence of  fibres “skeleton” on the flowability of  UHPFRC 
has already been investigated. Additionally, the three periods for the UHPFRC flowing process with 
different content of  steel fibres can be explained by the relationship between the steel fibre numbers and 
the sample volume. For example, when the steel fibres content is relativity low (less than 2%), due to the 
activity space for steel fibres inside the UHPFRC is enough, very limited amount of  fibres join the network 
formation, which simultaneously causes that the decreasing rate of  the UHPFRC flowability is relatively 
small. However, when the added steel fibres content increases from 2.0% to 2.5%, the free activity space 
for the steel fibres is decreasing, and more fibres could connect to each other, which could significantly 
resistant the fibres movement and UHPFRC flowing. When the steel fibres content is further enhanced to 
about 3%, the fibres network structure could be further strengthened and improved, and the activity space 
for fibres is still very limited. Hence, the UHPFRC flowability still keeps at a relatively low level. In general, 
based on the fresh behavior of  the designed UHPFRC, it can be summarized that the 2% (vol.) is a critical 
fibres amount to design UHPFRC with great flowability, with which the interconnection between fibres 
may be effectively limited.
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3.2  Mechanical properties of  the designed UHPFRC

Figure 4: Compressive strength of  the designed UHPFRC with different steel fibre amount at 1d, 
7d, 28d

Figure 5: Flexural strengths of  the designed UHPFRC with different steel fibre amount at 28d

The compressive strength of  the developed UHPFRC are presented in Figure 4. It can be noticed that the 
compressive strength of  the UHPFRC can be gradually enhanced with an increase of  the fibres amount, 
which is similar as that presented in available literature [32]. Here, the compressive strength of  the designed 
UHPFRC with 2% steel fibres can reach to about 168MPa at 28d, which can be explained by the role of  
high active powders and optimized particle packing model (as shown in [33]). However, when the fibres 
amount increased from 2.0% to 3.0%, the compressive strength improvement for the designed UHPFRC 
is limited. Furthermore, the flexural strength of  the UHPFRC is presented in Figure 5. As it shown, the 
flexural strength of  the UHPFRC significantly increases with the fibres amount increased. But, when the 
fibres amount increases from 2.0% to 2.5% or 2.5% to 3.0%, the flexural strength increasing rate is reduced, 
which implies that more steel fibres are connected to each other and the fibres efficiency is decreasing. 
Hence, it can be predicted that 2.0% (vol.) is an appropriate steel fibres content in UHPFRC produced.

Generally, based on the mechanical properties of  the designed UHPFRC, it can be summarized that the 
2% (vol.) is a critical steel fibres amount to effectively improve the fibres efficiency in UHPFRC, since the 
interconnection between fibres may be effectively limited in this case.
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3.3 The 3D structure of  the designed UHPFRC

Figure 6: Results of  the connected and non-connected steel fibres in the developed UHPFRC

Figure 7: The probability for the steel fibres connecting to each other in the designed UHPFRC 
with different fibre amount

All the above shown experimental results imply the generation of  steel fibres network structure in the 
developed UHPFRC. To more directly clarify the existence of  the steel fibres network structure, the X-ray 
CT method is employed in this research. Figure 6 present the connected and non-connected steel fibres 
in the designed UHPFRC with 1.0%, 1.5%. 2.0% and 2.5% (vol.) steel fibres, respectively. Here, based on 
the obtained X-ray CT results, the total steel fibres amount can be measured by the software of  object 
research system (ORS) visual SI, which is quite similar as the experimental addition. This also proves that 
the obtained X-ray CT results and relative software are reliable. Moreover, it is important to notice that the 
connected steel fibres volume increases (from about 0.79% to 2.33%) with an enhancement of  the added 
steel fibres amount (from 1.0% to 2.5%, vol.). Nevertheless, different from the connected fibres amount 
variation trend, the non-connected steel fibres content is increased at first and then gradually decline. For 
example, when the added steel fibres content increases from 1.0% to 2.0% (vol.), the non-connected steel 
fibres volume also increases from about 0.23% to 0.42%. Meanwhile, when the added steel fibres content 
increases from 2.0% to 2.5% (vol.), the non-connected steel fibres volume decreases to only about 0.19%. 

In general, these phenomena mentioned above could be attributed to the relationship between the steel 
fibres number and the UHPFRC internal space. To be specific, when the steel fibres content is relatively 
low (less than 2.0% vol.), there is enough space for the fibres movement inside the UHPFRC sample. 
Therefore, the originally added steel fibres can be easily divided into two parts: connected steel fibres and 
non-connected steel fibres. When the added steel fibres amount is increased from 1.0% to 2.0% (vol.), the 
connected steel fibres volume and non-connected steel fibres volume could be simultaneously enhanced. 
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However, when the steel fibres content is relatively high (more than 2.5% vol.), the remaining space for 
fibres movement inside the UHPFRC specimen is quite limited, which could cause a corresponding decline 
of  the non-connected steel fibres volume. Similar as shown in Figure 7, the probability for the steel fibres 
connecting to each other will generally increase with an enhancement of  the added total steel fibres amount. 
During this process, a great improvement of  the probability can be observed when the steel fibres content 
is increased from 2.0% to 2.5% (vol.).

Based on the X-ray CT results, the interconnection of  the steel fibres in UHPFRC is carefully clarified. 
It is important to notice that 2% (vol.) steel fibres can be treated as a critical value in restricting the fibres 
interconnection, which could also be used to explain the phenomena observed in Sections 3.1-3.2 (fresh 
behaviour and mechanical properties of  the developed UHPFRC). 

4. Conclusions

This research addresses the impact of  steel fibre content on the fibre network structure of  ultra-high 
performance fibre reinforced concrete (UHPFRC). Based on the experiment results, the following 
conclusions can be obtained:

 1) As the fibres content increased, the flowability of  the fresh UHPFRC gradually decreases. This UHPFRC 
flowability decline can be explained by the steel fibres interconnection in the UHPFRC. Additionally, 
the 2% (vol.) is a critical steel fibres amount to produce UHPFRC with great flowability, with which the 
interconnection between fibres may be effectively limited.

2) The compressive and flexural strengths could be improved by an increasing of  added steel fibres content. 
Similar as the flowability test results, the 2% (vol.) is a critical steel fibres amount to effectively improve the 
fibres efficiency in UHPFRC, since the interconnection between fibres may be effectively limited in this 
case.

3) The X-ray CT method could be suitably used in investigating the fibres distribution in the hardened 
UHPFRC. It is important to found that, with an increase of  the total added fibres amount, the non-
connected steel fibres content is increased at first and then gradually decline. The 2% (vol.) steel fibres can 
be treated as a critical value in restricting the fibres interconnection.
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Abstract 

Ultra high performance concrete (UHPC) is characterised by its high compressive strength of  more than 
150 MPa and its high durability. Due to thermal treatment at 90°C a strength comparable to the 28-days-
strength can be achieved immediately after the treatment and in some cases can be even further increased 
up to 30 %. The explanations for the increase in strength are the accelerated hydration of  the clinker 
minerals and the intensified pozzolanic reaction contributing to a denser microstructure and hence, a high 
performance in compressive strength. 

Former research shows that thermal treatment can lead to inhomogeneities in form of  a visible zonation 
within the cross-section. The width of  the margin increases with shorter pre-storage time before the thermal 
treatment and with omitting protective measures against desiccation during the treatment. Specimens 
exhibiting a zonation typically show a lower compressive strength compared to the undisturbed reference 
whereas changes in chemistry, mineral content and microstructure were not reported in detail.

In this study the zonation of  thermally treated UHPC is investigated with respect to its chemistry, mineral 
composition and microstructure to allow predictions on durability and strength development. Measurements 
show a change in pore sizes, minerals phase composition and element distribution leading to the visible 
zonation and weaker bending tensile strength compared to the reference.

Keywords: UHPC, thermal treatment, zonation, desiccation, microstructure, durability

1. Introduction

In 1994 the term ultra high performance concrete (UHPC) was introduced by [1]. It characterizes concrete 
with an exceptional compressive strength which was accomplished by optimizing the packing density and 
viscosity using a low water/binder ratio and moderate thermal treatment. In the last decades the term 
UHPC is used for concrete with a characteristic compressive strength over 150 MPa and high durability. 
These characteristics derive from the low water/binder ratio of  < 0.3 and the high viscosity of  the fresh 
concrete and thus a self-compacting behaviour facilitated by a superplasticizer. By its well-tuned mixture 
based on assorted additives UHPC obtains its typical high packing density, low porosity and homogeneous 
microstructure.

In the production of  precast UHPC elements thermal treatment became a common practice to shorten 
fabrication times, as the 28-days-strength of  UHPC specimens is achieved after 24h of  thermal treatment up 
to 90 °C [2, 3]. The thermal treatment accelerates and intensifies the hydration process and the pozzolanic 
reaction so that shrinkage [4] is largely completed after the treatment. For the early and rapid precipitation 
of  hydration products during exposure to higher temperatures [5] the presence of  water is crucial. Thus, 
some guidelines like the German regulation [6] propose a protection from desiccation but do not clearly 
specify to which degree. To evaluate the impact of  the lacking definition three different measures against 
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desiccation of  UHPC during thermal treatment were investigated by [7]. In the study of  [7] a zonation was 
observed in foil covered and unprotected UHPC samples after 90 °C thermal treatment (as in Figure 1). 
After optical assessment of  the dimension of  the zonation from high resolution scans of  cross sections 
of  standard prisms (4x4x16 cm3) it could be detected that the dimension of  the zonation varied with the 
time span between demoulding and thermal treatment (pre-treatment time), the duration of  the thermal 
treatment time (thermal-treatment time) and the level of  protection against desiccation. Compressive 
strength is one of  the key parameters defining concrete. Thermal treatment of  UHPC in general was found 
not to be detrimental for the further strength development but on the contrary the compressive strength 
of  later age was even increased [8, 9]. Specimens, however, which were treated at 90 °C in the oven without 
any protection performed inferior to the water cured reference samples at all times [7, 10].

This study focuses on the analysis of  the microstructure of  the zonation and aims to provide an insight into 
the processes leading to the diminished strength performance. 

Figure 1: High resolution scan of  a UHPC standard prism treated 6 days at 90 °C under dry 
conditions comparable to [7]. The zonation shows an inner lighter part and an outer darker part. 
At the rim there is a slim darker zone visible. The image was modified for better visibil ity of  the 
zonation. 

2. Methodology

2.1 Materials
To investigate the formation of  the zonation during thermal treatment a well-established (M2Q) UHPC 
mixture design after [7, 11] was selected. The mixture is based on mainly SiO2 containing components and 
CEM I 52,5 R as shown in table 1. The addition of  fibres was omitted as the focus of  the study lies on 
microstructure and mineral phase analysis.

The mixing was conducted in an Eirich intensive mixer with a volume of  10 l within 11 minutes. The 
homogenisation and mixing of  the dry components were followed by the addition of  water and the first 
half  of  the PCE superplasticizer. The remaining superplasticizer was added 5 minutes after the water 
admixture resulting in a flow spread of  30 cm.

Standard prisms of  4 x 4 x 16 cm3 were cast, prestored under water for one day at 23 °C, thermally treated 
in an oven with full circulation at 90 °C for six days (no protection from desiccation) and afterwards kept 
under water at 23 °C till strength testing after 28 days. These conditions for the thermal treatment were 
chosen after [7] to establish a “worst-case scenario” and ensure a strongly developed zonation of  the cross 
section. The reference samples were immersed in water at 23 °C until testing after 28 days. 
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Table 1: Components of  the UHPC mixture.

Components Mass

kg/m3

CEM I 52,5 R 832
Microsilica 135

Quartz Powder 207
Quartz Sand 975

Superplasticizer(PCE) 25
Water 209

2.2 Methods

2.2.1 Strength testing
The prisms were tested after 28 days according to DIN EN 196-1 with a three-point bending-test set up 
in a universal testing machine. The bending test was followed by a compressive strength test according to 
DIN EN 196-1 with an area of  40 x 40 mm2 using the two split halves of  the prisms.

2.2.2 Pore Size Distribution
For the mercury intrusion porosity testing (MIP) the outer zone of  the samples was cut off  and parts of  
the rim and the inner zone were broken into 2-5 mm cubes so that the inner and outer parts of  the samples 
could be measured individually. Before measuring the samples were dried at 40 °C under vacuum to avoid 
further hydration. The pressure applied was 410 MPa and a contact angle of  140 ° reaching a resolution of  
3.6 nm as the finest pore diameter.

2.2.3 X-Ray diffraction (XRD)
The samples for the XRD measurements were prepared in the same way as for MIP so that the outer 
zonation and the inner part of  the prisms could be analysed separately. After drying the samples were 
ground in an agate mortar and scanned in the 2theta range 5-65 ° with a step size of  0.02 ° and a speed of  
0.5 °/min with a conventional XRD (CuKα radiation, 40 mA, 40 kV).  

2.2.4 Micro X-Ray Fluorescence (µXRF)
For µXRF measurements cross sections of  the prims were polished with water and dried at 40 °C under 
vacuum to stop hydration. The measurements were conducted with 40 kV, 300 µA and a spot size of  
150 µm.

2.2.5 Scanning Electron Microscope (SEM)
For the SEM analysis smaller cross sections of  20 x 20 mm2 were embedded in epoxy resin and polished to 
perform qualitative and semi quantitative analysis on back scattered electron images and energy dispersive 
X-ray analysis (EDX). The samples for the SEM analysis represent a quarter of  the overall cross section 
of  the prisms and were selected corresponding to the outer and inner part of  the sample. To recognize 
changes in microstructure punctual EDX mappings and backscattered electron (BSE) images were taken 
along a 10 mm linear line from the surface towards the core of  the sample.

3. Results and discussion

3.1 Strength testing
The compressive strength of  the prisms is shown in figure 2a and does not indicate a dependency on the 
thermal treatment after 28 days. As noted in [7] the compressive strength loss in standard prisms which are 
thermally treated without protection compared to thermally treated prisms immersed in water is marginal 
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compared to smaller sample sizes due to the basically intact core. Hence, the prims tested after 28 days 
for compressive strength exhibit similar strength independent of  the unprotected treatment. The bending 
strength however displays unambiguous lower strength values in thermally treated samples compared to the 
reference (Figure 2b). The reduction in bending tensile strength and compressive strength of  samples cured 
at room temperature exposed to air compared to samples cured in water is a well-known phenomenon and 
due to the shrinkage stress during dry curing [12]. The resulting crack formation is likely to be increased 
by thermal stress arising from a temperature gradient during thermal treatment [13]. As the zonation is 
dependent on the degree of  protection against desiccation during thermal treatment the loss in strength 
seems to be the logical consequence of  an excessive drying process. 

Figure 2: Test results of  the compressive strength (a) and bending tensile strength (b).

3.2 Pore Size Distribution
In figure 3 the porosities of  the inner and outer part of  the thermally treated samples are shown in 
comparison to the reference sample cured in the water bath. As shown in figure 3a the outer part has a 
median pore size diameter of  12,5 nm, the inner part of  29 nm while the median pore size diameter of  
the reference lies in the middle and measures 24 nm. Figure 3b shows the cumulative intrusion and thus 
represents the total porosity which is comparable for the reference sample and the inner part with an 
average value of  10.2 Vol.-%. For the outer part, however, a noticeably smaller porosity of  8.9 Vol.-% was 
measured. 

It is known [5] that cement matrix, exposed to elevated temperatures early during the hardening process, 
develops a more heterogeneous microstructure as the hydration products precipitate rapidly in a dense 
structure around the clinker minerals and lead to a coarser porosity. The coarser median pore diameter 
of  the inner part of  the thermally treated sample compared to the reference can therefore be explained 
with the thermal treatment. The fact that the outer part is mainly not characterized by a coarser but on 
the contrary by a finer porous structure is possibly due to the water storage after thermal treatment. In 
the water bath additional water is provided so that the remaining clinker phases can hydrate and thus 
reduce the pore size towards the surface. The weak bending tensile strength could be explained by possible 
microcracks occurring in the large pore size region due to the thermal stresses during thermal treatment. 
The lack of  evidence for an accumulation of  microcracks by the measurements is probably concealed by 
the self-healing taking place during the subsequent water storage to the thermal treatment and is matter of  
further research.
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Figure 3: Pore size distribution of  thermally treated and water cured (reference) UHPC at 28 days: 
(a) Log differential intrusions and (b) cumulative pore volume.

3.3 X-Ray diffraction 
The diffraction patterns pictured in figure 4 show in general the same peak positions for the reference as 
well as the inner and the outer part of  then thermally treated sample and therefore a similar composition 
of  the crystalline phases. As it is typical for UHPC with a low w/c ratio alite peaks are observed as well 
as aluminate peaks as the remaining clinker phases besides the sharp quartz peaks from the aggregates. 
Focusing on the clinker mineral peaks of  alite at 32.2 and 32.6 °2theta it seems that in the outer part of  the 
zonation peak intensities decrease compared to the reference and the inner part. In the detailed frame of  
figure 4 the AFm phase peak at 10.9 °2theta is displayed to emphasize the decrease in the outer part of  the 
zonation whereas the reference and the inner part show a distinct peak of  lower intensity at this position. 
The peak position matches data from [14] and seems to represent a partly carbonated AFm phase like 
Hemicarboaluminate.

Even though the changes seem marginal it indicates that the clinker consumption at the rim of  the thermally 
treated sample is slightly higher and hence, points to a continued hydration after thermal treatment via the 
renewed water influx during water storage. The change of  the crystallinity of  the AFm phase towards the 
rim is evidence for ongoing carbonatization even though it is not comprehensible from the calcite peak at 
29.5 °2theta as it is superimposed by alite and belite peaks.  

3.4 Micro X-Ray Fluorescence 
The mapping of  the µXRF in figure 5a shows an enriched potassium concentration in the outer zone and 
a depletion in the core. The sulphur content distribution is exactly diametrical to the potassium enrichment 
(Figure 5b). Thus, it is decreasing from the rim towards the outer zone followed by a sharp increase towards 
the core where it slightly declines in the thermally treated sample. The reference sample shows no distinct 
zonation in the potassium (Figure 5e) or sulphur distribution (Figure 5f) even though the distribution seems 
not entirely homogeneous. Especially in the case of  the potassium a depletion in the concentration around 
the air pores is visible.
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Figure 4: XRD patterns of  UHPC at 28 days: q-quartz, a-alite, b-belite, p- portlandite, al-aluminates 
AFm-AFm phases, cal-calcite

Other elemental mappings e.g. Ca or Si in figure 5 c and d, do not exhibit any measurable shifts in element 
concentration across the cross-section due to the high intensities of  either the chosen SiO2-rich aggregates 
or the typical mineral phases expected in a Portland cement.

The low potassium content at the rim of  the outer zone is probably caused by leaching during water storage 
subsequent to the thermal treatment. The depletion in the core, however could be assigned to the capillary 
transport of  the K-rich pore solution from the inner core driven by the gradient in capillary pressure during 
thermal treatment.

The varying potassium and sulphur contents can be related to plural transport mechanisms through the 
capillary pores and diffusion during thermal treatment and subsequent storage in water. For more detailed 
insights of  the element distribution the effects of  the thermal treatment should be investigated separately 
without water storage.

3.5 Scanning Electron Microscope 
The punctual EDX mappings of  the cement matrix confirm the trends seen in the µXRF analysis. 
Qualitative it can be recognized that less clinker phases are found in the inner part of  the thermal treated 
sample (Figure 6a) compared to the rim (Figure 6b) and the reference. For the thermally treated as well as 
the water cured sample clinker phases seem both diminished at the rim of  the cross section and suggest an 
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external water influx and subsequent further hydration during water storage. 

Portlandite crystals (Figure 7) appearing as stacks and agglomerates of  crystals are found in all parts of  the 
thermally treated sample and the reference sample. The composition is validated via EDX measurements 
where the Wt.% of  Ca is noticeable increased whereas the C value is smaller compared to the mappings of  
the cement matrix. 

Figure 5: The µXRF mappings of  the potassium (a), the sulphur (b), the calcium (c) and the sil icium 
(d) distribution of  the thermally treated sample in comparison to the potassium (e) and sulphur (f) 
concentrations of  the water immersed reference sample.

Figure 6: BSE images (4000x magnification) of  the thermally treated sample of  the core (a) and the 
outer zone (b).
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Figure 7: BSE image (8000x magnification) of  the portlandite stacks and agglomerates of  different 
crystal sizes in a water immersed reference sample. 

4. Conclusions

The microstructure of  the depth dependent zonation of  unprotected, thermally treated UHPC was 
investigated. The results exhibited a different microstructure in the core of  the thermally treated UHPC 
sample compared to the outer zone. 

The dehydration effects near the surface during the thermal treatment appears to be responsible for the 
measured weaker bending tensile strength in that zone. For the outer zone, additionally the appearance of  
partly carbonated AFm points to ingress and reaction of  CO2 during the unprotected exposition.

The microstructure of  the outer zone displayed consistently that the water storage following the treatment 
resulted in ongoing hydration effects, densifying the structure and consuming clinker minerals. Accordingly, 
the core of  the thermal treated sample showed a larger median pore diameter and more remaining clinker 
minerals compared to the water immersed reference sample.  

Additionally, the drying and wetting processes in the outer zone seem to provoke migration effects of  ions 
mobilised with the pore solution. Such effects, which could not be explained in detail so far, were indicated 
by µXRF mappings, indicating a depletion of  potassium in the core und an enrichment towards the rim 
and an opposing sulphur distribution. Further research is needed to explain the interrelationships between 
element distributions and the transport mechanisms.

Also, the other zonation effects mentioned above desire a deepening investigation of  dehydration and 
rehydration processes caused by treatment and storage parameters, because this knowledge is essential for 
durability performance of  thermally treated UHPC. 
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Abstract 

Amorphous calcium carbonate (ACC) is the least stable phase of  calcium carbonate, and will quickly transfer 
to more stable phases, e.g. aragonite, vaterite and calcite, the phases of  which are widely reported in sodium 
carbonate activated slag (SCAS). However, the existence of  ACC was not reported in SCAS yet, probably 
because of  its extreme instability at ambient condition. Mg2+ ion is known as an effective inorganic ion that 
increases the stability of  ACC. In order to study the effect of  ACC on the early age reaction of  SCAS, Mg2+ 
ion is added to the SCAS system to increase the stability of  ACC in order to evaluate the effect of  ACC 
on the early age reaction. The results show that the reaction rate, reaction intensity and reaction products 
depend on the dosage of  Mg2+, providing that Mg2+-stabilized ACC plays an important role on the early age 
reaction of  SCAS. Due to the presence of  Mg2+, the precipitation of  reaction product is clearly identified at 
different reaction stages as classified by the reaction kinetic results. The precipitation of  calcium carbonate 
starts when the solids mix with the sodium carbonate solution, and the first reaction peak in the heat release 
curve assigns to the precipitation of  gaylussite. The existence of  ACC is observed by SEM. Furthermore, 
the role of  ACC or Mg2+-stabilized ACC on the early age reaction of  sodium carbonate activated slag is 
discussed and a model is proposed.

Keywords: Sodium carbonate activated slag, amorphous calcium carbonate, Magnesium stabilization, 
early age reaction.

1. Introduction

Applying near neutral salts, e.g. sodium carbonate, as activator for alkali activated materials has received 
increased attention because of  its good properties, low price and environmental benefits [1–4]. However, 
slow reaction of  sodium carbonate activated slag (SCAS) are often reported, while current understandings 
about the long dormant period are still limited to the effect of  CO3

2- anion in controlling the Ca2+ ion at 
the early age reaction [5,6]. There 3 out of  4 polymorphous of  calcium carbonate are widely reported as 
the secondary products of  SCAS at the early stages, i.e. aragonite, vaterite and calcite. While the least stable 
phase of  calcium carbonate, ACC, is not reported yet. It is known that high pH value and Mg2+ ion can 
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stabilize ACC [7,8], which indicates that the other three phases of  CaCO3 are originally converted from 
ACC. Considering the pore solution environment, ACC can potentially plays an important role on the early 
age reaction of  SCAS.   

This study aims to investigate the effect of  Mg2+ ion on the early age reaction of  SCAS. MgCl2 is used as the 
Mg2+ ion source. The reaction kinetics and reaction products of  the samples containing different amounts 
of  Mg2+ ion are characterized with isothermal calorimeter, X-ray diffraction (XRD) and scanning electron 
microscope (SEM). Based on the results, the role of  Mg2+-stabilized ACC on the early age reaction of  SCAS 
is discussed. 

2. Materials and experiments

2.1 Materials 
Ground granulated blast furnace slag (GGBS) was used in this study (supplied by ENCI B.V, the Netherlands). 
The elemental composition and particle size distribution of  the slag were determined by X-ray fluorescence 
(XRF) using a PANalytical Epsilon3 analyzer and the results are shown in Table 1, respectively. Sodium 
carbonate (powder, analytical grade) was applied as the activator in this study with different concentrations. 
The designed Na2CO3 concentrations (Table 2) were firstly mixed/dissolved in water followed by cooling 
down to room temperature (20 ± 1 ℃) prior to further actions. MgCl2 (powder, analytical grade) was used 
as the source of  Mg2+ ion and mixed with the prepared Na2CO3 solutions about ≈20 s using a vibrator 
(ensuring the completed reaction of  Mg2+ and CO3

2-) before mixing with the slag powders. 

Table 1 Chemical composition of  GGBS.

Oxidations (%) SiO2 CaO Al2O3 MgO Fe2O3 SO3 K2O Cl L.O.I

Slag 30.24 40.68 12.67 9.05 0.64 3.53 0.38 0.05 -0.36

Table 2 Mix proportions of  specimens.

Items Na2CO3 dosage MgCl2 dosage
W/S

Unit [Na2O wt.%] [Na2O wt.%]*
Reference 4.00

0.4
Mg/Ca 1/9 4.44 0.44
Mg/Ca 2/8 5.00 1.00
Mg/Ca 3/7 5.71 1.71

*means that the MgCl2 dosage is calculated by the same mole of  Na2CO3 and shown as the dosage 
of  equivalent Na2O wt.% by mass of  slag. Due to the reaction of  MgCl2 + Na2CO3 = MgCO3 + 
2NaCl, the Na2CO3 dosage keeps the same to be 4.00 Na2O wt.% for all the mixtures.

2.2 Experiments
The reaction kinetic of  the samples with different amount of  Mg2+ ion content is investigated using an 
isothermal calorimeter, set at 20 oC (TAM AIR Calorimeter). The microscopic analysis is performed using 
a JSM-IT100 InTouchScope™ Scanning Electron Microscope (SEM).

3. Results and discussion

3.1 Reaction kinetics
Fig. 1 shows the heat release of  sodium carbonate activated slag with different dosage of  Mg2+ ion. It is 
clear that the reaction process can generally be classified into five stages, and the duration of  each stage is 
highly depending on the dosage of  the Mg2+ ion. The reference sample shows a similar reaction pattern to 
previous studies [5,9], but with a shortened dormant period. This is explained by the fineness of  the applied 
slag [10]. It is reported that the CO3

2- anions concentration in the pore solution controls the reaction of  
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sodium carbonate activated slag [5]. In this case, more Ca2+ ions are dissolved from finer slag particles and 
precipitated with CO3

2- anions, which consequently lead to a faster reaction. 
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Fig. 1 Heat evolutions of  sodium carbonate activated slag with different Mg2+ ion dosages. (TTRP 
is time to reach the reaction peak).

Table 3 Summarized results of  TTRP (time to reach reaction peak), peak height (intensities), and 
peak area (identified in Fig. 1)

Items Peak height TTRP Peak area
Reference 0.65 36.81 78.30
Mg/Ca 1/9 0.46 58.96 70.03
Mg/Ca 2/8 0.36 95.93 61.33
Mg/Ca 3/7 0.18 201.49 53.78*

*the value is relatively low because the main reaction (second reaction peak) is not finished yet.

After dosing a small amount of  Mg2+ ion, the first peak on the heat release curve is slightly delayed by about 
1 h (from 1 h to ≈ 2 h), as shown in Fig. 2. However, further increasing the Mg2+ ion dosage leads to a 
significant delay up to 12 h (mixture Mg/Ca 2/8) and 39 h (mixture Mg/Ca 3/7), respectively. The time to 
reach the second peak (i.e. the main reaction peak) is also significantly extended. Besides, the peak height of  
the samples decreases with the increase of  Mg2+ ion content. The total heat release during the main reaction 
is estimated, as shown in Table 3. It is seen that the intensity of  the second reaction peak decreases with the 
increasing content of  Mg2+ ion, the total heat release of  the mixtures is slightly reduced. It is obvious that 
the incorporated Mg2+ ion dominates the reaction kinetics of  SCAS. 

3.2 Role of  Mg2+ stabilized ACC
Fig. 2 presents the SEM picture of  the reference sample after 6 h of  reaction. As can be seen, two 
distinguishable products are clearly identified, i.e. calcite with hexagonal crystalline structure and many 
clusters of  irregular micro-particles. The sample is washed with distilled water and left dried on a silica 
plate. Considering the chemical reaction involved in the early reaction of  SCAS, the micro-particles can be 
assigned to ACC, which is known as the least stable polymorphous structure of  calcium carbonate. In most 
cases, ACC will quickly convert to more stable products, e.g. aragonite, vaterite and/or calcite. However, 
methods such as increasing the pH [11] or dosing stabilization agent [12] delay the process and improve the 
stability of  ACC.
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Fig. 2 SEM picture of  the mixture Mg/Ca 2/8 after 7 h of  curing (washed with water and then left 
dry).

It is clear that the incorporation of  Mg2+ ion stabilizes ACC, which is responsible for the delayed initial 
precipitation peak of  gaylussite. Why the main reaction peak, i.e. precipitation of  C-(A)-S-H gel is 
significantly prolonged, however, is not clear understood yet. In theory, when the pH of  the pore solution 
rises over 10.52, MgCO3 will turn to a less soluble product Mg(OH)2, and its ability in stabilizing ACC will 
not be prominent. In which case, the stabilization effect could be the synergetic effect of  Mg, pH and SiO3

2- 
that requires further study. 

Fig. 4 presents the carbonate consumption routine of  the samples after incorporating Mg2+ ion as an 
stabilization agent. If  the initial precipitated ACC is not stabilized, it will quickly react with Na2CO3 forming 
gaylussite, or convert to other more thermodynamic stable polymorphous of  CaCO3, e.g. aragonite, vaterite 
and/or calcite. In which case, the reaction in stage 1 and stage 3 happens simultaneously. However, when 
the initially precipitated ACC is stabilized by Mg2+ ion (stage 2), the formation of  gaylussite is delayed, as 
shown in Fig. 3. The duration of  this stage is highly depending on the dosage of  Mg2+, which can vary from 
a few hours to days. The mechanism behind this phenomenon still requires further investigations.

Fig. 3 Scheme of  role of  Mg2+ ion stabilized ACC on sodium carbonate activated slag.

4. Conclusions

The effect of  Mg2+-stabilized ACC on the reaction of  sodium carbonate activated slag (SCAS). The results 
demonstrate that Mg2+-stabilized ACC plays a significant role on the early age reaction of  SCAS. The first 
reaction peak of  SCAS is assigned to the precipitation of  gaylussite, while the second reaction peak is 
attributed to the precipitation of  C-A-S-H gel together with the generation of  hydrotalcite-like structures. 
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Abstract 

 High grade mineral powders are essential as high-quality supplementary cementitious materials and fillers 
for low carbon, high performance cement and concrete. In the FLAME project a new technology for 
size classification of  mineral powders is upscaled from lab to pilot prototype. The new size classification 
technique operates on dry powders in a closed circuit. The pilot prototype was tested on a number of  
mineral powders, amongst which coal combustion ashes, and generated ultrafine (d50 of  2-3 µm), very fine 
(d50 of  4-5 µm), medium (d50 of  15-20 µm), and coarse (d50 >20 µm) size fractions.

This contribution reports on the physico-chemical properties and the pozzolanic reactivity of  the size-
separated siliceous coal combustion ashes. The particle size distribution, specific surface area, density and 
chemical, mineralogical composition were measured for all size fractions. Quartz, iron oxide and unburnt 
carbon were found to be concentrated in the coarser fractions, amorphous phases and trace elements were 
more abundant in the finer fractions.

The R3 heat release test for measuring chemical reactivity as supplementary cementitious material showed 
a strong dependence of  reactivity on particle size. The finest fractions were found to be twice as reactive 
as the initial fly ash, the coarse fraction only half. The reactivity-particle size relationship was further 
investigated using a microstructure based kinetic model to calculate the intrinsic volumetric reaction rate 
of  the fly ash. The model simulations confirm the first order impact of  particle size on reactivity, however 
they indicate that also secondary effects such as density variations should be included to fully explain the 
reactivity measurements.

The impact of  the very fine and medium fly ash size fractions on cement hydration was investigated on 
cement blends using isothermal calorimetry and X-ray diffraction. The effect on compressive strength 
development was measured on mortar bars with 30% replacement of  Portland cement (CEM I 42.5 R) by 
fly ash. The results confirm the higher reactivity of  the very fine fly ash by showing higher heat release, 
more portlandite consumption and more rapid and greater strength development. 

Keywords: Coal combustion fly ash, Pozzolan, Reactivity, Hydration, Blended cement
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1. Introduction

To keep the global temperature rise well below 2°C above pre-industrial levels, global anthropogenic 
greenhouse gas emissions will need to be drastically reduced on the short term [1, 2]. Already by 2030, the 
EU commits to a reduction of  at least 40% of  the 1990 emissions to avoid the far-reaching impacts of  
climate change [3]. To accomplish such drastic cuts at the short term, all greenhouse gas emitting human 
activities will need to be concerned and undergo intensive changes. Energy-efficiency measures need to 
find widespread adoption in appliances, buildings and industrial processes, while shifts towards low-carbon 
technologies in energy generation and transport gain impetus. Simultaneously also the global warming 
impact of  the composing materials will need to be tackled by a transition to a more circular economy that 
makes more efficient use of  materials that require carbon or energy intensive production processes [4]. 

In response to rising global demands for housing and transport infrastructure, the production of  building 
materials such as concrete has increased strongly over the last decades, predominantly in rapidly developing 
countries such as China and India, reaching a global estimate of  30-40 Gt/y of  produced concrete in 2017 
[5]. In conventional concrete products the Portland cement binder is responsible for about 75-80% of  
the embodied CO2 [6]. Pure Portland cement consists of  95% clinker and minor additives, mostly calcium 
sulphates. The production of  Portland clinker from (impure) limestone and corrective raw meal additions 
emits about 0.9 tonne of  CO2 per tonne of  clinker [7]. Since modern clinker production processes are 
nearing the thermodynamic energy efficiency limit, the most appropriate approach to reducing the global 
warming impact of  concrete is by making efficient use of  Portland clinker [8]. This approach can be adopted 
by various actors along the value chain. Cement producers blend in supplementary cementitious materials 
(SCMs) to partially substitute clinker in composite cements. Also concrete producers add in SCMs at the 
concrete mixing stage to replace clinker. Concrete producers can minimise clinker levels in their concrete 
design, e.g. by optimising the concrete particle size grading or by using microfillers. Finally designers and 
end-users may opt for low-impact high-performance products containing high-grade microfillers or SCMs 
and as such reduce material volumes as well as clinker volumes [9].

As such, high grade mineral powders suitable for use in concrete are essential in achieving substantial 
CO2 emission savings in the clinker efficiency approach. In terms of  fine mineral additions for concrete 
a distinction is made between inert and reactive materials. Largely inert materials comprise quartz dust 
or finely ground limestone and contribute to the properties mainly through physical interactions, such 
as improving particle packing. Reactive powders contribute to the concrete properties by undergoing a 
chemical reaction with the hydrating Portland cement. A distinction among reactive materials is generally 
made between (latent) hydraulic and pozzolanic materials. Latent hydraulic materials do not require a source 
of  soluble Ca but will spontaneously hydrate when contacted with water and, if  need be, small amounts of  
(alkali) activator to initiate the hydration. Pozzolanic materials, on the other hand, require a soluble source 
of  Ca to form typical cement hydrates and trigger a continuous hydration reaction [10]. Blast furnace 
slag generated in the smelting of  iron ore to pig iron behaves typically as a latent hydraulic material, fly 
ash generated during combustion of  hard coal for electricity production typically behaves as a pozzolanic 
material. Given the scale of  production of  Portland clinker (3.2 Gt/y) it is obvious that large volumes of  
SCMs and fillers need to be available for substitution [5, 11]. In this respect, blast furnace slag supplies 
are practically exhausted by their use in cement in concrete and other materials are needed. Considerable 
research efforts are therefore directed towards extending supplies of  SCMs. Different approaches are 
followed. Next to exploring the behaviour of  materials for which little experience exists in terms of  use as 
SCM, ternary blends of  common SCMs, including limestone, and clinker have been thoroughly investigated 
to establish viable combinations and formulation boundaries [12-14]. This paper treats new SCMs that were 
obtained by post-processing of  candidate SCMs, in this case coal combustion fly ashes. Post-processing is 
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generally applied to improve material quality, i.e. it can transform off-spec materials into candidate SCMs 
that comply to standard specifications, or it can generate SCMs that have superior properties to regular 
products. In view of  enhancing clinker efficiency, processing of  mineral powders can enable more dense 
particle packing and can increase SCM reactivity to obtain a denser and more durable microstructure of  
low-clinker cements.

Coal combustion fly ashes are globally one of  the most used SCMs. Based on global coal consumption for 
electricity generation about 1 Gt/y of  fly ashes are generated, of  which an estimated third is used in cement 
and concrete applications [5, 11]. The rate of  use is highly variable by region, depending partly on logistics 
and local incentives to accommodate reuse, but is also determined to a large extent by the actual material 
properties and associated quality as SCM. Coal quality, precombustion treatment, combustion conditions 
and fly ash collection technology all impact ash properties [15, 16]. Most common ash deficiencies are the 
content of  unburnt carbon, excessive sulphate contents, free lime in calcareous fly ashes, and low reactivity 
for siliceous fly ashes. Low reactivity is generally related to large fractions of  inert materials such as quartz, 
mullite or coarse particles [17]. To recover usable materials from low reactivity fly ashes or to tailor fly ash 
fineness, screening, classification and/or comminution treatments can be applied. Earlier work has shown 
clear positive effects of  finer fly ash on reactivity with cement, and concrete properties such as strength 
development, pore structure and durability [18-20]. This paper describes how fly ash quality varies for a 
range of  classified size fractions obtained from a dry powder classification device under development. 
Material properties of  the classified fractions are characterised, including pozzolanic reactivity measured by 
the R3 calorimetry test, and the impact of  the fly ash on the hydration kinetics and hydrate assemblage of  
composite cements are reported. Finally microstructure-based kinetic modelling is applied to quantitatively 
assign the impact of  particle size on reactivity.

2. Methodology

2.1 Materials
The starting materials in this study were a siliceous fly ash and a pure Portland cement of  type CEM I 42.5 R. 
The siliceous fly ash was classified by a proprietary prototype device into 4 fractions of  different particle 
size distribution, henceforth they will be designated as ultrafine, very fine, medium, and coarse fraction. 
The prototype was developed and tested in the FLAME project, in the device fly ashes are separated based 
on size in a dry, closed system. For the pozzolanic reactivity test material replicates resulting from different 
classification runs on the same starting material were included. 

The impact of  fly ash fineness and processing on cement hydration was assessed for two different fractions, 
i.e. the very fine fraction and the medium fraction obtained through classification. A Portland cement 
replacement level of  30 wt.% was used. Thus, including the reference Portland cement, the hydration of  a 
total of  3 cements was studied.

2.2 Methods
The bulk chemistry, mineralogy and physical properties of  the starting materials as well as the classified fly 
ashes were measured. The chemical composition was measured by X-ray Fluorescence (XRF) spectroscopy 
on beads. Loss on Ignition (LOI) and Total Organic Carbon (TOC) were determined according to EN 
196-2 and EN 15936. To investigate the distribution of  trace elements acid digestates of  the different size 
fractions were analysed by Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES). The 
mineralogical composition was determined using Rietveld analysis of  X-ray powder diffraction (XRD) 
scans. The amorphous phase was quantified using the external standard method applied to the Rietveld 
fitting results. Rietveld analysis was based on the procedure and starting crystal structures given by [21].
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The particle size distribution of  the materials was measured by a Microtrac s3500 laser diffractometer on 
samples dispersed in isopropanol suspensions using ultrasonication. The specific surface area was measured 
using BET analysis of  N2 sorption data of  samples off-gassed at 40 °C overnight. The specific gravity of  
the samples was measured by He pycnometry. Scanning electron microscopy (FEI FEG NanoSEM) was 
applied on Pd-coated powder stubs for imaging of  the size, shape and surface texture of  the different size 
fractions.

The pozzolanic reactivity of  the fly ashes was evaluated using the R3 calorimetry test [22]. This test 
measures the heat release of  a model mixture of  the SCM, Ca(OH)2, H2O and small additions of  reagent 
grade CaCO3, K2SO4 and KOH. The model system simulates the reaction environment of  the SCM in a 
hydrating Portland cement, by eliminating the Portland cement component itself  the reaction of  the SCM 
can be measured directly. The test protocol is described in more detail in [23]. The isothermal calorimetry 
measurements were made using a TAM Air calorimeter calibrated at 40°C, heat flow data were recorded 
until 7 days after mixing.

The reaction kinetics for the different particle fractions of  fly ash from the R3 test is modelled using 
CemRS assuming particles to be spherical [24]. The model uses the uniform reactive thickness concept [25] 
which assumes that the depth of  dissolution is constant irrespective of  the size of  the particle. While most 
models uses a time dependent variation in the reactive thickness [26, 27], the CemRS model uses a constant 
reactive thickness. Such a model assumes that the reaction is controlled by isotropic dissolution of  the fly 
ash particles.  

The impact of  the classified fly ashes on the hydration and performance of  blended cements was carried 
on the paste and mortar level. The cement replacement level by fly ash was 30 wt.% on a solids base. 
For the pastes a water to binder of  0.4 was used for all mixes. The solids were premixed by hand, and all 
materials were equilibrated at room temperature before mixing. About 120 g of  cement paste was mixed at 
1600 rpm during 2 min using an overhead mixer. 15 g of  paste was immediately transferred to calorimeter 
flasks, closed, and introduced into the measurement channel for recording of  the heat flow. Isothermal 
calorimetry measurements were made at 20°C for 28 days. The remainder of  the paste was cast into HDPE 
containers, sealed air-tight using wax paper, and left to cure at 20 °C until the sampling time. After 1, 2, 7, 
14, 28 and 90 days disks of  the hardened paste were cut. The slices were slightly polished on sandpaper, 
flushed with water to remove polishing residue and superficially dried and subsequently measured by XRD 
as a “fresh” disk to study the hydration product assemblage.

Mortar bars of  the reference and composite cements were prepared according to EN 196-1, the strength 
development was measured accordingly at 2, 7 and 28 days.

3. Results and discussion

3.1 Characterisation of  the starting materials
The chemical and mineralogical composition of  the fly ash and cement starting materials are reported in 
Table 1. The fly ash has a chemical composition typical for a siliceous fly ash, the amorphous content is 
relatively high, which could be indicative for above average reactivity. The Portland cement composition 
is normal for a good quality CEM I, the alite (C3S M3) content is relatively high, C3A and C4AF are 
balanced. Limestone was to be added as minor constituent, but is below the 5% limit for CEM I. The 
physical properties of  each are summarized in Table 2. The initial fly ash has a relatively broad particle size 
distribution, with a significant fraction under 3 µm. This makes the fly ash an interesting candidate material 
for further classification treatment. The Portland cement had a d50 of  14 µm, this slightly coarse PSD is in 
line with the declared cement strength class of  42.5 R.
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3.2 Characterisation of  size-classified fly ashes
The classification device generated 4 different fractions of  fly ash. The particle size distribution curves 
of  these fractions and the initial fly ash are given in Figure 1. The classification mass balance, i.e. the 
mass fraction of  each classified fly ash, and the particle size grading and physical properties of  the fly ash 
fractions are summarized in Table 3. The ultrafine and very fine fractions are close in terms of  physical 
properties; also the medium and coarse fractions are similar. 

The ultrafine and very fine fractions represent the bulk of  the fraction smaller than 10 µm in the initial fly 
ash, the recovery yield being 76 % based on the initial fly ash particle size distribution. It should be noted 
that a compilation of  the different fly ash fractions results in a reconstituted particle size distribution 
which is considerably finer than the initial fly ash. This indicates that the classification treatment leads to 
particle refinement, either through particle deagglomeration or milling of  fly ash particles.
Table 1. Chemical and mineralogical composition of  the starting materials – sil iceous f ly ash and 
Portland cement

Raw fly ash Portland cement Raw fly ash Portland cement
Wt.% Wt.% Wt.% Wt.%

Al2O3 22.7 5.2 Quartz 8.1 0.9
SiO2 54.4 20.8 Mullite 6.7 -
CaO 3.0 62.1 Magnetite 2.3 -
MgO 1.6 2.0 Hematite 1.4 -
K2O 2.7 1.2 Calcite 0.7 4.8
Na2O 1.1 0.2 Anhydrite 0.6 0.4
Fe2O3 8.7 1.9 C3S M3 - 65.7
Mn2O3 0.1 - β C2S - 13.1
TiO2 0.9 0.2 C3A cubic - 4.2
P2O5 0.2 0.3 C4AF - 6.7
SO3 0.3 2.7 Periclase - 0.9
LOI 4.2 2.4 Gypsum - 1.8
TOC 3.9 - Bassanite - 0.7

Aphtitalite - 1.0
Amorphous 80.1 -

Table 2. Physical properties of  the starting materials of  this study – sil iceous f ly ash and Portland 
cement

Sample Specific surface area Specific gravity Particle size distribution

m2/g g/cm3 d10 (µm) d50 (µm) d90 (µm)

Raw fly ash 4.6 2.40 3.0 21 88

Portland cement 1.2 3.13 2.4 14 42

1 10 100
0

10

20

30

40

50

60

70

80

90

100

C
um

ul
at

iv
e 

fra
ct

io
n 

(v
ol

.%
)

Particle size (µm)

 Initial fly ash
 Coarse fraction
 Medium fraction
 Very Fine fraction
 Ultrafine fraction
 Reconstituted fly ash
 Portland cement

Figure 1. Particle size distribution of  the initial and classified f ly ashes measured by laser 
diffractometry.
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The main oxide chemical composition of  the classified fly ash fractions is given in Table 4. The trace 
element composition of  the respective fractions is reported in Table 5. A distinction between the ultrafine 
and very fine fractions on the one hand, and the medium and coarse fraction is apparent. The fine fractions 
are enriched in Al2O3, and to a lesser extent in alkalis and sulphate than the initial fly ash. In exchange 
the coarser fractions show higher SiO2, CaO and Fe2O3 than the feed material. A more pronounced 
repartitioning is noted for the trace element composition. The finer fractions show strong enrichment in 
As, Cd, Cr, Cu, Hg, Mo, Ni, Pb, V and Zn. Previous studies reported that these hazardous volatile elements 
(HVEs) metals are captured as condensates sorbed on or encapsulated in nanoparticles such as nano-
sulphates, iron nano-hydroxides and residual carbonaceous materials [28]. 

Table 3. Physical properties of  the classified f ly ash fractions 

Property Ultrafine fraction Very fine fraction Medium fraction Coarse fraction

Classification mass balance (wt.%) 2.6 25 61.2 11.2

d10 (µm) 1.6 2.2 6.8 6.9

d50 (µm) 3.0 5.0 22 27

d90 (µm) 9.3 12.5 73 90

Specific surface area (m2/g) 7.1 6.9 4.4 3.6

Specific gravity (g/cm3) 2.55 2.50 2.32 2.28

Table 4. Major element composition, expressed as oxides,  of  the classified f ly ash fractions

Oxide Ultrafine fraction Very fine fraction Medium fraction Coarse fraction
Wt.% Wt.% Wt.% Wt.%

Al2O3 26.0 25.5 21.6 21.9

SiO2 51.9 52.3 55.2 55.5

CaO 2.2 2.3 3.3 3.2

MgO 1.8 1.7 1.6 1.6

K2O 3.4 3.3 2.5 2.6
Na2O 1.4 1.4 1.0 1.0
Fe2O3 7.7 7.6 9.1 9.1
Mn2O3 0.09 0.08 0.11 0.10
TiO2 1.0 1.0 0.9 0.9
P2O5 0.3 0.3 0.2 0.2
SO3 0.5 0.5 0.2 0.2
LOI 4.3 4.5 4.1 4.7
TOC 3.2 3.7 3.9 4.7

The phase composition measured by XRD-Rietveld analysis of  the classified fly ashes is shown in Table 6. 
The repartitioning of  phases over the different fractions is in line with the observed contrasts in chemical 
composition and earlier characterisation studies on classified fly ash [29]. The enrichment of  SiO2 in the 
coarser fractions is largely explained by higher quartz and mullite levels. Also the concentration of  Fe2O3 in 
the coarser fractions is clarified by an enrichment in crystalline iron oxides such as magnetite and hematite. 
In the finer fractions, anhydrite is slightly enriched in line with the higher SO3 levels. Most important in 
terms of  reactivity, however, is the significantly higher amorphous content of  the finer fractions. A visual 
impression of  particle size and shape was obtained through SEM imaging. Representative SEM pictures 
of  the ultrafine and the medium size fractions are given in Figure 2. The ultrafine and very fine fractions 
consist predominantly of  spherical particles, with a large fraction of  spheres below 5 µm. The medium fly 
ash fraction is generally more coarse and contains more irregularly shaped particles, such as flaky or angular 
particles. Still, spherical particles smaller than 5 µm are clearly present in the medium fraction. Part of  these 
particles occur in agglomerates or are partially welded onto the surface of  large particles.
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Table 5. Trace element composition of  the classified f ly ash fractions

Element Ultrafine fraction Very fine fraction Medium fraction Coarse fraction
mg/kg mg/kg mg/kg mg/kg

As 133 107 35.2 32.9

Ba 1670 1570 1350 1350

Be 10.2 9.8 6.7 6.5

Cd 4.88 3.97 1.46 1.36

Co 45.7 42.7 33.2 32.6

Cr 234 188 112 115
Cu 137 123 72 72
Hg 0.93 0.91 0.25 0.3
Mo 47.1 41.4 18.8 18.4
Ni 173 146 93.8 92.1
Pb 151 135 53 50
Sr 495 501 484 477
V 342 309 216 220
Zn 527 434 153 152
Zr 118 121 126 126

Table 6. Phase composition of  the classified f ly ash fractions

Phase Ultrafine fraction Very fine fraction Medium fraction Coarse fraction

Wt.% Wt.% Wt.% Wt.%

Quartz 3.1 3.6 9.8 9.7

Mullite 5.4 5.7 7 7.5

Hematite 0.6 0.8 1.7 1.6

Magnetite 0.6 0.8 2.8 2.8

Anhydrite 0.8 0.8 0.5 0.7

Calcite 0.8 0.7 0.7 0.9

Amorphous 88.7 87.5 77.5 76.8

a) b)
Figure 2. SEM pictures of  a) ultrafine f ly ash and b) medium size f ly ash obtained through 
classification. 
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3.3 Reactivity of  size-classified fly ashes
The R3 SCM reactivity test is used to measure the chemical (pozzolanic and hydraulic) reactivity of  the fly 
ash fractions obtained by classification. For the ultrafine and very fine fractions, samples from different 
classification runs performed under different operating conditions were included to increase the number of  
different results. The particle size distribution of  the tested materials is shown in Figure 3. The heat release 
by the hydration reaction of  the fly ash fraction in combination with water, calcium hydroxide, calcium 
carbonate and small amounts of  KOH and K2SO4 was measured by isothermal calorimetry at 40 °C. The 
cumulated heat results until 7 days of  reaction are given in Figure 4. 
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Figure 3. Particle size distribution of  all f ly ash fractions tested by the R3 reactivity test. The 
number in brackets indicates that the material was obtained by replicate classification runs.

Figure 4. Fly ash reactivity as measured by the R3 calorimetry test. The cumulative heat released by 
the reaction of  the f ly ashes over time is a proxy for reactivity. The number in brackets indicates 
that the material was obtained by a replicate classification run.

The heat release at isothermal conditions can be related directly to the enthalpy difference between products 
and starting materials. Previous research has shown that the heat release is directly related to the water 
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bound [23], which is supported by the enthalpy calculations for common cement hydration reactions [30]. 
More than assessing pozzolanic reactivity, the test results relate to hydration reactivity of  the SCM directly 
and thus avoid issues in determining portlandite consumption rates.

In case of  the classified fly ashes, the test results clearly show that the reactivity increases with decreasing 
particle size. The initial fly ash and the medium fraction show similar heat release and are moderately 
reactive. The coarser fraction clearly shows reduced reactivity. The very fine and ultrafine fractions clearly 
show enhanced reactivity in order of  decreasing particle size distribution. 

To verify whether differences in particle size of  the different fraction can explain the noted differences 
in reactivity microstructure based kinetic modelling was carried out using the particle size distributions 
from Figure 3. Figure 5 compares the cumulative heat release measured from the isothermal calorimeter 
and numerical simulations. Based on thermodynamic calculations the simulations assumed the enthalpy of  
reaction to be 600 J/g. The rate of  dissolution was fitted to the experimental data. For both the ultrafine 
and very fine fractions good fits were obtained using 0.003 µm/h. For the medium and coarse fraction 0.006 
µm/h was obtained. For the initial fly ash 0.008 µm/h was used. There can be different ways to explain the 
higher dissolution rates for the coarser fractions. On the one hand, a larger fraction of  hollow particles in 
the coarser fractions (which were found to have significantly lower specific gravity) could positively affect 
the reaction rate by exposing additional reactive surface once the outer shell is partially consumed. On 
the other hand experimental effects such as agglomeration of  fly ash particles could reduce the reaction 
rates for the finer fractions. It should also be noted that the simplified approach for modelling presumed 
isotropic dissolution which was constant over time which may conflict with experimental evidence. The 
reasons for the discrepancy in dissolution rates will be further investigated in the future. 

Figure 5 Comparison of  experimental heat release from the R3 test (solid line) and simulations 
(dashed line) .

3.4 Impact of  fly ash fineness on cement hydration
The replacement of  Portland cement by SCMs affects the hydration kinetics and hydration product 
assemblage. In return, also the strength of  the cement changes. In this study the impact of  fly ash fineness 
on cement hydration kinetics was evaluated through measurement of  the hydration heat flow by isothermal 
calorimetry. During hydration the cements were kept at 20°C inside the calorimeter. The heat flow over 
the first seven days of  hydration is shown in Figure 5. A comparison is made between the pure Portland 
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cement, and the composite cements in which 30 wt.% of  the Portland cement is substituted by siliceous fly 
ash of  different fineness, i.e. the very fine and the medium fractions obtained through classification. The 
calorimetry measurements did not show noticeable changes in the acceleration period of  the main hydration 
peak. The duration of  the main hydration peak is lengthened in the composite cements, in particular in case 
of  Portland cement replacement by very fine fly ash. Even more clear is the delay and extension of  the heat 
release peak (shoulder) in the deceleration period, usually explained as an increase in hydration of  calcium 
aluminates upon depletion of  solid sulphates. Possibly the presence of  some anhydrite in the fly ashes may 
lead to the delay and extension of  the peak. 
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Figure 6. Heat f low measured by isothermal (20°C) calorimetry for the reference Portland cement 
paste (PC100), and composite cements in which 30% of  Portland cement is replaced by the very 
fine (PC70_VF30) and the medium (PC70_MF30) particle size fractions of  the classified f ly ash. 
The heat f low data are normalised per gram of  Portland cement.
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Figure 7. Cumulative heat measured by isothermal calorimetry for the reference Portland cement 
paste (PC100), and composite cements in which 30% of  Portland cement is replaced by the very 
fine (PC70_VF30) and the medium (PC70_MF30) particle size fractions of  the classified f ly ash. 
The data are normalised per gram of  Portland cement.

The shoulder peak in the composite cements between 2 to 5 days of  hydration leads to a strong increase 
in cumulative heat signals of  the composite cements compared to the reference cement in Figure 6. This 
overall increase in cumulative heat (normalised to Portland cement content) in composite cements is related 
to on the one hand additional reaction of  the Portland cement also referred to as the filler effect, and on the 
other hand the reaction of  the fly ash. The composite cement with the very fine fly ash shows, at the same 
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30 wt.% level, higher heat than the medium sized fly ash cement. 
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Figure 8. XRD scans of  the hydrated composite cement with very fine f ly ash (PC70_VF30). The 
development of  the cement hydrate assemblage is shown for selected hydration ages. The main XRD 
peaks are labelled; Ett stands for ettringite, Hc for hemicarboaluminate, Mc for Monocarboaluminate; 
F for ferrite, CH for portlandite, Q for quartz, C3S for alite and CSH for C-S-H.
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Figure 9. XRD scans of  the studied cements at 90 days of  hydration. The main XRD peaks are 
labelled; Ett stands for ettringite, Hc for hemicarboaluminate, Mc for Monocarboaluminate; F for 
ferrite, CH for portlandite, Q for quartz, C3S for alite, C2S for belite , Cc for calcite and CSH for 
C-S-H.

This implies that part of  the additional heat is generated by the reaction of  the fly ash, even at early ages of  
1 to 2 days of  hydration. Thus, it is apparent that the 2-5 days heat flow signal is not only related to renewed 
hydration of  aluminate (C3A), but also to the reaction of  fly ash. In an extended study the reaction degree 
of  the clinker phases and the fly ash will be quantified by Rietveld-PONKCS analysis of  XRD data.

The formation of  the cement hydration product assemblage was studied by qualitative XRD. XRD 
measurements on freshly cut disks were made up to 90 days of  hydration. A representative time series is 
shown in Figure 7 for the composite cement containing very fine fly ash. At 1 day of  hydration, ettringite 
is the main calcium aluminate hydrate product. C-S-H is present as well, but difficult to observe as broad 
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peak overlapping with the alite peaks. During further hydration the typical AFm phases appear. From 2 
days onwards hemicarboaluminate can be discerned. Around 14 days, and more conspicuously at 28 days, 
moncarboaluminate appears. The formation of  AFm-carbonate instead of  monosulfoaluminate phases is 
caused by the presence of  calcite in the Portland cement. A comparison of  the XRD scans of  the hydrated 
cements at 90 days of  hydration in Figure 8 learns that the addition of  fly ash did not result in important 
changes in types of  products formed. However the fly ash composite cements do show higher peaks for 
the calcium aluminate hydration products and clearly reduced portlandite peaks, both are indicative for the 
pozzolanic reaction of  the fly ash. The reduction in portlandite peak heights was greater for the very fine 
fly ash, in line with the higher reactivity measured by the R3 test.

The reactivity study was complemented with compressive strength data for mortar bars containing the 
reference and composite cements. The data compiled in Figure 9 show that the compressive strength 
development in the composite cements is slower than for the reference. The very fine fly ash composite 
cement catches up with the Portland cement by 28 days, the medium fly ash cement stays significantly below 
the Portland cement at all tested ages. The increased strength gain for the very fine fly ash can be largely 
related to the additional pozzolanic reaction, although an improved particle packing can also be expected 
to contribute to the higher strength.
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Figure 10. Mortar bar (EN 196-1) compressive strength results up to 28 days of  hydration for the 
studied cements.

4. Conclusions

This paper described the physical properties and the chemical and mineralogical composition of  fly ash 
fractions classified by an innovative, dry, closed-circuit classification device. The classification treatment 
produced four main fractions: i.e. an ultrafine fraction, a very fine fraction, a medium fraction and a coarse 
fraction. The ultrafine and very fine fractions had a d50 of  3 and 5 µm, the medium and coarse fraction 
22 and 27 µm, respectively. As expected, the BET specific surface area was higher for the finer fractions; 
in contrast their specific gravity was higher, indicating less internal porosity or hollow cores. In terms of  
chemical composition the finer fractions were enriched in Al2O3 and depleted in SiO2 and Fe2O3, mainly 
reflecting concentration of  quartz and iron oxide particles in the coarser fractions. In exchange the finer 
fractions contained higher amounts of  amorphous material. The TOC increased with median particle size. 
Hazardous volatile elements on the other hand were considerably enriched in the finer fractions reflecting 
condensation on smaller particles. 

The pozzolanic reactivity of  the fly ash fractions measured using the R3 heat release test showed a 
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predominant effect of  particle size. The finer the fraction, the higher the reactivity. The ultrafine fraction 
was about two times more reactive than the initial, non-classified fly ash. The coarse fraction was only half  as 
reactive. Kinetic modelling indicated that secondary factors such as particle geometry need to be taken into 
account to fully explain the differences in reactivity. Hydration studies of  cement and mortar containing the 
classified fly ashes confirmed the beneficial effect of  fly ash fineness on reactivity by showing a.o. increased 
Ca(OH)2 consumption and strength development for finer fly ash.
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Abstract 

Valorisation of  the dredging sediments has gained a lot of  attention over the recent years. An application 
route that has attracted considerable interest is the use of  calcined dredged sediments as Supplementary 
Cementitious Material (SCM) in composite cements to replace clinker. 

The present study investigates the valorisation potential of  sediments dredged from three different inland 
waterway locations in the Belgian – French cross-border region as part of  the Interreg V France-Wallonie-
Vlaanderen VALSE project. The objective is to evaluate the optimum calcination temperature of  the 
sediments at which the calcined sediments would be most reactive as SCMs. The sediment filter cake (raw) 
from each location was calcined at 500 °C, 600 °C, 700 °C and 800 °C. Physical and chemical characteristics 
were evaluated as a function of  the calcination temperature.

The results show that the optimum calcination temperature was at 800oC for Brussels-Charleroi (BC) and 
Lens (L), and 700oC for Gent-Terneuzen (GT). The optimum calcination resulted in degradation of  organic 
matter, which along with densification of  particles and sintering, decreased the specific surface area and 
increased the particle size; furthermore the optimum calcination resulted in activation of  clay minerals, 
and dissolution of  CaCO3. The R3 test method confirmed the optimum calcination temperature for each 
sediment to have the highest pozzolanic reactivity in the model system. Furthermore it was seen from the 
R3 test that all calcined sediments had comparable or even better reactivity as  regular siliceous fly ashes.

Keywords: Dredged sediments, Supplementary cementitious materials, Calcination, Pozzolanic activity

1. Introduction

The buildup of  sediments in ports, channels, reservoirs and dams can significantly alter their foreseen 
designed functionalities. In Europe the disposal of  the dredged sediment by landfilling has become already 
an inferior option due to unwanted ecological effects, cost of  landfilling, and scarcity of  suitable landfilling 
sites. That is why valorization of  the dredging sediments are of  paramount importance and have gained a 
lot of  attention. 

Valorization routes for dredged sediments that have been considered include use in large-scale civil 
engineering works such as hydraulic or road works, use as raw material in the production of  fired bricks or 
light-weight aggregates or use as raw material in the production of  Portland clinker [1]. An application route 
that has received considerable recent attention is the use of  calcined dredged sediments as Supplementary 
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Cementitious Material (SCM) in composite cements to replace clinker [2-4]. As such it could contribute to 
reducing the CO2 impact of  cement production. In addition careful selection and preparation of  SCMs and 
their replacement levels can improve the rheological, mechanical and durability of  concrete [5-7].

However due to the heterogeneity of  the dredged sediments and different sources of  contaminants such 
as heavy metals, and organics, most studies carried out are site specific. In order to be able to have a 
holistic approach toward their utilizations as an SCM, a broader investigation needs to be undertaken on a 
regional level. Characterizing the dredged sediments of  several specific sites within a region provides the 
necessary information to gain better understanding of  important parameters influencing their reactivity as 
SCMs.  In this context the present study investigates the valorisation potential of  sediments dredged from 
inland waterways in the Belgian – French cross-border region as part of  the Interreg V France-Wallonie-
Vlaanderen VALSE project. This region has experienced strong (historic) industrial activity resulting in 
increased concentrations of  heavy metals and organic contamination in some areas. Dredged sediments 
with different composition and varying heavy metal and organic material contamination from three different 
locations were considered: Brussels-Charleroi (BC) channel, Gent-Terneuzen (GT) channel and Lens (SO) 
channel sediment. 

The outcome will be to use the results obtained in the regional scale to assist in framing guidelines on 
influential parameters that can affect the pozzolanic activity of  the calcined sediments as a SCM and also 
how to deal with contaminations. 

2. Materials & Methods

Dredged sediments from three different locations were considered: Brussels-Charleroi (BC) channel, Gent-
Terneuzen (GT) channel and Lens (SO) channel sediment. Herein for each sediment before calcination the 
sand fraction (>63 µm) was removed and the remaining fine fraction was dewatered using a pilot filter press. 
The obtained sediment filter cake (here defined as raw) was calcined for 1 hour in a box furnace under static 
conditions at the following temperatures 500 °C, 600 °C, 700 °C and 800 °C, in air. The following material 
designation is used herein: 

1. For raw filter cakes: “Location-Raw”. For instance BC-Raw means the raw filter cake from Brussels-
Charleroi (BC) channel.

2. Associated calcinated temperatures: “Location-Temperature.” For instance BC-500 °C means the BC 
raw filter cake calcined at 500 °C. 

The chemical composition of  the raw sediments were obtained using VARIAN Vista MPX Radial inductively 
coupled plasma (ICP). A sediment sample was attacked with regia water under reflux for 4 hours. After 
filtration, the residue undergoes alkaline fusion (in a crucible, under a Bunsen nozzle and in the presence 
of  fluxes [NaOH and Na2O2]). The result of  the alkaline fusion and the filtrate of  the regal water attack are 
then analysed by inductively coupled plasma - optical emission spectrometry (ICP-OES).

Physical and chemical characteristics were evaluated as a function of  the calcination temperature by means 
of  BET N2 sorption, laser diffraction particle size analysis, helium pycnometry, thermogravimetric analysis 
(TG), X-ray powder diffraction (XRD), Total Inorganic Carbon (TIC) and Total Organic Carbon (TOC) 
analysis, and bomb calorimetry to measure the sample calorific value. 

The specific surface areas were measured using a Quantachrome Nova 3000 instrument with Brunauer–
Emmett–Teller (BET) N2 sorption method; the materials were pre-treated by degassing at 40 °C under N2 
atmosphere for 16 h. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

244

IC
SBM

 2019
ID

 089

Particle size distributions (PSD) were evaluated using a Microtrac S3500 laser diffraction setup. The 
powders were first pre-treated by dispersing them in distilled water and ammonium polyacrylate, followed 
by external ultrasonication at 270 W for 2 min.

The density of  the powders was evaluated using a Micromeritics Accupyc II 1340 Helium pycnometer. 
Approximately 1.5 to 2 g of  powders are used to carry out the analysis. 

Thermogravimetric analysis (TGA) on the powders was carried out using a Netzsch STA449 F3 Jupiter. 
Approximately 50 mg of  powders was analysed from 30 °C to 1050 °C with a heating rate of  10 °C/min 
under N2 flow of  50 mL/min.     

Changes in the crystalline phases were identified using X-ray powder diffraction (XRD). The XRD patterns 
were acquired on a X’Pert PRO diffractometer from PanAnalytical with CoKα tube operating at 40 kV and 
45 mA. Diffraction scans were recorded from 3 to 120 °2θ, with accumulated dwell time of  59.6 s, and step 
size of  0.013 °2θ.

The R3 test method was used to evaluate pozzolanic reactivity of  the raw and calcined sediments. In this 
method the SCM under investigation was mixed with excess portlandite, and water; calcite, potassium 
sulphate and potassium hydroxide were also added. The paste simulates the environment in which the SCM 
reacts in hydrating cement without the complexity of  simultaneous reactions of  clinker phases. The reaction 
of  the SCM in this model environment was measured by isothermal calorimetry at 40 °C for 7 days. The 
heat flow of  the model paste was used to obtain the cumulative heat release up to 7 days. Complementary 
X-ray diffraction (XRD) and TG data were used to identify reaction products and portlandite consumption. 
More information about this method can be found in [8, 9].

3. Results and discussion

3.1 Dredging sediment characterisation
Table 1 shows the chemical composition of  the raw sediments obtained by ICP. Furthermore the total 
carbon and total inorganic carbon are also tabulated. It can be seen the main oxides are SiO2 , followed by 
Al2O3 , Fe2O3, and CaO. Note that the amount of  CaO in SO is two times more than BC and GT. 

Table 1 - Chemical composition of  the raw sediments.

 Chemical composition (wt.%)

Raw 
Sediment SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 P2O5 LOI TC TOC

BC 40.8 13.9 10.0 2.6 1.1 2.1 0.5 1.0 1.1  13.18 11.97

GT 61.8 9.9 4.1 5.5 1.3 1.4 <0.7   13.3 4.50 3.62

SO 32.2 8.2 4.3 10.8 0.9 1.6 1.9 4.0 1.4  13.79 10.35

Figure 1, shows the X-ray diffraction patterns of  the three raw sediments. It can be seen that all have 
notable presence of  quartz, in descending order of  signal intensity, being GT>SO>BC. All sediments also 
contained carbonates. The amount of  calcite in BC was small while in case of  SO the amount was very 
significant; the presence of  calcite in descending order of  signal intensity is as follows SO>GT>BC. 

Depending on the sediment, there is more or less of  the clay minerals (Clinochlore, kaolinite, and illite) 
and feldspar minerals (albite and microcline). However it can be seen that all have a noticeable presence 
of  kaolinite which is well-known to transform into a reactive SCM upon calcination at the appropriate 
temperature [10]. The combined presence of  calcite and potentially less-reactive clay minerals is also 
considered promising as they may react during calcination to form a reactive amorphous Ca-enriched 
aluminosilicate compound [4]. 
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Figure 1- X-ray diffraction patterns of  the raw sediments.

Table 2 shows the trace elements in the raw sediments, measured by ICP-OES. In addition the maximum 
allowable content values and safety limit values set by Wallonia, Flanders and France have also been 
tabulated. For each sediment if  the value of  the trace elements is below the maximum allowable content 
set by any of  the legislations, the sediment is safe to be used in any application. However the approach of  
the legislations somewhat differs if  one or more trace elements exceed the maximum allowable content:

1. In case of  Flanders: if  one or more trace elements exceed the maximum allowable content but not the 
safety limit, the sediment can be used in soil/bound and unbound construction applications. However 
if  one or more trace elements exceed also the safety limit values, then leaching tests according to EN 
12457-2 need to be carried out. If  none of  elements exceed the maximum allowable leaching limits 
put into effect by the legislation, then the sediment can still be used in soil/bound and unbound 
construction applications.

2. In case of  Wallonia and France: if  one or more trace elements exceed the maximum allowable content 
but not the safety limit, the sediment can be used in soil/bound and unbound construction applications. 
However if  one or more trace elements exceed also the safety limit values, then leaching tests according 
to EN 12457-2 need to be carried out but even if  none of  elements exceed the maximum allowable 
leaching limits put into effect by legislations, extra actions need to be taken before the sediment is 
allowed to be used in soil/bound and unbound construction applications.

3. In case of  France: For road applications, SETRA (2011) which is a guide dedicated to the valorization 
of  alternative materials is used [11]. Note that in the absence of  other standards, this guide is also used 
in other fields. In case of  immersion of  the marine sediment, a common approach for conducting a 
screening sediment risk assessment is to compare available chemical data on sediments with Sediment 
Quality Guidelines (SQGs). At the French level, SQGs are available for management of  contaminated 
dredged sediments for several chemicals. These regulatory SQGs, named levels N1 and N2, are defined 
for metals and some organic compounds. Dredged sediment dispersal is permitted offshore when 
pollutant concentrations are lower than level 1 (N1). Dredged sediments considered as contaminated 
for marine environment (> N1) cannot be discharged into the sea without further ecotoxicological 
assessment according to GEODRISK framework [12]. Above the level N2, dredged sediments must 
be managed on land and are considered as wastes.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

246

IC
SBM

 2019
ID

 089

Table 2 - Trace elements concentrations in the raw sediments  (units are in mg/kg of  dry matter).

Raw 
Sediment As Cd Co Cr 

total Cu Hg Ni Pb Zn F- CN-

BC 54.9 126.7 < 10 268.4 269.1 1.45 149.9 813.5 4790.5 437.0 109.1

GT 12 5 11 82 76.9 3.7 26 116 591 5.41 -

SO 21.2 < 10 14.6 125.8 855.5 1.74 61.0 480 2023.8 346.1 7.7

W
al

lo
ni

a

Maximum 
allowable 
content

50 6 25 200 150 1,5 75 250 1200 250 5

Safety Limit 100 30 100 460 420 15 300 1500 2400 500 25

Maximum 
allowable 
leaching 
limits

0.5 0.1 0.5 0.5 2 0.02 0.5 0.5 2.0 20.0 0.1

            

Fl
an

de
rs

Maximum 
allowable 
content

30 2 19 70 74 2.9 48 200 200 55 -

Safety Limit 267 30 - 880 500 11 530 1250 1250 - 5

Maximum 
allowable 
leaching 
limits

0.3 0.02 - 0.1 0.6 0 0.2 0.3 1.00 - -

            

Fr
an

ce

Maximum 
allowable 
content (N1)

25 1.2 - 90 45 0.4 37 100 276 - -

Safety Limit 
(N2) 50 2.4 - 180 90 0.8 74 200 552 - -

Maximum 
allowable 
leaching 
limits

0.5 0.04 - 0.5 2 0.01 0.4 0.5 4.0 10.0 -

There are significant differences on the pollutant concentrations, contained in the three raw sediments. 
The BC-Raw sediment surpasses the local (Walloon) safety limit for Cd, Crtotal, Cu, Zn, fluoride (F-) and 
cyanide (CN-), while the SO-raw surpasses the local (French) safety limit for Cu, Zn, and fluoride.  Table 
2 shows that none of  the raw sediments pass the maximum allowable content criteria set by any of  the 
legislations. However it can be seen that while sediments BC and SO exceed the safety limit values set by 
the three legislations, the GT sediment passes the safety limit values set by Wallonia and Flanders, but not 
the French legislation. It can therefore be concluded that leaching test on final products need to be carried 
out to evaluate compliance to environmental legislation for cement and concrete containing (treated) BC 
and SO sediments.

In order to interpret the changes in physical properties such as specific gravity, specific surface area, and 
PSD as function of  calcination temperature (Figure 2) following the alteration in the chemical characteristics 
of  sediments as function of  temperature (Figure 3) is necessary.  

Figure 2.a shows the total carbon (TC) and total organic carbon (TOC) as function of  calcination 
temperature. Note that in case of  SO sediment calcinated at 500 °C and 700 °C, the measurements were 
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not carried out at the time of  writing. Furthermore the bomb calorimetry results carried out on the three 
raw sediments are also shown as a 2nd y-axis in Figure 2.a. It can be seen that GT sediment has three times 
smaller TC and TOC compared to BC and SO which corresponds well with the calorific value of  GT-raw 
that is approximately 3 to 4 times smaller. It can be observed that already at 500 °C, most organic matter 
has been decomposed and values of  TC and TOC have decreased significantly; this trend continues and by 
800 °C the TC and TOC values in case of  BC and GT are negligible. However in case of  SO, the rate of  
degradation of  organic matter is lower with increasing calcination temperature compared to the other two 
sediments and it persisted up to 600 °C, and even at 800 °C but again the values of  TC and TOC are very 
small at this heat treatment temperature. Rock-Eval pyrolysis can be carried out to better understand the 
source of  the organic carbon in case of  SO sediment [13].

a) b)

c) d)

Figure 2 - Physical & chemical characterization of  the sediments as function of  calcinated 
temperature: a) Total carbon (TC), total organic carbon (TOC), and calorific value from bomb 
calorimetry . b) Specific gravity c) Particle size distribution (PSD) d) BET specific surface area.

Figure 2.b,c, and d show respectively the specific gravity, PSD, and specific surface area of  the sediments as 
function of  calcination temperature. It can be seen that in case of  all sediments there is an increase of  the 
specific surface at 500 °C, and thereafter they continuously decrease. In addition, the PSD shifts to coarser 
size with increasing calcination temperature. The specific gravity of  all sediments increases with increasing 
calcination temperature and reaches a constant value around 700 °C to 800 °C. The abovementioned 
observation can be explained as following: degradation of  the coarse organic matter increases the specific 
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surface area and specific gravity at 550 °C. Although there might be some agglomeration of  particles 
which leads to having a small increase in the PSD, this influence is small at 500 °C. Calcination at higher 
temperatures leads to densification of  particles due to partial sintering and formation of  high temperature 
phases such as albite and hematite. This is also reflected in a coarser PSD, and lower specific surface area. In 
addition to densification and partial sintering, decomposition of  organics and decarbonation of  limestone 
are the main reasons increasing the specific gravity from 500 °C to 800 °C in all sediments.

Figure 3 - Chemical characterization of  sediments as function of  calcination temperature.

Figure 3 shows the XRD patterns and derivative thermogravimetry (DTG) results of  the sediments as 
function of  the calcination temperature. The heat treatment has caused a mineralogical modification of  clay 
fractions which led to reflection of  some clays such as kaolinite and Illite to disappear or weaken making 
the sediment more amorphous. In addition both from the XRD patterns and DTG, it is clear that in all 
sediments calcined at 700 °C and 800 °C the calcite originally present was decomposed. In case of  the SO 
sediment, decarbonation of  the calcite was accompanied with formation of  portlandite and free CaO. 

3.2 R3 test

Based on the physical and chemical characterization carried out as function of  temperature in the previous 
section, it can be inferred that the optimum calcination temperatures should be at the higher temperature 
range. However it is not clear what specific temperature investigated is the optimum calcination temperature 
in terms of  pozzolanic reactivity for the calcined sediments. Therefore R3 reactivity tests were carried out 
on all three dredging sediments at various calcination temperatures.  
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Figure 4 - R3 test results of  the three calcined dredging sediment fine fractions as function of  
calcination temperature: a&b) heat f low and cumulative heat from the isothermal calorimetry at 
40oC of  the BC sediment c) XRD pattern of  the BC samples after 7 days of  hydration/reaction 
at 40oC. d&e) heat f low and cumulative heat from the isothermal calorimetry at 40oC of  the GT 
sediment f) XRD pattern of  the GT samples after 7 days of  hydration/reaction at 40oC g&h) heat 
f low and cumulative heat from the isothermal calorimetry at 40oC of  the SO sediment i) XRD 
pattern of  the SO samples after 7 days of  hydration/reaction at 40oC.

Figure 4 shows the results of  the R3 test on the dredging sediments as a function of  calcination temperature. 
It can be seen from the R3 tests, that the optimum calcination temperature for BC and SO is around 800 

°C while in case of  GT is around 700 °C. In case of  GT calcined at 800 °C the decrease in reactivity can be 
linked with a recrystallization and formation of  high temperate phases and thus decrease in the amorphous 
content coming from the clay content. The XRD measurements of  the R3 pastes hydrated for 7 days at 40 
°C in Figure 4 show hydration product forming; monocarboaluminate and hemicarboaluminate form in all 
sediments and in case of  SO, ettringite is also formed. All sediments show promising pozzolanic activity 
at their optimum calcination temperatures. The R3 test shows that if  the sediments are calcined at their 
optimum temperature, they are potentially more or at least as reactive as a commercial siliceous fly ash 
which in a R3 test shows cumulative heat in the range of  100 to 200 j/g poz by the age of  7 days.

4. Conclusion

The valorisation as supplementary cementitious material of  inland waterway dredged sediments from the 
Belgian-French cross border region was studied. To this purpose, the fine (<63 µm) fraction of  sediments 
from the Brussels-Charleroi (BC), Lens (SO), and Gent-Terneuzen (GT) channels was recovered and 
calcined at 500 °C, 600 °C, 700 °C and 800 °C. The chemical and physical characterization of  the raw and 
calcined sediments showed that thermal treatment at 500 °C to 800 °C led to distinct physical and chemical 
changes in the materials. These changes are summarized by calcination temperature interval as follows:
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• It was seen that at 500 °C, organic matter was largely decomposed. The specific surface area increased, 
while the specific gravity increased and the PSD coarsened  mainly due to decomposition of  most of  
the organic matter at 500 °C.  At 500 °C, the heat treatment did not cause decomposition of  kaolinite 
and chlorite clay minerals.    

• At 600 °C and higher, the decrease in organic content observed at 500 °C continued and by 800 °C 
it was very small. The PSD further coarsened with increasing calcination temperature, likewise the 
specific gravity of  all sediments increased with increasing calcination temperature. Conversely, the 
specific surface area decreased. The main reason for the physical changes observed herein were due to 
decomposition of  calcite, partial sintering and formation of  high temperature phases such as feldspars 
and hematite.  

The R3 SCM reactivity test was used to evaluate the optimal calcination temperature for the dredging 
sediments. The R3 test results clearly demonstrated that the optimum calcination temperature of  Brussels-
Charleroi ,  Lens sediments were at 800 °C and for the Gent-Terneuzen channel sediment  was 700 °C.
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Abstract 

Plain concrete has low tensile strength, therefore, it is reinforced with steel for structural use. Both the 
production of  concrete and the manufacture of  steel adversely affect the environment. This can be 
addressed partially by increasing the efficiency of  these materials in terms of  their mechanical properties. 
The present study is exploratory in nature in that it is breaking new ground by incorporating epoxy resin as 
fine aggregate replacement in concrete. It was hypothesized that an increase specially in the tensile strength 
of  concrete by the incorporation of  epoxy resin will reduce the requirement of  reinforcing steel. To test 
this hypothesis, a total of  72 concrete cubes and cylinders were made with 0%, 10%, 20%, and 30% of  
cement replaced by epoxy resin. These samples were tested at the curing ages of  3, 7, and 28 days. The 
results show that for lower values of  cement replacement with epoxy, both the compressive and the tensile 
strength were reduced. However, when the epoxy proportion was increased, a positive change was noticed 
in the mechanical properties, especially the tensile strength. While the results obtained in the present study 
are not comprehensive, this research is a significant step towards further exploration in this area.

Keywords: Epoxy resin, cement replacement, silica, aggregate replacement, sustainable materials.

1. Introduction

Cement concrete is the most widely used material in the construction of  contemporary buildings. The 
production of  concrete is an energy intensive process that also consumes a great amount of  natural 
resources [1]. It is stipulated that the production of  cement alone is a major contributor to the emission of  
CO2 gases in the atmosphere [2]. Several attempts have been made over the recent years to improve the 
sustainability of  the construction industry with respect to the production of  concrete. A significant number 
of  these attempts have been at incorporating agricultural and industrial wastes as partial or full replacement 
of  concrete ingredients including cement, fine aggregate, and coarse aggregate [3, 4, 5]. The most recent 
notable contributions in this regard have been the use of  nano palm oil fuel ash and nano fly ash in concrete 
[6]. Some attempts have also been made at replacing concrete in less structurally intensive situations by 
alternative materials such as adobe [7, 8].

The manufacture of  reinforcing steel is another energy intensive and environmentally expensive process. 
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Additionally, more often than not, it requires transportation over large distances, which adds to its adverse 
environmental impact. The use of  reinforcing steel in concrete is necessary because concrete is generally 
weak at taking tensile stresses. To improve the tensile capacity of  concrete and to reduce the use of  
reinforcing steel, several alternative reinforcement strategies have been used over recent years. Some of  
these strategies include the use of  steel wire mesh [9], which additionally helps prevent excessive cracking; 
and the use of  additional fibres such as kenaf  [10]. These recent developments towards improving the 
sustainability of  reinforced concrete notwithstanding, there is still great potential of  the use of  alternative 
materials and techniques in order to make this industry more environment friendly. A novel technique in 
this regard is the use of  epoxy resin as a binding material in concrete.

Epoxy resins are petroleum derived materials. These have been used to produce, among other applications, 
strong coatings. Some epoxy-bonded fibre-composite materials have also been used in structural applications 
such as strengthening of  RC beams [11]. However, no evidence was found in the literature by the authors 
of  this paper on the use of  epoxy resin as a binder replacement in the preparation of  cement concrete. 
The present study, therefore, aims to test the hypothesis that including epoxy resin as a binder replacement 
will increase the tensile strength of  cement concrete. It is expected that such an increase in the tensile 
strength without significantly compromising on the compressive strength can potentially reduce the use of  
cement, but more importantly, the reinforcing steel. The above hypothesis was tested experimentally. For 
this purpose, an experimental program was designed and carried out. The methodology adopted, the results 
obtained, and the conclusions drawn have been provided in the following sections.

2. Methodology

The methodology of  the present study has been divided into two parts; materials, and methods.

2.1 Materials
The materials used in the present study consisted of  Ordinary Portland Cement (OPC), a 50-50 mixture 
of  common river sand and silica sand as fine aggregate, ordinary crushed stone as coarse aggregate, and 
epoxy resin as partial binder replacement. A total of  72 specimens were prepared. Out of  the 72, 36 were 
cubes of  100 mm side length and the other 36 were cylinders of  150 mm diameter and 300 mm height. 
The cubes were used for testing the compressive strength whereas the cylinder specimens were used to test 
the splitting tensile strength. 4 proportions of  the replacement of  binder with epoxy resin were used i.e. 
0%, 10%, 20%, and 30%. This yielded 18 specimens for each proportion, 9 cylinders and 9 cubes. For each 
proportion under investigation, 3 cylinders and 3 cubes each were tested after 3, 7, and 28 days after casting. 
Two sizes of  coarse aggregate i.e. 10mm and 20mm were used. Table 1 presents the mix proportions used 
for cubes and Table 2 presents the same for cylinders.

Table 1: Details of  the mix proportions used for cube samples (All quantities are in kg).

Epoxy 
Proportion

Cement Epoxy Resin Water Fine Aggregate
Coarse 

Aggregate 
10mm

Coarse 
Aggregate 

20mm

0% 0.32 0 0.205 0.801 0.337 0.673

10% 0.288 0.032 0.205 0.801 0.337 0.673
20% 0.256 0.062 0.205 0.801 0.337 0.673
30% 0.224 0.096 0.205 0.801 0.337 0.673
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Table 2: Details of  the mix proportions used for cylinder samples (All quantities are in kg).

Epoxy 
Proportion

Cement Epoxy Resin Water Fine Aggregate
Coarse 

Aggregate 
10mm

Coarse 
Aggregate 

20mm

0% 0.512 0 0.328 1.283 0.539 1.077

10% 0.461 0.0512 0.328 1.283 0.539 1.077
20% 0.41 0.102 0.328 1.283 0.539 1.077
30% 0.358 0.154 0.328 1.283 0.539 1.077

2.2 Methods
The testing methods used in the present study consisted of  the compressive strength test as per ASTM C39 
and the tensile splitting test as per ASTM 496. The details of  the method used for specimen preparation 
and the testing methods used have been provided in the following subsections:

2.2.1 Specimen Preparation
For the preparation of  cube as well as cylinder samples, the ingredients were mixed together in a concrete 
mixer. First, dry ingredients were mixed for 3 minutes and then the water was added. The concrete was 
mixed for another 3 minutes after the addition of  water. Epoxy resin, mixed with a hardener and where 
applicable, was added after the addition of  water and further mixed for 3 minutes.

2.2.2 Compressive Strength Test
The compressive strength of  the cubic specimens was measured using the Universal Testing Machine by 
adopting the ASTM C39 testing standard. The compressive load was applied to the specimens at a rate of  
0.25 MPa per second until failure. Figure 1 shows a specimen under compressive strength test.

Figure 1: A cubic specimen under compressive strength test. 

2.2.3 Splitting Tensile Strength Test
The splitting tensile strength of  the cylinder specimens was also measured using the Universal Testing 
Machine. For this purpose, the ASTM C496 testing standard was adopted. The standard recommends a 
load rate of  0.7 to 1.4 MPa per minutes. In the present study, a load rate of  about 1 MPa per minute was 
used until the specimen failed. Figure 2 shows a specimen being subjected to the splitting tensile strength 
test.
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Figure 2: A cylinder specimen under splitting tensile strength test. 

3. Results and Discussion
The results of  the compressive strength test and the splitting tensile strength along with the relevant 
discussion have been presented in the following subsections.

3.1 Compressive Strength Test Results
The results of  the compressive strength test carried out on the cube specimens with various proportions of  
epoxy resin at 3, 7, and 28 days of  curing age are presented in Tables 4, 5, and 6.

Table 4: Results of  compressive strength test at 3 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 12.93 16.62 15.21 14.92 1.86

10% 4.02 3.62 3.04 3.56 0.49
20% 2.78 2.46 2.88 2.71 0.22
30% 15.56 15.4 15.33 15.43 0.12

Table 5: Results of  compressive strength test at 7 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 20.22 17.59 19.02 18.94 1.32

10% 4.82 5.12 4.13 4.69 0.51
20% 3.81 3.76 3.82 3.8 0.03
30% 17.49 17.57 17.63 17.56 0.07

Table 6: Results of  compressive strength test at 28 days of  curing (All strength values are in MPa).
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Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 28.61 32.12 27.46 29.4 2.43

10% 4.82 4.92 5.12 4.92 0.15

20% 3.88 3.5 3.92 3.77 0.23

30% 18.78 18.56 19.41 18.9 0.44

The average compressive strength for the different epoxy resin proportions at different curing ages have 
been plotted in Figure 3.

Figure 3: Average compressive strength test results. 

It can be observed in Figure 3 that the compressive strength drops as epoxy resin is added in lower portions. 
The average compressive strength at 28 days for 10% epoxy resin is only 16.74% of  that with no epoxy 
resin. This further drops to 12.83% when 10% epoxy resin was used. However, for epoxy resin proportion 
of  30%, the compressive strength seems to have bounced back to reach 64.3% of  that of  the control 
specimen. It is stipulated that the addition of  epoxy resin adversely affects the effectiveness of  cement 
as a binder and the low amount of  epoxy does not produce enough of  its own binding force. For larger 
proportion, the increase in the compressive strength may be attributed to epoxy resin. This hypothesis, 
however, requires further investigation to be validated.

3.2 Splitting Tensile Strength Test Results
The results of  the splitting tensile strength test carried out on the cylinder specimens with various 
proportions of  epoxy resin at 3, 7, and 28 days of  curing age are presented in Tables 7, 8, and 9.

Table 7: Results of  splitting tensile strength test at 3 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 0.87 0.95 1.06 0.95 0.095

10% 0.04 0.06 0.07 0.06 0.015
20% 0.11 0.19 0.23 0.18 0.061
30% 1.1 1.12 1.21 1.14 0.059
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Table 5: Results of  compressive strength test at 7 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 1.39 1.34 1.42 1.38 0.040

10% 0.12 0.28 0.32 0.24 0.106
20% 0.24 0.25 0.27 0.25 0.015
30% 1.65 1.48 1.73 1.62 0.128

Table 6: Results of  compressive strength test at 28 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 2.25 2.21 2.28 2.25 0.035

10% 0.52 0.59 0.63 0.56 0.056

20% 0.65 0.69 0.77 0.7 0.061
30% 2.33 2.34 2.39 2.35 0.032

The average splitting tensile strength for the different epoxy resin proportions at different curing ages have 
been plotted in Figure 4.

Figure 4: Average compressive strength test results. 

A similar trend for the splitting tensile strength to that of  the compressive strength can be observed in 
Figure 4. However, the drop in the tensile strength is slightly less as it drops to about 25% and 31% of  the 
splitting tensile strength of  the control specimen for the epoxy proportions of  10% and 20%, respectively. 
While the compressive strength for 20% epoxy proportion was less than that for 10%, the splitting tensile 
strength is higher for 20% epoxy proportion. More importantly, the tensile strength for the epoxy resin 
proportion of  30% went higher than the control specimen by about 4%. It is stipulated that a higher 
proportion of  epoxy resin may further increase the tensile strength of  concrete.

4. Conclusions

The present study was a relatively small study where only 4 proportions of  epoxy resins were used. The 
conclusions drawn from the observed results are as follows:
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The compressive strength of  concrete dropped to about one-sixth of  that of  the control specimen when 
10% cement was replaced by epoxy resin

The compressive strength of  concrete dropped further to about one-eighth of  that of  the control specimen 
when 20% cement was replaced by epoxy resin

The compressive strength of  concrete bounced back to about two-thirds of  that of  the control specimen 
for a higher proportion of  epoxy resin replacing 30% of  cement

The splitting tensile strength of  concrete dropped to about one-fourth of  that of  the control specimen 
when 10% cement was replaced by epoxy resin

The splitting tensile strength of  concrete slightly increased to about one-third of  that of  the control 
specimen when 20% cement was replaced by epoxy resin as compared to 10%

The splitting tensile strength of  concrete went slightly higher than that of  the control specimen for a higher 
proportion of  epoxy resin replacing 30% cement

The above conclusions are based on the small size of  data observed in the present study. It is recommended 
that further investigation in this regard be carried out to ascertain the validity of  these conclusions. It would 
especially be of  interest to find out how the higher proportions than those used in the present study may 
affect the compressive and the splitting tensile strength of  concrete. Furthermore, the present study did not 
investigate the economic or environmental aspects of  the use of  epoxy resin in concrete. Future research 
in these areas is also recommended.
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Abstract

A polycarboxylate superplasticizer (PC) which contained PEG side chain, carboxylic groups and 
hydroxysilane ones, was synthesized by free radical copolymerization. It was subsequently grafted onto 
fly ash (FA) beads. The Si–OH groups on the surface of  alkali-activated FA beads were connected to the 
PC molecules via covalent hydroxysilane linkage. In the PC-modified FA beads, new IR peaks appeared 
at 2900 and 1100 cm−1 and were assigned to the vibration of  C–H and C–O–C groups. A peak shift in 
29Si NMR from −80 to −86 ppm also confirmed the successful grafting of  the PC molecules onto the FA 
beads. Thermal analyses indicated that the PC moieties accounted for 2.1 wt.% of  the modified FA beads. 
Compared with the crude FA and the alkali-activated one, the PC-modified FA significantly improved the 
workability of  the cement paste, and enhanced the mechanical properties of  the cement after hydration 
for seven days. Thus, the PC modified FA composite could serve as a promising additive for cementitious 
materials.

Keywords: water reducing; fly ash; alkali activation; fluidity; workability
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Abstract 

The hydrogen bonding mechanisms and atomic interactions in C-S-H gels are investigated by combining 
29Si, 1H solid state NMR and first principle calculation. Five distinct peaks of  protons were observed in the 
1H MAS NMR spectra for C-S-H gels. The interactions between protons and silicate species are discussed 
in detail with well-defined first principle calculations. Amorphous portlandite and strong hydrogen bonded 
protons are identified. The strong hydrogen bonded protons are favored in C-S-H with high Ca/Si ratios, 
which is associated with Q1 sites in the termination of  silicate chains. The stronger atomic interactions 
between Q1 species or silanols and water in C-S-H gel with higher Ca/Si ratio are presented than Q2 species 
in C-S-H gel with Ca/Si ratio of  1.0. The stronger hydrogen bonds in the interlayer are expected to be an 
interpretation for the decrease of  interlayer spacing with the Ca/Si ratio. The results are expected to pave 
the way to develop new components of  cement with stronger hydrogen bonding features.

Keywords: calcium silicate hydrate, Ca/Si ratio, H2O/Si ratio, hydrogen bonds, first principle calculation

1. Introduction

Hydrated Portland cement paste is a porous matrix consisting of  crystals embedded in a poorly crystalline 
phase, the calcium-silicate-hydrate (C-S-H) gel [1]. C-S-H gel is the most abundant hydration product of  
Portland cement, accounting for about 50−60% by volume of  hardened cement paste and making it one 
of  the most common substances of  the modern world [2]. It is also the primary binding component in 
cementitious materials.

C-S-H gel has a layered structure and shows similarities to 14 Å tobermorite (Ca5Si6O16(OH)2·4H2O) [3, 4]. 
The structure of  tobermorite contains layers of  calcium ions linked on both sides to linear silicate chains 
with the ‘dreierkette’ form in such a way as to repeat a kinked pattern after every three tetrahedra [5]. Two 
of  the three tetrahedra, named pairing tetrahedra (Q2

P), are linked together and share O-O edges with the 
central Ca-O part of  the layer. The third tetrahedron, named bridging tetrahedron (Q2

B), shares an oxygen 
atom at the pyramidal apex of  a calcium polyhedron and connects the dimers of  pairing tetrahedra. C-S-H 
gel can be considered as defective tobermorite-like structure whose molar ratio of  calcium to silicon varies 
between 0.66 and 2.0. 

The local chemical environments and atomic arrangements in C-S-H gel are probed with Solid-state Nuclear 
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Magnetic Resonance (NMR) spectroscopy [6, 7]. The 29Si NMR peaks are assigned with the assumption 
that chemical shifts of  silicon atoms decrease with the condensation degree of  (SiO4) units, structures of  
which transform from isolated monomers to tetrahedrally coordinated chains [8]. The 29Si NMR results 
show that C-S-H gel contains silicate chains with limited lengths with a 2, 5, 8··· (3n-1) (n=1, 2, ...) chain 
length sequence [4]. 

Hydrogen atoms in C-S-H exist in the form of  silanols, hydroxyl groups and water molecule which play an 
important role in atomic interactions between protons and silicate chains with hydrogen bonding. Hydrogen 
bonding is a special type of  atomic interactions between a hydrogen atom covalently bonded to a very 
electronegative atom such as N, O, or F atom and another very electronegative atom, whose strengths range 
from 4 to 50kJ per mole of  hydrogen bonds [9]. The hydrogen bonding between hydrogen-containing 
species and oxygen atoms has a wide range of  bond length and bond strength which contributes to the 
internal cohesion in the C-S-H [10]. 

The mechanism of  hydrogen bonding in C-S-H gel or hydrated cements are not sufficiently clarified, yet. 
Efforts have been made to study the hydrogen bonding and interactions between different silicate and 
hydrogen-containing species in cement hydrates or synthetic C-S-H gels [11-14]. The nanopore space in the 
C-S-H gel is hydrophilic because of  the nonbridging oxygen atoms on the disordered silicate chains which 
serve as hydrogen-bond acceptor sites, based on the classical molecular simulations [13]. Glassy nature of  
hydrogen bonds between interlayer water and silicate chains is demonstrated because of  the heterogeneity 
in the distribution of  hydrogen bond strengths and multi-range structure [13]. 1H-29Si Heteronuclear 
nuclear chemical shift correlation provides information about the distance of  protons to silicon atoms and 
interactions between protons and silicate moieties. The results from 1H-29Si Heteronuclear nuclear chemical 
shift correlation establishes strong interactions of  the Q1 species with water molecular [11, 12, 14]. 

Understanding on the mechanism of  hydrogen bonds in C-S-H gels is lacking because the correlation 
between experimental results and underlying complex structure is lacing. A method to reveal the mechanism 
of  hydrogen bonds in maltose anomers and C-S-H gel is proposed by a combination of  first principle 
calculation and NMR tests [14, 15]. 

First principle calculations based on the Density Functional Theory (DFT) with the Gauge Including Projector 
Augmented Wave (GIPAW) algorithm enable the calculation of  chemical shielding, which establishes a clear 
link between the observed spectra and underlying atomic structure [15, 16]. The mechanisms of  hydrogen 
bonding between various silicate moieties and hydrogen groups in C-S-H can be determined by using 
combination of  1H NMR and first principle calculations. Understanding the mechanisms of  hydrogen 
bonding provides great possibilities for developing C-S-H gel with strong cohesive performance [10]. 

In this paper, three types of  C-S-H gels with Ca/Si ratios of  1.0, 1.4 and 1.5 are synthesized. First principle 
calculations for 1H chemical shifts are used to correlate the observed 1H NMR spectra with structure of  the 
hydrogen bonding between different silicon moieties and hydrogen groups in the C-S-H gels. The effect of  
Ca/Si ratios on the chemical environment of  hydrogen bonds is studied. 

2. Experiments

2.1 Experiments
 C-S-H gels are synthesized by using pozzolanic reaction between calcium oxide and amorphous silica fume 
[17]. C-S-H gels with Ca/Si molar ratios of  1.0, 1.4 and 1.5 are synthesized according to the mix designs 
in Table 1. Calcium oxide is prepared with decomposition of  calcium carbonate (AR grade, Sinopharm) at 
1000°C for 10h. Amorphous silica fume (99.6% SiO2, Shenzhen Anmisco) with a specific area of  250m2/g 
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is used as silicon sources. Deionized water is mixed with calcium oxide and silica fume and the water/
powder mass ratio is 50. The resulting slurry is stirred under nitrogen protection for 7d at 30°C followed 
by filtration. The filtrates are analyzed with Inductively Coupled Plasma (ICP, Model Optima 4300DV) to 
determine the Ca/Si molar ratio of  the filtrate. Each test is performed three times with test error smaller 
than 0.01mM and the mean value of  the results is recorded. 

The powders are washed with deionized water. No portlandite is detected in X-ray diffraction pattern 
(XRD, Model Rigaku MiniFlex600, Cu Kα = 1.5406 Å, step size of  0.02° from 5° to 50°) after three times 
washing. C-S-H gels are freeze dried at 2Pa, -50°C for 24 h. The XRD patterns of  the C-S-H gels are 
analysed (Figure 1).

The Ca/Si ratio in C-S-H is determined in two ways, including calculations from the elemental concentrations 
of  calcium and silicon in the filtrate and measurements with X fluorescence spectrometer (XRF, Model 
Axios Advanced) of  the C-S-H solids. The H2O/Si molar ratios are calculated with the weight loss after 
calcination 1000°C for 12h. The results of  Ca/Si ratios and H2O/Si molar ratios are listed in Table 1.

Table 1 Mix design for synthesizing C-S-H and compositions of  C-S-H gel     

Samples C-S-H1.0 C-S-H1.4 C-S-H1.5

Mix design

CaO (g) 4.96 4.14 3.31

SiO2 (g) 5.04 6 6.69

Water (ml) 500

Analysis of  filtrate (volume 500ml)*

Ca in filtrate (mM) 6.7 14.6 22.4

Si in filtrate (mM) 0.08 0.01 0.01

Composition of  C-S-H

Calculated Ca/Si ratio& 0.98 1.42 1.57

Measured Ca/Si ratio# 0.98 1.44 1.52

Measured H2O/Si ratio 1.66 1.83 2.08

   Note: * Determined with ICP-OES.

   & Calculated from the moles of Ca and Si in the filtrates.

   # Determined with XRF of the powders.

1H MAS NMR spectra are recorded on an Agilent 600 DD2 spectrometer, equipped with a 14.1T magnet, 
operating at a Larmor frequency of  600MHz. A 4.0mm probe is used for 1H NMR with a spinning speed 
of  25.0kHz, a π/2 pulse length of  5ms, a relaxation delay of  20s and 200 scans. Tetramethylsilane is used 
as the reference for 1H tests.

2.2 First principles calculation
The first principle calculations on NMR results are performed with CASTEP (Accelrys, Material 
Studio17.2) using DFT theory [16]. The calculation is executed in three steps, including geometry 
optimization, energy calculation and chemical shielding calculation. Geometry optimization and energy 
calculation are carried out within CASTEP using a k point grip of  4×2×1 equal to 0.04 1/Å and cut 
off  energy of  400eV. The core-valence interactions are described with ultrasoft pseudopotentials. 
Little changes of  unit cell and atomic positions are allowed during geometry optimization. 1H chemical 
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shielding calculation is performed in the crystal frame. All-electron wave function in the presence of  a 
magnetic field is reconstructed with the gauge including projector augmented wave (GIPAW) algorithm. 
The chemical shifts δcal are obtained from chemical shielding σcal with the relation 
                                                                             (1)

Where σref  is 30.09ppm.

3. Results and discussion

3.1 XRD analysis of  C-S-H gels
The XRD patterns of  the three types of  C-S-H gels are shown in Figure 1, which shows a typical tobermorite-
like structure. Poorly resolved XRD patterns demonstrate the prominent features of  heavy defects and 
poor long rang order in C-S-H structures. No secondary calcic phases such as portlandite are observed in 
all C-S-H gels, indicating that crystalline portlandite is sufficiently removed by washing with deioned water. 

10 20 30 40 50

#

 #  

 

CSH1.0

# CSH

#

CSH1.4

 

CSH1.5

  

2Theta (deg.)

Figure 1 XRD patterns of  three types of  C-S-H gels after freeze drying

The position of  the first diffraction peak ((020) about 2theta=7°) shows the basal spacing of  the tobermorite-
like structure. The basal spacing of  C-S-H1.0 is about 13Å (2theta=6.78°), while the basal spacing decreases 
to 11.3Å (2theta=7.81°) and 11Å (2theta=8.02°) for C-S-H1.4 and C-S-H1.5, respectively. The change of  
basal spacing with Ca/Si ratio of  C-S-H observed in the experiments agrees with the findings in the study 
of  Renaudin et al [5] corresponding to about 20% contraction of  the unit cell volume. The basal spacing 
is determined by the amount of  water and the coordination requirements of  the interlayer calcium ions. 
Removal of  interlayer water and calcium ions will thus decrease the basal spacing of  C-S-H. According 
to model proposed by Richardson, C-S-H gels with Ca/Si ratio greater than 1.4 consist of  C-S-H(I) with 
constant basal spacing and a Ca-rich phase intermixed with C-S-H(I) [3].
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Fig. 2 Relationship between basal spacing and Ca/Si ratio of  C-S-H gel plotted together with the 
results of  [3]

3.2 1H NMR of  C-S-H gels
Information obtained in the 1H NMR analysis helps probing the molecular structure of  C-S-H gels and the 
atomic interactions between hydrogen groups and silicate moieties (Figure 3). Five distinct peaks of  protons 
are observed in the 1H NMR spectra of  C-S-H gels. The first peak at about -0.3 ppm corresponding to the 
hydroxyl proton in the 1H MAS SSNMR spectra suggests the formation of  portlandite in C-S-H with a Ca/
Si ratio of  1.4 or 1.5. It is previously reported that portlandite is formed after excessive drying of  C-S-H 
gels with Ca/Si ratios up to 1.5 [18]. No peaks of  crystalline portlandite in the XRD patterns of  C-S-H are 
observed (Figure 1). The hydroxyl protons identified in 1H NMR spectra in C-S-H gels with Ca/Si ratios of  
1.4 and 1.5 exist most likely in portlandite in an amorphous state. Amorphous portlandite in C-S-H gels is 
also traced in other studies by using nanoindentation and high energy X-ray tests [19, 20].
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Figure 3 1H NMR spectra of  C-S-H gels

The chemical shifts of  proton species in Ca-OH, and Al-OH are between 0 and 3ppm, and those of  
the protons in water are between 3 and 6ppm, based on 1H NMR studies on crystalline silicates and 
aluminosilicate minerals [21]. The chemical shifts of  protons in Si-OH groups of  silicates extend to the 
range between 6 and 18ppm [21]. 

The 1H NMR spectrum of  C-S-H gel with the Ca/Si ratio of  1.0 shows a sharp resonance peak at 4.4ppm, 
indicating that most protons exist as absorbed water in the interlayer, which is consistent with the observation 
of  tobermorite. A broad and overlapped peak shifts to 5.2 and 5.6ppm in the 1H NMR spectra of  C-S-H 
gels with Ca/Si ratios of  1.4 and 1.5, respectively, which indicates that the protons in these C-S-H gels exist 
in more complex environment than those in C-S-H with a Ca/Si ratio of  1.0. Resonance peaks of  the Si-
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OH groups between 6-10 ppm are observed in the C-S-H gels with Ca/Si ratio of  1.4 and 1.5, whereas the 
peaks are absent in C-S-H gels with a Ca/Si ratio of  1.0. The deconvolution of  1H NMR spectra of  C-S-H 
gels with different Ca/Si ratios based on the assignment of  the peaks described above is shown in Figure 
4 and Table 2. The resonance peak assigned to absorbed water represents about 40-80% of  the total 1H 
population in all C-S-H gels with different Ca/Si ratio, which decreases with increasing Ca/Si ratio. The 
resonance peaks of  Si-OH groups between 6-10ppm and Ca-OH in the C-S-H at about 2.5ppm is observed 
in C-S-H gels with Ca/Si ratios higher than 1.0. The relative fractions of  Si-OH groups and Ca-OH in the 
C-S-H increase with the Ca/Si ratio.
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Figure 4 Deconvolution of  1H NMR spectra of  C-S-H gels. a) C-S-H1.0, b) C-S-H1.4, c) C-S-H1.5

Table 4 Quantitative results of  fractions of  hydrogen groups via deconvolution of  1H NMR spectra

Samples
Si-OH H2O

Ca-OH in

C-S-H gel
6-15 ppm 3-6 ppm 0-3 ppm

C-S-H1.0 (%) 13.8 84 3.2

C-S-H1.4 (%) 23 52 25

C-S-H1.5 (%) 33 38 29
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3.3 First principle calculation of  1H chemical shifts 
The mechanism of  hydrogen bonding especially the chemical environment of  protons and the interactions 
between hydrogen containing groups and silicate chains are not known, yet. The chemical environment of  
protons and the distribution of  hydrogen bonding between hydrogen containing groups and silicate chains 
are essential for establishing the structural model of  C-S-H. The observed 1H NMR results are linked to the 
underlying structure of  hydrogen bonds with the help of  first principle calculation rooting in DFT-GIPAW 
methods.

The structural model of  C-S-H gel used in calculating the chemical shifts of  protons is based on 
tobermorite-14 Å provided by Crystallography Open Database (as shown in Figure 5a). The protons in 
the tobermorite-14 Å exist in the interlayer water and silanols bonded with bridging tetrahedral silicates 
(Q2

B-OH).

A structural model of  C-S-H gel consisting of  dimers and pentamers is constructed by modifying the 
infinite silicate chain model following the literature [8]. The dimers and pentamers are obtained by removing 
some bridging tetrahedral silicates (Q2

B-OH) in the infinite chains in the structure of  tobermorite. The 
local negative charge is compensated with H+, Ca2+ or Ca(OH)+ ions, forming the defective sites and 
increasing the Ca/Si ratios [14]. After removing a bridging silicate tetrahedron, the unbalanced charge is 
compensated by either adding two protons forming two silanols bonded with terminal tetrahedral silicates 
or adding a bridging Ca2+ to connect terminal tetrahedral silicates. Additional interlayer water molecular, 
interlayer Ca(OH)+ ions and Ca(OH)2 are used to connect the defect sites through the interlayer spaces. 
Three types of  calcium ions are distinguished in the model of  C-S-H as calcium ions in main layer (CaM), 
calcium ions in interlayer (CaI) and calcium ions in bridging sites (CaB). Four proton environments are 
distinguished as interlayer water molecular (H2O), silanols bonded with bridging tetrahedral silicates (Q2

B-
OH), silanols bonded with terminal tetrahedron silicates (Q1-OH) and hydroxyl associated with Ca ions 
(OH-). The constructed structure are geometry and energy optimized with CASTEP based on DFT theory. 
The optimized structure of  the C-S-H model with the mean chemical formula of  C1.2SH1.8 and various 
proton environments are shown in Figure 9b).

Figure 5 Geometry structures of  tobermorite-14Å minerals and C1.2SH1.8 gel. a) tobermorite-14Å 
and various proton environments, b) C1.2SH1.8 gel and various proton environments

Protons in different chemical environments exist in the structure of  tobermorite-14Å and constructed 
model of  C-S-H gel. The hydrogen bonds are classified into three types according to the donators in the 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

268

IC
SBM

 2019
ID

 103

bond. Three different structure units containing protons and oxygen atoms are labeled as TH (silanols 
bonded with tetrahedral silicates (T)), W (water molecular) and OH (hydroxyl groups bonded with calcium 
ions). Nine different hydrogen bonds involving the different donators and acceptors are named as W---W, 
W---T(Q2) and W---T(TH)(Q1) etc.

The observed NMR chemical shifts are compared with the calculated values, aiming to correlate the 
underlying structure of  hydrogen containing groups which are shown in the C-S-H model to the observed 
spectra. Hydrogen bonds affect greatly the isotropic 1H chemical shifts. A well-established linear relationship 
between 1H isotropic chemical shifts and distance of  hydrogen bonds (dO-H···O) has been reported by 
experiment if  the proton is bonded to oxygen atoms [6, 21]. The accurate values of  dO-H···O are calculated 
from the C-S-H model used in the calculation, with which the correlation between 1H isotropic chemical 
shifts and hydrogen bonds are established. The linear relationship between the calculated 1H chemical shift 
and values of  dO-H···O is shown in Figure 6.
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Figure 6 Relationship between calculated 1H chemical shift and value of  dO-H···O (HBs: Hydrogen 
Bonds)

The comparison between the observed 1H chemical shifts and the calculated values shows much higher 
overlapped ranges of  protons in water and silanols groups than that indicated from the literatures [12]. 
Protons in water molecule resonate from 3 to 11ppm, while peaks of  protons in silanols bonded with 
tetrahedral silicates ranges between 10 and 14ppm, leading to broaden and overlapped peaks observed in 
the 1H NMR spectra of  C-S-H gels with the Ca/Si ratio of  1.4 and 1.5. The highly overlapped ranges of  
protons are due to the different distance and strength of  hydrogen bonds which influence shielded effect to 
protons. Thus, the hydrogen bonds should be taken into consideration to reasonably analyze the 1H NMR 
of  C-S-H or cement based materials.

There is a linear correlation between the calculated 1H chemical shift and the values of  dO-H···O: δiso=28.587 
-10.10 dO-H···O, with δiso in ppm and dO-H···O in Å (Figure 6). The protons in Ca-OH involved in the hydrogen 
bond labeled as OH---W resonate at about 2.5ppm, suggesting an average dO-H···O value of  about 2.7Å and 
rather weak hydrogen bonds. Protons in hydroxyl groups serves as a weak donator in hydrogen bonds. Most 
protons in C-S-H gels exit in water whose 1H chemical shifts spread in a wide range and has various values 
of  dO-H···O. The protons resonating at 4.6ppm is involved in hydrogen bond named as W---W and have an 
average dO-H···O value of  2.37Å, which is the dominant chemical environment of  protons in C-S-H with 
Ca/Si ratio of  1.0. The protons in water forming the hydrogen bonds with Q1 sites (W---T(TH) (Q1)) show 
higher chemical shifts at 10ppm than those with  Q2 sites (W---T (Q2)) and have an average value of  dO-H···O 
about 1.84Å. The observation suggests stronger hydrogen bonding between water and Q1 sites than those 
with Q2 site in the silicate chains, which agrees with the ranking of  strength of  hydrogen bonds proposed 
in the literature [13].  Nonbridging oxygen atoms in Q1 sites serve as stronger hydrogen-bond acceptor 
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sites than bridging oxygen atoms in Q2 sites. The protons in forming hydrogen bonds with water show 
similar observation that hydrogen bonding between Si-OH groups in Q1 sites and water ((Q1)TH---W) are 
stronger than those between Si-OH groups in Q2

B sites ((Q2
B)TH---W) with water. In conclusion, the Q1 

sites enhance the internal cohesions with water and hydrophilicity of  the silicate main chain. 

Hydrogen bonds whose the average value of  dO-H···O  is lower 1.8Å are defined as strong hydrogen bonds 
(shown in Figure 10). The strong hydrogen bonding are dominated by (Q1)T-H---T(Q1), (Q1)T-H---W, W---
OH, W---T(Q1) and (Q1)TH---OH.  Strong hydrogen bonding between terminal silanol and terminal silicate 
sites shows the internal cohesions between the parallel chains, which are present in the minerals suolunite 
and acts as the major interactions between dimes in the structure [10]. The hydroxyl groups bonded with 
calcium ions serve as strong acceptors for hydrogen bonds, which forms the strong bonding with water 
(W---OH) and terminal silanol ((Q1)TH---OH). The strong hydrogen bonding between terminal silanol and 
hydroxyl acts as the interlayer affinity in the structure of  C-S-H gel.

4. Conclusions

The observed 1H NMR results are correlated with the underlying structure of  hydrogen bonds, aiming to 
reveal the mechanism of  hydrogen bonding The main conclusions can be drawn as followings.

1. Amorphous portlandite exists in C-S-H gels with high Ca/Si ratios. 

2. Chemical shifts of  protons in C-S-H gel are affected greatly by the hydrogen bonds. Protons in water 
and silanol resonate in a highly overlapped range. Hydrogen bonds should be taken into consideration to 
reasonably analyze the 1H NMR of  C-S-H or cement based materials.

3. Strong hydrogen bonding between water and terminal silicate sites or silanol are revealed, which enhance 
the hydrophilicity of  silicate chains in the C-S-H gel. 

4. The strong hydrogen bonding between terminal silanol and hydroxyl bonded with calcium ions in C-S-H 
gel with high Ca/Si ratio is observed, which acts as the affinity in the interlayer space of  C-S-H gel, and 
consequently decreased basal spacing with increasing Ca/Si ratio.
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Abstract

Utilization of  natural pozzolan such as volcano-related materials in concrete as a supplementary cementitious 
material can contribute to establishment of  low-carbon society and resource circulation society. Volcanic-
related materials generally comprise not only glass but also crystal mineral and clay mineral, which may 
cause undesirable properties in concrete. The authors developed the technology for dividing volcanic-
related materials into crystalline mineral, pumice, high-purity volcanic glass, and clay fraction toward total 
utilization of  volcanic-related materials as construction materials. In this study, concrete containing high-
purity volcanic glass powders with different fineness are investigated regarding fresh properties, strength 
development, chloride ion penetration and CO2 reduction. Experimental works were conducted using 7 
types of  volcanic glass powders with replacement ratios of  5%, 10% and 20% in concrete with water-to-
binder ratios of  20% and 50% for the investigation of  fresh properties and strength development. Another 
experiment on chloride ion penetration in concrete was also conducted using concrete with water-binder 
ratio of  60% containing volcanic glass powders with replacement ratios of  20%. As a result, it was found 
that volcanic glass powders gave excellent contribution to the improvement of  flowability like fly ash, 
the enhancement of  strength like silica fume, and the restraint of  chloride ion penetration like ground 
granulated blast-furnace-slag. Volcanic glass powders can also contrbute to the reduction of  CO2 emission 
because the content of  portland cement can be largely reduced to obtain the same strength in concrete with 
100% portland cement.

Keywords: Volcanic glass powder, Supplementary cementitious material, Strength development, Chloride 
ion diffusion, CO2 reduction

1. Introduction

Ancient concrete used in the Pantheon in Rome contains volcanic ejecta, which is known as pozzolana. 
One popular technique to reduce CO2 emissions stemming from concrete production and construction 
involves the use of  these natural pozzolans as supplementary cementitious materials (SCMs) [1]. Volcanic 
activity is common in Japan, and one of  the earliest researches to use volcanic ejecta as SCM began more 
than 110 years ago in Hokkaido, the northern part of  Japan [2, 3]. Subsequently, many studies were done 
on the applications of  domestic natural pozzolan as SCM, and have been recently reviewed by Cai et 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

273

IC
SB

M
 2

01
9

ID
 1

09

al. [4]. Although concrete made with volcano-related materials had been manufactured practically until 
1960’s, artificial materials have been chosen as a replacement. The reaction of  natural pozzolans is due to 
volcanic siliceous glass [5], but volcanic ejecta generally comprises not only glass but also crystal mineral 
and clay mineral in their natural conditions [6], which may lead to typical undesirable properties of  natural 
pozzolans; large variety, variability, and high water demand [7].

In the previous researches [8-11] on the total utilization of  pyroclastic flow deposits as construction materials, 
the authors clarified that dry gravity classification is effective in dividing Ito-shirasu into crystalline mineral, 
pumice, high-purity volcanic glass, and clay fraction. Through a separating machine made by combining a 
gravity separator with a winnowing sorter, the amorphous content of  volcanic glass increased to 88% when 
that of  raw material is about 60%. As the mechanism of  the machine is shown in Figure 1, winnowing with 
the action of  the vibration fluid bed can sort particles by density, particle size, and terminal velocity with 
low energy consumption.

Figure 1: The mechanism of  the separating machine for dividing Ito-shirasu.

We have also reported earlier that, when using this material pulverized to a BET specific surface of  15m2/g 
by a jet mill as a SCM, a replacement ratio of  10% in high strength concrete with a water-to-binder ratio 
(W/B) of  0.2 leads to fresh properties (microfiller effect) and strength development comparable to those 
of  silica fume. In normal concrete with a W/B of  0.6, a replacement ratio of  5% to 20% leads to strengths 
higher than that of  concrete with no SCM beginning from an age of  7 days, and the strength increases as 
the replacement ratio increases. Immersion tests in saltwater revealed that the apparent diffusion coefficient 
decreases to as low as 15% and 10% with replacement ratios of  10% and 20%, respectively, when compared 
with those of  concrete with no replacement. Volcanic glass powder (VGP) was thus found to provide 
excellent resistance to chloride ion penetration. Furthermore, a replacement ratio of  up to 20% does not 
impair the carbonation resistance. The long-term strength development and durability have also been 
investigated with a replacement ratio of  20%.

In this study, concrete containing volcanic glass powders with different fineness are investigated from a 
more practical aspect.

2. Experimental program

2.1 Manufacturing process of  VGP
Ito-shirasu used in this investigation was delivered from Kanoya-city, Kagoshima Prefecture in Japan by a 
mine operator without any pretreatment as shown in Figure 2. The mineral composition of  particle size 
fractions and the chemical composition of  the raw material reported in the previous research [12] are 
presented in Figure 3. As to mineral components, the fraction over 2.4g/cm3 is defined as crystalline, under 
2.4g/cm3 defined as amorphous, and in particular under 1.5g/cm3 as pumice in this figure. After sieving 
Ito-shirasu to under 5mm, Ito-shirasu is divided into five substances by a dry gravity separator. Volcanic 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

274

IC
SBM

 2019
ID

 109

glass powder was manufactured through dry gravity classification and pulverization as shown in Figure 4. 
First, classified volcanic glass is crushed by a roller mill to a mean particle size of  5.1μm. This was then 
pulverized and classified using three devices, namely, a jet mill, an air classifier, and a cyclone, with the 
resulting coarse and fine powders being recovered by cyclones and dust collectors, respectively.

2.2 Properties of  VGP
The basic properties of  seven VGPs are shown in Table 1; the BET specific surface area measured by N2-
adsorption, amorphous content based on heavy liquid separation using zinc bromide (ρ=2.4g/cm3), and 
chemical composition by fluorescent X-ray analysis.

Figure 1: Distribution of  shirasu and location of  sampling site.

Figure 3: Mineral composition of  particle size fractions and chemical composition of  Ito-shirasu.
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Figure 4: Dry gravity classification and pulverization for manufacturing volcanic glass powder.
Table 1: Basic properties of  VGPs.

Marks VGR RJF RJC RAF RAC RCF RCC
SiO2 73.9 72.4 74.3 72.6 74.2 73.0 74.3
TiO2 0.20 0.21 0.20 0.21 0.20 0.21 0.19
Al2O3 12.8 13.3 12.6 13.2 12.7 13.1 12.6
Fe2O3 1.89 2.33 1.76 2.26 1.83 2.38 1.78
MnO 0.05 0.06 0.05 0.06 0.05 0.06 0.05
MgO 0.30 0.37 0.26 0.34 0.29 0.32 0.28
CaO 1.44 1.56 1.40 1.55 1.42 1.51 1.39
Na2O 3.78 3.57 3.91 3.60 3.71 3.59 3.75
K2O 3.34 3.36 3.38 3.30 3.37 3.32 3.35
P2O5 0.03 0.04 0.03 0.04 0.03 0.04 0.03
LOI 2.25 2.81 2.02 2.84 2.14 2.47 2.25

BET surface area (m2/g) 6.4 16.1 4.2 15.2 5.1 12.0 3.6
Glass content (%) 85.7 88.6 87.4

Table 2: Materials used.

Material Properties Marks

Bi
nd

er Cement
Normal portland cement, density: 3.24 g/cm3 N, NPC

Low-heat portland cement, density: 3.24 g/cm3 L, LPC

SCM VGP, SF, FA SCM

Fine aggregate
Crushed lime, density: 2.67g/cm3 S1

Crushed tight sand, density: 2.62 g/cm3 S2

Coarse aggregate
Crushed tight sand, density: 2.64 g/cm3 G1

Crushed lime, density: 2.70 g/cm3 G2

Chemical admixture

High-range water-reducing admixture SP1

Air-entraining and high-range water-reducing admixture SP2

Air-entraining and water reducing admixture SP3

Air-entraining admixture AE
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Table 3: Factors and level, mixing proportions.

Series W/B Cement W
(kg/m3)

SCM/B
(%) S1:S2 s/a

(%)
SCM
used

Chemical
admixture

used

Target air
content

(%)

Target
slump
(cm)

I 0.20 L 160 10 4:6 45.2
SF
+

6 VGP
SP1 2.0±1.0 Slump flow

65±10

II 0.50 N 167 25 2.5:7.5 42.8
FA
+

6 VGP
SP2+AE 5.0±1.0 Slump

18±2.5

III 0.60 N 183
5
10
20

2.5:7.5 50.8
RF
RC

VGR

SP3
+

AE

5.0
±
1.5

Slump
18±2.5

2.3 Mix proportion and test method
The experimental program for three types of  VGP was divided into four series, and tests were conducted on 
concrete mixtures. A forced-action double-axis mixer was used for mixing. Referring to the JIS test method 
for the activity indices for silica fume (SF) and fly ash (FA), the W/B and replacement ratio were set at 
20% and 10%, respectively, in Series 1, whereas they were set at 50% and 25% in Series 2, respectively. The 
materials and mixture proportions are listed in Tables 2 and 3, respectively. The reference SCM for Series 
1 (W/B=20%) was SF. Its target air content and slump flow were 2.0±1.0% and 65±10cm, respectively. 
The reference SCM for Series 2 (W/B=50%) was FA. Its target air content and slump were 5.0±1.5% and 
18±2.5cm, respectively. The chemical admixture dosage was adjusted to achieve the target air content and 
slump. Compression specimens (φ100×200mm cylinders) were fabricated after testing the fresh properties, 
namely, the slump (only for Series 2), slump flow, air content, concrete temperature, time to 50cm flow, and 
time to end-of-flow (only for Series 1). Compression tests were conducted at standard curing ages of  1, 4, 
and 13 weeks.

In Series III, the influence of  VGP on the chloride diffusion of  concrete was experimentally examined. 
Tests were performed on concrete specimens (W/B=60%) of  three different sizes of  VGP (RF, RC and 
VGR) with a replacement ratio of  20% and OPC for reference, according to the JSCE standard “Test 
method for apparent diffusion coefficient of  chloride ion in concrete by submergence in salt water”. After 
cutting off  25mm slices from the top and bottom ends of  each cylinder, concrete specimens were cured 
in a water bath at 20°C. The curing period was 28 days. Specimens were coated with epoxy excepting the 
circular placing surface and immersed in a 10% NaCl solution at 20°C for 42 weeks. The total chloride ion 
profile was determined by cutting four 10 mm slices from each cylinder so that the centers of  the slices 
would be the points at depths of  5, 20, 35, 50 and 65 mm from the uncoated surface. These were crushed 
to less than 150 µm and subjected to ion chromatography to quantify chloride ions in accordance with JIS 
A 1154 (Method of  test for chloride ion content in hardened concrete).

In Series IV, the relational expressions between the binder-water ratio (B/W) and the 28-day compressive 
strength were experimentally determined to evaluate the environmental performance of  concrete 
containing VGP on a practical basis. Tests were conducted at a ready-mixed concrete plant with actual 
shipping experience. All materials excepting VGP were the same as those normally shipped from the plant. 
Trial mixtures of  RF, RC, and VGR were prepared with a fixed replacement ratio and three levels of  W/Bs. 
Table 4 tabulates the test levels, proportioning factors, and fresh test results. The replacement ratio was 20% 
for RF, RC and VGR. RF was also tested with replacement ratios of  5% and 10%. The target slump and 
air content were 18±3cm and 4.5±1.5%, respectively, for all mixtures. Compression tests were conducted 
at 28 days after standard curing.
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Table 4: Test levels, proportioning factors and fresh test results.

SCM-
replacement

W/B
(%)

W
(kg/m3)

SP dosage
(B*wt%)

AE dosage
(B*wt%)

Slump
(cm)

Air
(%)

RF-20%
60 172 0.80 0.3 19.0 5.9
50 170 0.90 0.0 19.0 5.7
35 174 0.90 0.0 19.0 5.9

VGR-20%
60 172 0.65 0.2 19.0 5.9
50 170 0.65 0.1 19.0 4.6
35 174 0.80 0.0 20.0 3.4

RC-20%
60 172 0.65 0.0 20.0 5.4
50 170 0.60 0.1 20.0 4.9
35 174 0.95 0.1 20.0 3.7

RF-5%
60 172 0.70 0.0 18.5 5.8
50 170 0.90 0.0 20.5 4.8
40 172 0.70 0.0 19.0 3.5

RF-10%
60 172 0.70 0.0 18.0 5.2
50 170 0.90 0.0 20.0 5.4
40 172 0.85 0.0 21.0 4.0

 
3. Experimental results

3.1 Fresh properties
Table 5 gives the fresh properties immediately after mixing and chemical admixture dosage of  Series I. 
All VGPs are found to provide slump flows equal to or greater than SF with smaller chemical admixture 
dosages. In comparison with SF with a mean diameter of  0.1µm, the size of  VGP is large. It is therefore 
presumed that agglomerations are prone to be dispersed due to the small van der Waals forces, requiring 
a small chemical admixture dosage. The time to 50-cm flow of  the coarse powders is longer than that of  
fine powders, with substantial viscosity and dilatancy to cause resistance to shoveling with a cement shovel. 
Though the time to 50-cm flow with the three fine powders is longer than that with SF, the consistency 
was sufficiently practicable. Powders with a BET specific surface of  12m2/g or greater contain sufficient 
amounts of  fine particles to fill the spaces between cement particles, increasing the packing factor of  the 
binder. This presumably achieves a microfiller effect comparable to SF. Based on these results, it is judged 
that, in fresh concrete with a W/B of  around 20%, fine powders with a BET specific surface of  12m2/g 
or more provide a flowability-improving effect, while the effect is less evident with coarse powders with a 
BET specific surface of  5m2/g or less.

However, it can be said that VGP is a supplementary cementitious material that is expected to produce a 
sufficient effect of  improving the workability of  low W/B mixtures as demonstrated in the present results, 
provided that its physical properties including grading are rectified during the process of  crushing and 
classification and that impurities including clay minerals are removed.

Table 6 gives the fresh properties and chemical admixture dosage of  Series II. The mixing time was the 
same for all VGPs. The dosage of  the high-performance air-entraining and water-reducing admixture for 
fine powders to achieve the target slump is higher than FA, whereas the admixture dosage to achieve the 
target slump and air content with coarse powders was the same as SF. The use of  VGP reduces the slump 
flow by 15%, leading to fresh concrete with a high yield value. This is presumably due to the effect of  the 
angular shape of  crushed VGP particles in contrast to spherical FA particles. However, coarse powders 
with a BET specific surface of  5m2/g or less show sufficiently practicable viscosity comparable to FA. 
It can therefore be said, from these results, that the target slump and air content were achievable in fresh 
concrete with a W/B of  around 50% by using the same dosage of  a chemical admixture as FA, which is 
effective in improving the concrete flowability.
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Table 5: Fresh properties and chemical admixture dosage of  Series 1.

Type pf  SCM
/BET surface area (m2/g)

Slump flow
(cm)

Air
(%)

Time to 500mm flow
(sec)

Time to end-of-flow
(sec)

SP1 dosage
(B*wt%)

RJF/16.1 74.0×74.8 2.1 5.3 97 1.40

RAF/15.2 73.2×75.0 2.1 5.8 118 1.40

RGF/12.0 73.8×72.2 1.8 5.5 92 1.40

RJC/4.2 74.0×73.8 1.8 6.3 95 1.30

RAC/5.1 72.4×71.1 1.9 6.8 102 1.20

RGC/3.6 69.8×68.2 1.9 8.3 103 1.20

SF/17.7 69.0×68.0 2.9 4.3 79 1.60

Table 6: fresh properties and chemical admixture dosage of  Series II.

Type pf  SCM
/BET surface area (m2/g)

Slump
(cm)

Air
℃%℃

SP2 Dosage
(B*wt%)

AE dosage
(B*wt%)

RJF/16.1 18.5 5.8 1.10 0.40
RAF/15.2 19.5 5.8 1.10 0.40
RGF/12.0 19.0 5.6 1.10 0.40
RJC/4.2 19.5 5.8 0.83 0.40
RAC/5.1 19.0 5.7 0.83 0.40
RGC/3.6 18.0 5.5 0.83 0.40
FA/1.4 20.0 5.9 0.83 0.40

3.2 Strength development
Figure 5 shows the compressive strength with a W/B of  20%. At an age of  4 weeks, the strength with 
VGPs is equal to or higher than with SF. At 13 weeks, the strength is equal to or lower than SF. It has been 
reported that, if  the W/B is constant, then a 1% increase in the air content reduces the strength by 4% to 
6%. The air content with SF is higher than that with VGP by around 1% in a fresh state. It follows that, even 
if  the strength with VGP is reduced by 5%, it can be regarded as roughly comparable to SF up to 4 weeks. 
Figure 6 shows the compressive strength with W/B=50%. The strength with fine powders is approximately 
20% higher than with FA, while that with coarse powders is equivalent to that with FA, at all ages.

Figure 7 shows the strength development. With W/B=20%, the strength gains with SF from 4 to 13 weeks 
are greater than with any of  the VGPs, but the slopes from 7 to 28 days are similar for all specimens. With 
W/B=50%, similar tendencies are found in the strength development over time in both cases of  FA and 
VGP.
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Figure 5: Compressive strength with a W/B of  20% in Series I.

Figure 6: Compressive strength with a W/B of  50% in Series II.

Figure 7: Strength development.

Figure 8 shows VGP’s BET specific surface and the relative strength ratio to SF at W/B=20%. The strongest 
correlation between the relative strength ratio and the BET specific surface is observed at 1 week, with the 
strength being equivalent with SF even at a BET specific surface of  3m2/g. With a BET specific surface 
of  12m2/g or greater, the strength is equal to or higher than with SF. However, both the slope of  the 
approximate lines and the correlation coefficients decrease over time, ending up with a strength equivalent 
to that with SF with all specific surfaces at 4 weeks and a strength equal to or lower than that with SF even 
with 15m2/g or more at 13 weeks. The reaction rate of  SF in place of  10% of  cement in a paste with 
W/B=22% is reported to rapidly increase up to 7 days and slows down thereafter. Though the strength 
development mechanism of  VGP can slightly differ from that of  SF due to the different glass percentage 
and chemical composition, it is presumed that the strength test results of  VGP correlate well with the BET 
specific surface at 1 week and delayed reaction of  particles with smaller BET specific surfaces proceeds 
thereafter. However, the results that strength ratio to SF is 100% or higher up to 4 weeks but is less than 
SF at 13 weeks imply the effects of  factors other than reactions, such as void percentage. Elucidation of  
strength development related to age remains a subject for future research.

Figure 9 shows the relative strength ratio to FA with W/B=50%. A closer correlation than 20% W/B is 
observed between VGP’s BET specific surface and strength ratio to FA, though with a slight scatter at 13 
weeks. According to a former research on pastes with a replacement ratio of  20% and a W/B of  40%, the 
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reaction ratio of  Type II fly ash specified in JIS A 6201 is around 10% at 7 days and 42% to 53% at 555 
days, being affected by the amount, chemical composition, and fineness of  the glass phase. Since the only 
difference among the six types of  VGPs in the present study is fineness, the obtained strength development 
presumably corresponds with the BET specific surface, which is closely related to fineness. However, the 
slightly low strength ratio to FA at 13 weeks requires further observation of  long-term strength to elucidate 
the strength development mechanism.

Figure 8: VGP’s BET specific surface and the relative strength ratio to SF at W/B=20%.

Figure 9: VGP’s BET specific surface and the relative strength ratio to FA at W/B=50%.
Resistance to chloride ion penetration

Figure 10 shows the results of  immersion tests on concrete specimens in 10% saltwater for 42 weeks 
after 4-week water curing. The concretes with W/B=60% were OPC and concretes containing RF, VGR, 
and RC in place of  20% of  cement. The chloride contents in the surfaces and deeper inward of  concrete 
containing VGPs are significantly lower than those of  OPC. Concrete containing RF or VGR not only 
shields the penetration of  chlorides at a depth of  20mm but also inhibits its penetration at 10mm. Even 
concrete containing RC with the smallest BET specific surface is found to shield chloride ion penetration at 
35mm. Though the shielding effect of  RC is weaker than those of  RF and VGR, it significantly improves 
the chloride ion resistance of  concrete when compared with OPC. The apparent diffusion coefficients of  
OPC, RF, VGR, and RC regarding all chloride ions are 4.00, 0.16, 0.20, and 0.60cm2/year, respectively. 
VGPs with a larger BET specific surface show a smaller apparent diffusion coefficient of  chloride ions. In 
the case of  a replacement ratio of  20%, even the apparent diffusion coefficient of  RC with a BET specific 
surface of  approximately 3m2/g is less than 20% of  that of  OPC. The diffusion coefficients of  VGR and 
RF with BET specific surfaces of  approximately 7m2/g and 11m2/g, respectively, are less than 20% and 
less than 10%, respectively, of  that of  OPC.
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Figure 10: Chloride ion penetration in 10% saltwater for 42 weeks.

3.3 W/B-strength relation and contribution to CO2 reduction
Figure 11 shows the approximate lines calculated from the compression test results and the B/W-strength 
relational expressions. The relational expression for OPC in the figure is the expression adopted for the 
actual ready-mixed concrete made of  the same materials and shipped by the plant. Due to approximation 
of  trial mixtures with three levels by n=1, the scatter of  the results of  20%-replaced RF is wider than that 
of  OPC approximated by n=4. RF with a BET specific surface of  11m2/g shows a higher strength than 
OPC with the same B/W even with a replacement ratio of  5%, and the effect remains up to a replacement 
ratio of  20%. The strength of  VGR with a BET specific surface of  7m2/g is slightly higher than OPC. 
That of  RC with a BET specific surface of  3m2/g is slightly lower than OPC. In Series 2, the strength 
development is comparable to fly ash with a W/B of  50% and replacement ratio of  25%. It can therefore 
be regarded as equivalent to general fly ash of  JIS Type II, which is available on the market in Japan. A 
higher strength at 91 days is therefore expected.

Figure 12 shows the unit cement reduction determined from calculation by the relational expression for 
proportioning to achieve compressive strengths of  30, 40, and 50MPa. The unit water content of  OPC 
proportioning for general slump control is assumed to be 180kg/m3, whereas the unit water content in 
the flow control using VGP is assumed to be 170kg/m3. By assuming the proportioning control strength 
as 50MPa, the cement content can be reduced by more than 100kg even with a replacement ratio of  
10% at which the carbonation rate coefficient decreases. With a 20% replacement, the cement content 
can be reduced by 150kg. Also, with RC, the B/W–strength relational expression of  which is lower than 
cement, the cement demand to obtain the same strength becomes smaller, as the replacement ratio is 20%. 
Reductions of  more than 50kg are therefore achieved at all strength levels.

Figure 11: B/W-compressive strength relation
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Figure 12: Unit cement reduction to achieve compressive strengths of  30, 40 and 50MPa.

4. Conclusions

The findings regarding concrete made using volcanic glass powder obtained in this study include the 
following:

(1) Fresh properties

With a W/B of  around 20%, VGP powder with a BET specific surface of  12m2/g or more has a flowability-
improving effect, while such an effect is judged as being weak with a BET specific surface of  5m2/g 
or less. With a W/B of  around 50% or more, a replacement ratio exceeding 10% of  VGP with a BET 
specific surface of  12m2/g or more increases the chemical admixture demand for achieving the target 
slump increases. With a BET specific surface of  5m2/g or less, however, the target slump and air content 
can be achieved with a chemical admixture dosage equivalent to JIS Type II fly ash with a replacement ratio 
of  25%.

(2) Strength properties

With a W/B of  around 20%, the BET specific surface of  VGP correlates with the strength, demonstrating 
the strength-developing performance equivalent to SF with a BET specific surface of  around 5m2/g, and 
that equal to or higher than SF with a BET specific surface of  12m2/g. At four weeks, the correlation 
between the BET specific surface and strength becomes weak, demonstrating a strength-developing 
performance equivalent to SF. At an age of  13 weeks, the correlation becomes even weaker, with the 
strength being equivalent or lower than SF. With a W/B of  around 50% or more, a strength equivalent to 
JIS Type II fly ash is obtained with a BET specific surface of  around 3m2/g. The strength becomes 20% 
higher than fly ash with a BET specific surface of  12m2/g or more, with correlation between the BET 
specific surface and the strength being observed up to 91 days.

(3) Durability and CO2 reduction

The use of  VGP with a BET specific surface of  around 3m2/g at a replacement ratio of  20% provides 
sufficient resistance to chloride ion penetration, being sufficiently effective in reducing the amount of  
portland cement consumption.
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Abstract 

Volcanic ejecta and deposits, which are pozzolanically reactive, have long been known to improve the 
durability of  concrete. Nevertheless, it has also been pointed out that the use of  a natural pozzolan as 
a supplementary cementitious material (SCM) can pose problems of  low workability and slow strength 
development. Also, in addition to the low performance as a natural SCM, its composition and physical 
properties are widely variable and significantly scattered when compared with industrial by-products. The 
authors have been conducting studies on the total utilization of  volcanic deposits for applications suitable 
for respective properties by classifying them by floating speed difference and particle diameter.  Pyroclastic 
flow deposits called “Ito-Shirasu” which erupted out in 29,000 years ago covers an area of  about 3,427 
km2, and it forms extensive pyroclastic plateaus with a layer about 10 meters to 200 meters thick in the 
southern regions of  Kyushu, Japan. The amount of  sediments of  Ito-Shirasu is estimated to have a volume 
of  75 billion m3. It includes a crystal mineral and an amorphous silicate and so on, therefore it has the 
properties of  both a fine aggregate and a SCM owing to its pozzolanic reaction. They reported that sorting 
out particles less than 2.4 g/cm3 by dry gravity classification and removal of  smaller clay fraction by bag 
filter is technically effective to recover high purity volcanic glass from Ito-shirasu.

This study provides a possibility to produce high performance SCMs in volcanic regions worldwide from 
volcanic ejecta, which have been regarded as a low performance SCM, by sorting out a high purity volcanic 
glass by the same method using an air table.

Keywords: Volcanic glass, natural pozzolan, supplementary cementitious material, dry gravity classification

1. Introduction

A quest for supplementary cementitious materials (SCMs) with a reactivity allowing them to be used as 
a replacement for Portland cement has been under way worldwide, with industrial byproducts including 
ground-granulated blast-furnace slag and fly ash being globally applied to actual construction. However, an 
expected reduction in the output of  such materials, particularly fly ash, was pointed out already in 2007 [1], 
amid the trend to cope with the environmental problems. Then in December 2015, the Paris Agreement 
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was adopted to urge the world to take measures against greenhouse gas emissions, edging out coal-fired 
power generation.

Though the term “pozzolan” is widely used today to describe a reactive material for concrete regardless of  
whether it is natural or artificial, it is derived from “pozzolana,” natural volcanic ejecta, which was used as a 
material for concrete in the Roman era. Volcanic ejecta and deposits, which are pozzolanically reactive, have 
long been known to improve the durability of  concrete. No standard has been available for these materials 
due to their being no industrial products, with their physical properties widely varying. Volcanic ejecta and 
deposits have therefore not been actively employed for construction under the circumstances where laws 
and regulations require engineers to refer to standards. However, with a shift from specification codes to 
performance-based codes in sight, active use of  natural resources in the future of  north America has been 
highlighted [2].

Nevertheless, it has also been pointed out that the use of  a natural pozzolan as a supplementary cementitious 
material can pose problems of  low workability and slow strength development [3]. Also, in addition to the 
low performance as a natural SCM, its composition and physical properties are widely variable [4] and 
significantly scattered [5] when compared with industrial byproducts.

The wide variety of  natural pozzolans are classified by their origins as shown in Figure 1. They are broadly 
divided into two categories: primary volcanic and sedimentary. Diatomaceous earth and white earth fall 
in the sedimentary category due to their undergoing hydrothermal action during the depositional process. 
The volcanic category includes zeolitised tuff, or volcanic tuff, which is also altered by diagenetic processes. 
Though zeolite is a sedimentary rock diagenetically crystallized after being ejected and deposited, it shows 
reactivity with lime when finely pulverized by a base-change reaction. Excepting the group of  diatomaceous 
earth, all natural pozzolans are derived from volcanic rock and volcanic minerals [6]. All these natural 
pozzolans contain such impurities as quartz and feldspar, along with amorphous silica (volcanic glass, 
VG), which causes reactivity. However, in many cases these are studied and used as they are, through the 
processes of  pulverization and classification (mostly into a particle smaller than 45 µm)[6].

Vitreous pumices
and ashes Zeolitised tuffs

Natural SCMs

Sedimentary originVolcanic origin

Unaltered pyroclastic
material

Altered pyroclastic 
material

Chemical sediments Detrital sediments

Diatomaceous 
earths

Hydrothermal 
siliceous sinters

Naturally burned
clays

Processing  

Figure 1: General classification scheme of  natural supplementary materials. Processing usually 
involves crushing grinding, and size separation, mostly under 45 µm

The authors have been conducting studies on the total utilization of  volcanic deposits for applications 
suitable for respective properties by classifying them by floating speed difference and particle diameter. 
This is done by using equipment referred to as an air table, which is based on a principle shown in figure 
2. We have already blended the heavy particle and heavy dust fractions dry-classified by the air table from 
pyroclastic flow deposits (Ito-Shirasu), which is categorized as unaltered matter of  volcanic origin, and 
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found that the blend can be used as fine aggregate in the same manner as crushed sand [7]. Furthermore, 
based on the analysis of  the mineral composition and amorphous content of  classified light dust, sorting 
out particles less than 2.4 g/cm3 by dry gravity concentration and removal of  smaller clay fraction by bag 
filter is technically effective to recover high purity VG from raw material. The authors demonstrated that, 
by pulverizing this VG to around 1 µm, a slump flow and 7-day and later strength equal to or greater than 
silica fume can be obtained when used for concrete at W/B = 0.2 even with smaller dosages of  chemical 
admixtures. When used at W/B = 0.6, the concrete demonstrated excellent strength development from an 
age of  7 days even when up to 20% of  normal Portland cement was replaced with VG. That concrete also 
showed no reduction in the carbonation rate coefficient, indicating extremely high resistance to chloride 
ion penetration [8].

Figure 2: Mechanism of  air table; dry gravity classification. The particles are almost classified 
according to the density and diameter.

This study aims to verify whether the effect of  dry classification of  volcanic deposits by an air table is 
limited only to Ito-Shirasu, which spreads over Southern Kyushu of  Japan, or whether it is more universal, 
by analyzing its deposition principle and powder properties.

2. Test materials and procedures

2.1 Method of  producing volcanic glass powder
Similarly to a former report [9], unprocessed Ito-Shirasu was obtained from a mining firm in Kagoshima 
Prefecture. The test material was prepared by drying the part passing a 5 mm sieve to a water content of  1% 
or less. Figure 3 shows details of  the classifier used. This equipment consisting of  an air table along with a 
cyclone and dust collector classifies the material into five components. The classifying conditions include 
the material feed, pore size of  the sieve, concavo-convex shape, inclination angle, rotation frequency, 
vibration amplitude, and air flow. The density and size of  each component can be adjusted by setting these 
conditions [9]. The particles are classified according to the density and mean size as listed in Table 1 along 
with the recovery rate. Most crystal minerals are recovered as heavy particles 1 mm or more in diameter and 
heavy dust less than 1 mm in diameter, while pumice is recovered as light particles. Among the light dust, 
fine particles recovered by the cyclone include high purity VG. The super fine part not recovered at the 
cyclone is recovered by the dust collector as the clay fraction (CF).
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Figure 3: the dry classifier used. An air table along with cyclone and dust collector classifies Ito-
shirasu into five elements.

Table 1: Recovery rate, density and mean size of  components

Coarse crystalline Fine crystalline Pumice VG CF

Recovery rate (%) 12 21 19 46 2

Density (g/cm3) 2.63 2.66 1.81 2.36 2.37
Particle mean size (µm) 1137 330 742 83.5 4.1

Figure 4 shows the size distributions of  VG recovered by the cyclone and CF recovered by the dust 
collector measured by a laser diffractometer. The mean size of  the fraction recovered by the dust collector 
is 4 µm, representing the fine particle fraction slightly contained in the ore, though the two curves partly 
overlap due to dry classification. 

 Figure 4: Particle size distribution of  VG and CF 

The sorted VG and CF were crushed and classified as shown in figure 5. Volcanic glass primary-crushed by 
a roller mill into a powder (VGR) is pulverized and classified using three devices: a jet mill, air classifier, and 
cyclone. The fractions recovered by the dust collector (RJF, RAF, and RCF) are referred to as fine powder. 
The fractions recovered by the cyclone (RJC, RAC, and RCC) are referred to as coarse powder. These 
fractions, including the primary-crushed VGR, are referred to as volcanic glass powder (VGP). Also, the 
CF, including its crushing, are collectively referred to as clay powder. 
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Figure 5: Manufacturing process of  volcanic glass powder and clay powder 

2.2 Chemical composition and ignition loss 
Calibration curves of  the standard minerals were prepared by the glass bead method for VGP and clay 
powder using lithium tetraborate as the flux, and their chemical compositions were measured by XRF. The 
ignition loss was calculated from the loss values obtained from samples dried for more than 12 h at 105°C 
and then ignited at 1,000°C for 1 h.

2.3 Thermogravimetric analysis, water vapor adsorption, BET specific surface 
Prior to heating, measurement samples for thermogravimetric analysis 20 to 30 mg in mass were vacuum-
dried for more than 12 h to eliminate the effect of  adsorption water in the atmosphere. These were 
then heated from the room temperature (approximately 20°C) to 1,100°C at a rate of  10°C/min with 
measurement intervals of  30 sec. 

The water vapor adsorption isotherm was measured at 25°C using an automatic vapor adsorption meter. 
The specific surface was then determined by the BET method. The measurement cell containing the sample 
was vacuumed and dried for 3 h at 105°C to eliminate the effect of  adsorption water.

2.4 MB adsorption
Adsorption of  methylene blue (MB) was determined in accordance with JCAS I-61: 2008 (Test method for 
methylene blue adsorption of  fly ash). Based on the preliminary test results, a MB solution was added to 
samples weighed to between 0.05 and 0.10 g, and the absorbance was measured by suction filtration. The 
MB adsorption of  samples was calculated by preparing calibration curves from the absorbance by blank 
tests. Six types of  VGP and three types of  clay powder were used as the materials.

3. Results and discussion 

3.1 Chemical composition and ignition loss 
Table 2 tabulates the results of  chemical composition and ignition loss measurements. As shown in figure 6, 
the SiO2 content of  both VGP and clay powder negatively correlate with the ignition loss. The SiO2 content 
and ignition loss of  VGP are more than 72% and less than 3%, respectively, but after pulverization and 
classification, the SiO2 content tends to slightly decrease in the fine powder fraction and slightly increase 
in the coarse powder fraction, with the difference being around 2 percentage points. As for clay powder, 
the SiO2 content and ignition loss of  CF are 65% and 4.5%, respectively, but the difference between those 
of  the fine powder fraction (CFJF) and coarse powder fraction (CFJC) after pulverization and recovery are 
greater than those of  VGP, being around 10 percentage points for SiO2 content and around 3 percentage 
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points for ignition loss. 

Table 2: Chemical composition and LOI of  the materials

Sample VGR RJF RJC RAF RAC RCF RCC CF CFJF CFJC

SiO2 73.9 72.4 74.3 72.6 74.2 73.0 74.3 64.4 60.5 69.2

TiO2 0.20 0.21 0.20 0.21 0.20 0.21 0.19 0.30 0.33 0.24

Al2O3 12.8 13.3 12.6 13.2 12.7 13.1 12.6 16.0 16.9 13.7

Fe2O3 1.89 2.33 1.76 2.26 1.83 2.38 1.78 7.03 8.26 5.07

MnO 0.05 0.06 0.05 0.06 0.05 0.06 0.05 0.07 0.08 0.06

MgO 0.30 0.37 0.26 0.34 0.29 0.32 0.28 0.75 1.09 0.52

CaO 1.44 1.56 1.40 1.55 1.42 1.51 1.39 1.47 1.62 1.45

Na2O 3.78 3.57 3.91 3.60 3.71 3.59 3.75 2.22 1.75 2.59

K2O 3.34 3.36 3.38 3.30 3.37 3.32 3.35 3.21 3.05 3.76

P2O5 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.03

LOI 2.25 2.81 2.02 2.84 2.14 2.47 2.25 4.47 6.37 3.44

 

Figure 6: Relation between SiO2 and LOI 

Volcanic glass is subjected to weathering action of  water, undergoing hydration and elution, and follows a 
weathering sequence shown in Fig. 7, ultimately being modified to a clay mineral (halloysite)[10]. SiO2 is 
prone to elution through chemical changes, leaving compositions rich in H2O and Al2O3. Clay powder can 
therefore be regarded as being in a later stage of  weathering in terms of  chemical composition than VGP. 
In either case, fine powder shows a composition at a later stage of  weathering than coarse powder, with the 
difference between fine and coarse powders of  clay powder being greater.

 

Figure 7: Weathering sequence of  volcanic glass 

3.2 Properties of  adsorbed water 
Figure 8 shows the thermogravimetric curves of  three types of  clay powder and three types of  VGP from 
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among the results of  thermogravimetric analysis tests. The mass losses of  CFJF and CF are significant, being 
8% and 6%, respectively. Those of  CFJC and RJF are similar at around 4%, but their ignition losses differed 
at 3.4% and 2.8%, respectively. This is presumably because the mass loss of  RJF during drying at 105°C 
for pretreatment before ignition loss measurement is greater as shown in the different low temperature 
ranges of  their TG curves. The mass losses of  RJC and VGR are both below 3%, demonstrating similar 
trends to the ignition loss results. Since volcanic glass derived from magma is reported to contain moisture 
equivalent to ignition loss [11], the losses in the TG curves are considered to be attributable to reduction in 
the moisture content, but the differential thermogravimetric curves shown in figure 9 demonstrate different 
trends of  the peak temperatures of  dehydration. One peak is found at around 250°C for VGP including 
those not shown in the figure. This is a typical peak of  volcanic glass [12]. The shift of  this temperature 
toward a lower temperature as the sample is crushed to smaller particles was also confirmed in the tests [12]. 
For clay powder, peaks are found at less than 100°C, around 250°C, and 450°C. The large peak at less than 
100°C is a tendency observed in allophane, an amorphous clay of  weathered volcanic glass, indicating the 
presence of  physical adsorbed water or interlayer water, which result from weathering-induced hydration 
and are not dehydrated by vacuum drying. Similar water is also found to be present in CF and CFJF.

 

Figure 8: Thermogravimetric curves of  VGP and clay powder 

 

Figure 9: Differential thermogravimetric curves of  VGP and clay powder 

At the peaks of  450°C, slight endothermic shoulders are observed in all clay powders and in DTA as well. 
These are considered to be the dehydration of  water bound by further hydration or of  structural water 
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(hydroxyl), suggesting an indication of  clay mineralization [10].

Figure 10 shows part of  the obtained water vapor adsorption isotherms. The adsorption and desorption 
curves of  RJF are separated, being hysteretic similar to Type II or Type H4 that suggest the presence 
of  slit-shaped pores and micropores according to the classification by IUPAC [13]. CF shows hysteretic 
curves close to Type III or Type V, with adsorption being small in low pressure ranges less than 0.1, which 
demonstrates that adsorption does not occur while the interaction between vapors is greater. The total 
adsorption of  CF is high, though its hydrophily can be low, with the difference between adsorption and 
desorption being large. Therefore, once water is adsorbed, it tends to be hard to be desorbed. Regarding 
TG curves for which the pretreatment is vacuum drying, CF shows a dehydration peak of  ∆TG at less than 
100°C. Therefore, the adsorbed water is mostly not desorbed at normal temperatures and low pressure, 
demonstrating properties close to allophane, which is used as a desiccant-adsorbent. Table 3 shows the BET 
specific surface determined from the water vapor adsorption at a pretreatment temperature of  105°C and 
the nitrogen gas adsorption at a pretreatment temperature of  300°C. CF was incalculable, as no linearity in 
the plots was found in the relative pressure range of  0.05 to 0.35. In contrast to SF, VGP and FA show BET 
specific surfaces by water vapor adsorption greater than that by nitrogen adsorption. In vapor adsorption, 
water is adsorbed selectively by hydrophilic sites, whereas nitrogen is an adsorbate that covers the entire 
powder surfaces uniformly. The surface physical properties can therefore be discussed by using different 
adsorbates. Since the BET specific surface is calculated in the relative pressure range of  0.05 to 0.35, the 
amount of  water vapor adsorption of  VGP in the low pressure range turned out to be great due to its high 
hydrophily.

 

Figure 10: Thermogravimetric curves of  VGP and clay powder 

Table 3: BET surface area determined from water and nitrogen

Sample VGR RJF RJC RAF RAC RCF RCC CF SF FA

Water adsorption BET (m2/g) 10.0 41.9 11.2 23.6 8.4 18.6 6.4 - 14.4 7.1

Nitrogen adsorption BET  (m2/g) 7.1 16.1 4.2 12.4 5.1 10.7 3.7 31.4 20.2 1.5

3.3 BET specific surface area and adsorption 
Figure 11 shows the relationship between the mean particle size and the BET specific surface. The BET 
specific surface of  VGP increases as the mean size decreases. On the other hand, clay powder shows no 
particular trend between the mean particle size and the BET specific surface. The BET specific surfaces of  
CF and CFJF are particularly large, being twice as large as that of  VGP with similar mean size. The state of  
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particle surfaces can differ from that of  VGP. 
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Figure 11: Relationship between mean particle size and BET surface area of  VGP and Clay powder

Figure 12 shows the relationship between the BET specific surface and the MB adsorption. The BET 
specific surface and MB adsorption of  VGP are closely correlated, with all sizes meeting the requirement 
to be not more than 1.20 g/100 g (12.0 mg/g) by EN 197-1: 2000 for the MB adsorption of  limestone as 
a cement component. On the other hand, clay powders exceed this limit, with the adsorption tending to be 
above the approximate line for VGP. 
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Figure 12: Relationship between BET surface area and MB adsorption of  VGP and Clay powder

Focusing on the fact that silica is lost during the process of  weathering, leaving alumina, the ratio of  SiO2 
to Al2O3 (silica-alumina ratio) has been proposed as a most simple index to the degree of  weathering 
[14]. Figure 13 shows the relationship between the silica-alumina ratio and the MB adsorption per unit 
BET specific surface. The chemical compositions of  CFJF and CF represent particularly high degrees of  
weathering among the clay powders. Their MB adsorption is also 30% greater than that of  VGP. When 
compared with CFJF and CF, the degree of  weathering of  CFJC is closer to that of  VGP, but the value of  
adsorption is nearly twice as large as that of  VGP. As for VGP, the degree of  weathering of  fine powder 
is slightly higher than coarse powder in terms of  chemical composition, but their MB adsorptions can 
be regarded as being on the same level from their respective mean values and standard deviations. The 
adsorption of  a polycarboxylate-based dispersant per unit area of  powders of  the same types (i.e., powders 
with the same compositions) is reported to be constant [18]. If  this applies to MB, then fine and coarse 
powders of  VGP can be regarded as the same powder from the aspect of  dispersant adsorption, but clay 
powder cannot be regarded as the same type as VGPs. Also, the unit adsorption of  CFJC is the largest, 
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though its degree of  weathering is not as high as CF and CFJF.
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Figure 12: Relationship between BET surface area and MB adsorption of  VGP and Clay powder

4. Discussion

In the field of  natural disaster science, the refractive index of  volcanic glass is used as an index to the 
progress of  weathering of  a cliff, as it increases under the effect of  hydration. Also, the particle structure 
of  a glass shard is explained as a structure consisting of  a non-hydrated core surrounded by a hydrated rim, 
since the refractive index of  crushed glass shards is widened toward the lower side [15]. Volcanic glass is a 
most weatherable material, and the smaller the particle, the faster the weathering proceeds, changing to a 
different soft material under chemical weathering action [16]. In view of  these findings and the results of  
the present study, figure 14 shows the particle properties and process of  crushing/classification.

 

Figure 14: Particle contained in volcanic ejecta and deposits and their crushing process

Both VG and CF have a structure with a hydrated rim on the surfaces, and layers closer to the surface are 
softer and more prone to be pulverized during the crushing process, tending to be recovered by a dust 
collector. This agrees with the fact that fine and coarse powders have different chemical compositions 
and ignition losses. Based on the adsorption per unit area and the results of  thermoanalysis of  CFJC, it is 
considered that CF with a smaller particle size with hydration proceeding more to the core layer leads to a 
thicker hydrated surface rim. CFJF in particular has a concentrate of  highly weathered surface layer. In other 
words, crushing after removing heavily weathered fine particles is effective in manufacturing unweathered 
high purity VGP, which is a high performance SCM, from volcanic deposits.
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Whereas basaltic magma with low viscosity causes moderate volcanic activity, rhyolitic magma is generally 
said to cause violent and explosive eruption. In other words, magma with a large SiO2 content is said to 
cause explosive eruption. The deposits of  volcanic materials excepting gasses are classified into three types: 
pyroclastic fall deposit, pyroclastic flow deposit, and lava. Pyroclastic fall deposit results from a Plinian 
eruption shown in figure 15, whereas pyroclastic flow deposit results from a pyroclastic flow. 

 

Figure 15: Diagram of  Plinian eruption

A Plinian eruption, an explosive one represented by the eruption of  Mount Vesuvius in 79 AD, forms 
an eruptive column made of  gases, magma and rocks crushed to pieces, and fragments of  minerals 
directly above the crater for half  an hour to several days. The temperatures of  this column higher than 
the surrounding atmosphere cause convection (b in the figure). The top of  the eruptive column is formed 
where the density of  the column equals the surroundings (c) and spreads horizontally. Low-density particles 
including volcanic ash and pumice are horizontally blown by the wind out of  the regions of  b and c and 
begin to fall when their speed decreases to the point of  equilibrium between air resistance and gravity;  
‘terminal speed’. Since smaller particles are carried farther away due to their lower terminal speed, they 
are subjected to classification while flying. The material deposited near the crater is referred to as fall 
pumice. The material 2 mm or less in size is referred to as volcanic fall ash. Both are uniform in size and 
contain little crystal minerals or lithic fragments. There can be a case where weathered materials subjected 
to hydration are included, but high purity volcanic glass can be sorted out by the cyclone and dust collector 
of  the present device for air classification. Collapse of  an eruptive column leads to a so-called pyroclastic 
flow. A large-scale flow is formed by gravitational collapse of  an eruptive column, which is regarded as a 
phenomenon of  a rapid outflow of  unclassified pumice, volcanic ash, and rock fragments with volcanic 
gases as shown in figure 16. A theoretical calculation has shown that, when an eruptive column of  2 to 3 
km in height collapses, the resulting pyroclastic flow runs over a distance of  20 to 30 km, traversing ridges 
with a relative elevation of  200 to 300 m. Coarse particles tend to be entrapped among fine particles due to 
the weak classifying action.

Though such ejecta, which is also referred to as tephra, is derived from magma, it also includes ‘accessory’ 
materials derived from the old volcanic body near the magma reservoir and conduit and ‘accidental’ 
materials, which are fragments of  the basement rock. Their quantitative ratios vary depending on the scale 
and pattern of  eruption and distance from the eruption source. After deposition, extraneous materials from 
the surrounding ground can be normally included during various stages of  turning into soil. In view of  the 
use as a SCM in the field of  concrete, pyroclastic deposits resulting from explosive eruption of  magma with 
a high SiO2 content are advantageous from the aspect of  the amount of  resources, but they simultaneously 
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entail abundant impurities other than pozzolanically reactive volcanic glass. 

 

Figure 16: Diagram of  Pyroclastic eruption

Ito-Shirasu presently under study is a large-scale pyroclastic flow sedimentation with an estimated reserve of  
75 billion m3, but amorphous materials including pumice were reported to account for around 60%, while 
crystal minerals were approximately 40%. Also, the fine fraction of  CF with a recovery ratio of  2% showed 
indications of  weathering. According to the results of  research into volcanic glass and other minerals 
contained in volcanic ejecta from Cascade Range in North America [17], the densities of  pumice, glass 
shards, and lithic fragments were 0.7 to 1.2 g/cm3, 2.35 to 2.45 g/cm3, and 2.7 to 3.2 g/cm3, respectively. 
That of  crystalline materials and crystal fragments was 2.6 to 5.2 g/cm3. Therefore, our findings from 
volcanic deposits in Japan that volcanic glass can be perfectly sorted out both with a density limit of  2.4 g/
cm3 and with a diameter limit of  around 5 µm can be applicable to volcanic ejecta from Cascade Range. 
Physical densities of  particles should, even beyond national borders, fall in constant ranges when considering 
the mechanisms acting on volcanic ejecta -- eruption of  volcanic glass onto the ground and rapid cooling 
thereafter, crystallization within the underground magma, rocks present on the ground, weathering after 
deposition, and so on. In that sense, this study provides a possibility to produce high performance SCMs in 
volcanic regions worldwide from volcanic ejecta, which have been regarded as a low performance material, 
by sorting out a high purity volcanic glass by the same method using an air table. 
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Abstract 

Production of  low-energy cements would result in energy saving and lower CO2 emissions related to 
reduced consumption of  fuel and high-grade limestone as a raw material. Belite rich clinker, made more 
reactive by doping with combination of  S and Li, could possibly be one of  the low-energy alternatives for 
Portland cement clinker. Paper describes the preparation of  doped belite and deals with its early hydration 
and reactivity. Belite rich clinkers were prepared in laboratory in high-temperature solid state synthesis. Pure 
substances were used for the preparation of  raw meal and clinker. Early hydration heat flow development 
of  cement pastes was monitored by isothermal calorimetry, changes in phase composition by “in-situ” 
X-ray diffraction and TGA/DTA and microstructure by SEM-SE. Heat flow exotherms were correlated 
with quantified phase composition at given time. Heat related to C3S hydration measured by isothermal 
calorimetry is proportional to its content and the position of  its peak and maximum changes with increased 
Li content. Doping of  the C2S by the S or the combination of  S and Li significantly increases the reactivity 
of  the C2S-rich cement. The formation of  C-S-H products is a continuous process that depends mainly on 
C3S during first 6 hours and then is supported by slow reaction of  β-C2S. The reactivity of  C2S is affected 
by the timing of  the hydration of  other clinker phases. Two generations of  portlandite formation detectable 
as a double endotherm on TGA/DTA can be attributed to hydration of  C3S and β-C2S. 

Keywords: belite clinker, S, Li, doping, early hydration

1. Introduction

The manufacture and use of  concrete produce a wide range of  environmental and social consequences. 
The cement industry is together with the energy production and transportation industries one of  the three 
primary producers of  carbon dioxide, a major greenhouse gas. The share of  cement production in total 
anthropogenic CO2 emissions has been rising steadily and is now estimated by some sources to be around 
10% [1], or about 6% of  the total anthropogenic greenhouse gases [2].

Although energy use and release of  CO2 are closely related in the usual cement manufacturing industry, 
it is the release of  CO2 to the atmosphere rather than the consumption of  energy which is of  chief  
concern. Decarbonation of  limestone (CaCO3) results in the release of  CO2 and, since natural limestone 
and chalk are the only large-scale sources of  calcium available to the cement industry, this CO2 release is 
only reducible by changing the chemical composition of  the cement [3].

Clinker is the main constituent of  the cement. The clinker is mixed with a few per cent of  gypsum and 
finely ground to make the cement. The clinker typically has a composition in the region of  67% CaO, 22% 
SiO2, 5% AI2O3, 3% Fe2O3 and 3% of  other components, and normally contains four major phases, 
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called alite (C3S, Ca3SiO5), belite (C2S, Ca2SiO4), aluminate phase (C3A, Ca3Al2O6) and ferrite phase 
(C4AF, Ca2AlFeO5). Several other phases, such as alkali sulfates and calcium oxide, are normally present 
in minor amounts [4]. 

Recently, there are four classes of  alternative clinker system that deserve serious attention with respect 
to global reductions in concrete-related CO2 emissions [5]; reactive belite-rich Portland cement clinkers 
(RBPC), belite-ye’elimite-ferrite clinkers, carbonatable calcium silicate clinkers, magnesium oxides derived 
from magnesium silicates. 

RBPC belong to the same family as ordinary Portland cement (OPC) in terms of  clinker mineralogy, 
i.e. they are in the C2S-C3S-C3A-C4AF system. The difference in clinker composition between RBPC 
and OPC lies mainly in the belite/alite ratio. For RBPC the belite content is more than 40 % and alite 
normally less than 35 %, making belite the most abundant phase in RBPC, as opposed to alite in OPC. The 
manufacture of  RBPC therefore leads to lower specific energy consumption and CO2 emissions, and also 
has the additional practical advantage of  requiring less high-grade (low-silica) limestone as a raw material 
[5]. The ideal clinkering temperature for RBPC is usually close to 1350 °C, which is about 100 °C lower 
than the average for OPC, which can lead to somewhat lower kiln heat consumption and permit more use 
of  low-grade kiln fuels. 

Physical or chemical activation, e.g. rapid clinker cooling or minor element doping may be needed in some 
cases to make the belite sufficiently reactive. As an example, the use of  0.5–1.0% SO3 in the raw meal 
combined with rapid clinker cooling can lead to the formation of  reactive belite in the clinker. Staněk and 
Sulovský [6] reported the principle of  activation during preparation of  belite-rich clinkers with an increased 
Ca:Si ratio in the structure of  dicalcium silicate and partial substitution of  SiO44− by SO42−. Activation 
was realized by the addition of  sulfate ions, which in the structure of  belite substitute SiO4, caused an 
increased entry of  Al2O3 into the belite and increased the CaO:SiO2 in belite. The sulfur addition to 
the clinker also stabilized the hydraulically more active monoclinic alite M1 modification. The clinker for 
its preparation, contained only around 20 wt.% of  alite, was burned at a temperature of  1350 °C and 
was activated by the addition of  about 5% SO3 (related to the bulk clinker weight). It contained a small 
proportion of  anhydrite. 

Specific kiln fuel requirements and CO2 emissions of  RBPC are typically about 10 % below those for OPC. 
Lower emissions of  NOx and SOx are commonly observed when making RBPC, due mainly to the lower 
burning temperature. On the other hand, it requires about 5 % more electric power to grind RBPC to the 
same fineness as OPC, due to the greater hardness of  belite relative to alite [5]. 

Pure C2S exhibits five polymorphic forms, depending on temperature and pressure during formation [7], all 
are metastable except the γ (orthorhombic) form. In Portland cement the equilibrium temperature between 
α (hexagonal) and α’ is 1280 °C and the conversion reaches a maximum rate at 1100 °C. With decreasing 
cooling rate, the α’H (orthorhombic) phase tends to dominate, and finally the belite is composed entirely of  
this form, which transforms into β-C2S (monoclinic) after passing through the α’L (orthorhombic) form 
[8].

Belite is a major phase in active belite cements and is chiefly present in the α and α’ modifications, stabilized 
either by rapid cooling in the temperature range 1300-900 °C [8], or by the use of  higher alkali levels [9]. 
It has been suggested that the hydraulic activity of  β-C2S is related to the calculated strength of  the Ca-O 
ionic bond [10]. A study of  the relationship between crystal structure and hydraulic activity, including 
synthetic β-C2S and samples separated from Portland cement, indicates that the electric field strength at the 
site of  the Ca2+ ions in the crystal lattice determines the hydraulic activity [11]. 
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Paper deals with reactive C2S-rich clinkers doped with a combination of  S and Li. Early hydration properties 
of  cements prepared from the clinkers were monitored by isothermal calorimetry, XRD-in situ and inner 
standard method, DTA-DTG and SEM-SE. Paper brings comparison of  reactivity and phase development 
during early hydration of  S and Li doped belite clinkers and undoped belite clinker.

2. Methodology

2.1 Materials
Belite clinkers, prepared by high-temperature solid state synthesis, were doped with S and combination 
of  S and 2 % or 4 % of  Li in form of  CaSO4.2H2O and LiCO3. Pure compounds were used to prepare 
the clinkers. The composition of  the raw meal constituents was calculated on the composition of  belite. 
The raw meal composition and phase composition of  burned clinkers are given in Table 1 and 2. Clinker 
tablets were prepared from raw meal which was homogenized for 2.5 hours. Clinkers were burned in 
Kanthal furnace at 1400 °C with 12 hours of  soaking time. Thereafter, the clinkers were quickly cooled in 
the air when they were placed on a metal substrate after being removed from the furnace. For isothermal 
calorimetry, X-ray and DTA testing, clinkers were ground in a vibratory mill for 1 minute.

Table 1: Raw meal composition for clinker preparation

C2S C2S S C2S S 2Li C2S S 4Li
wt. %

CaCO3 75.41 74.98 72.34 69.70
SiO2 24.59 21.16 21.16 21.16

LiCO3 - - 3.66 7.32
CaSO4.2H2O - 3.86 3.86 3.86

2.2 Methods
The development of  heat flow and total hydration heat was monitored by isothermal calorimetry (TAM Air 
– TA Instruments) on samples of  cements prepared from synthesized clinkers. Calorimetric measurements 
were performed at 25 ° C for 7 days on cement pastes with w/c = 0.4 when 5 grams of  cement was used 
for individual test. Samples were stored under laboratory conditions at 25 °C for 24 hours prior to the 
experiment. Before inserting the ampoules pastes into the calorimeter, each cement sample was mixed with 
water and stirred at 2 rpm for 1 minute outside the calorimeter. The measurement itself  started 1 minute 
after the addition of  the mixing water.

The in-situ X-ray diffraction analysis was performed on Bruker D8 Advance apparatus with Cu anode (λKα 
= 1.54184 Å) and variable divergence slits at Θ-Θ reflection Bragg-Brentano para focusing geometry, scan 
range 7-50 2Θ, scan step size 0.039°. Data were processed using EVA software. The duration of  individual 
scans was approximately 20 minutes; duration of  the whole experiment was 24 hours. The paste (w/c=0.4) 
was placed in a sample holder and covered with kapton foil to prevent carbonation. In case of  C2S S 2Li 
sample, the phase composition over time (0, 45, 90, 360, 720, and 2880 minutes) was monitored using the 
inner standard method. As a standard, 20 wt.% fluorite was used. After each time interval the hydration was 
stopped by isopropyl alcohol and acetone. The phase composition of  burned clinkers was determined using 
Rietveld refinement. Since the inner standard method was used the amorphous content was not quantified.

The sample C2S S 2Li was investigated by thermal analysis. The samples were prepared following the same 
procedure as for XRD. The hydration process of  the paste was stopped by isopropyl alcohol and acetone 
after 45, 90, 360, 720 and 2880 min of  hydration. Combined TGA/DTA data were obtained using STA 449 
F3 Jupiter (by Netzsch). The samples were tested in Pt crucibles at a heating rate 10 °C/min, from 35 °C to 
1000 °C. The sample atmosphere was synthetic air (50 ml/min, ratio N2/O2 was 80/20).
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Development of  microstructure at 45, 90, 360, 720, and 2880 minutes of  hydration of  the sample C2S 
S 2Li was observed by scanning electron microscope ZEISS EVO LS10 in secondary electrons (SE). SE 
micrographs were taken at 100x, 500x, 1000x, 2000x and 5000x magnification, EHT 15 kV, WD 12 mm and 
I probe 80pA. Samples were sputtered with gold before SEM SE analyses.

Table 2: Phase composition of  burned clinkers

C2S C2S S C2S S 2Li C2S S 4Li
wt. %

β-C2S 27.1 42.5 80.7 82.5
γ-C2S 72.7 27.3 1.0 1.1
C3S - 27.7 9.9 2.9

CaO free 0.2 2.5 7.7 10.0
anhydrite - - 0.7 3.5

3. Results and discussion

3.1 Isothermal calorimetry
Early hydration exothermic reactions were monitored by isothermal calorimetry during 7 days of  hydration 
(Figure 1). Exothermic reactions are related to dissolution of  amorphous and crystalline phases (Table 2), 
growth, nucleation and precipitation, complexation and adsorption processes. Main contributors of  the 
evolved heat during hydration are portlandite - Ca(OH)2 (CH) and C-S-H. These phases are hydration 
products of  clinker phases C3S and C2S and CaO. Understanding the mechanism of  cement hydration 
involve the study of  the kinetics of  individual mechanistic steps [12].

Figure 1: Heat f low and total heat development during 48 hours of  hydration

When in contact with water, the initial reactions’ exotherms include wetting and dissolution/dissociation 
of  molecular units from the surface of  a solid. Despite the fact that the measurement started after 1 min 
after water addition, the first exotherm is still controlled by CaO content in the sample. Total heat evolved 
in the time interval between 1st and 60th min of  hydration is proportional to CaO content in the samples 
(Table 2): C2S – 1.1 J/g, C2S S – 3.4 J/g, C2S S 2Li – 9.2 J/g, C2S S 4Li – 11.4 J/g. The CaO reaction during 
initial period of  hydration exhibits large signal overshadowing other reactions. Samples with Li contains 
also anhydrite which is also expected to react during the initial period of  hydration. Despite considerably 
lower solubility of  anhydrite comparing to gypsum, anhydrite still serves in the presence of  alkali solvent 
as a retarder of  the setting forming ettringite (AFt) during the initial reactions contributing to total heat. 
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Anhydrite in this belite rich system deserves further research since it plays an important role in terms of  
hydration mechanism and performance of  hardened material in systems with OPC and CSA [13]. 

Period of  slow reactions is followed by acceleration period which is characterized by the main peak related 
to hydration of  C3S. Despite the fact that the heat related to C3S hydration is proportional to its content, 
the position of  the peak and its maximum changes with increased Li content. With higher Li contents the 
temperature of  the maximum increases and the position moves to earlier times. Total heat development 
during 7 days of  hydration show that doping of  the belite with the S and the combination of  S and 
Li dramatically increases the reactivity of  the resulting cement (Figure 1). The combination of  S and Li 
accelerates the heat evolution during first days compared to doping with the S only.

C2S hydration is very slow and heat contribution is considerably lower. C2S reactions are represented by 
minute peaks in deceleration period where diffusion is the controlling process of  hydration. In principle, 
it is claimed that both hydraulically highly active and nearly inactive forms may be possible for all belite 
modifications and the measured strength generation depends on the experimental conditions like burning 
temperature, cooling rate, foreign oxide content, etc. [14]. The reactivity of  C2S is affected by the timing 
of  the clinker phases hydration. Since the hydration of  C2S take part mainly in deceleration period, the 
lack of  water, space and smaller number of  fine and more reactive particles are parameters affecting C2S 
hydration kinetics.

3.2 Phase analysis
From results of  phase composition of  burned clunkers, it can be stated that the enhancement of  
β-polymorph of  dicalcium silicate is the criteria of  doping with S and combination of  S and Li. Vice versa 
the content of  γ-polymorph of  dicalcium silicate decreases with the doping (Table 2). C3S formation is 
significantly suppressed with increasing Li content. Recent study [15] clarifies this effect of  Li by significant 
reduction in the temperature of  the clinker melt formation and a decrease in its viscosity. Lithium causes 
a partial to complete decomposition of  the alite into microcrystalline mixture of  belite and free CaO 
depending on Li2O content and cooling rate.

The phase composition was monitored by XRD hydration in situ during 24 hours of  hydration. Sample C2S 
contains mainly γ-C2S with a small amount of  β-C2S and a minimum of  CH (CH peak is overlapped with 
peaks of  C2S and a slight amorphous hump). In the course of  24 hours the phase composition does not 
change considerably. Sample C2S S contains β-C2S and γ-C2S, C3S and CH. Although the raw material 
composition was designed so that the resulting CaO : SiO2 + SO3 ratio would match belite, relatively 
high amount of  C3S is probably caused due to release of  a part of  SO3 during synthesis. At the beginning, 
amorphous hump and intensity of  CH peaks are increasing. From 160 min on, there is no longer a hump 
and CH peaks are clearly visible and their intensities increase. After 800 min., there is no change. Sample 
C2S S 2Li contains β-C2S, C3S and CH. CH peaks appear right at the beginning and gradually increase their 
intensity reaching their maximum at around 360 min (Figure 2).

β-C2S intensities have a very slight decrease at the beginning, otherwise unchanging. C3S intensities also 
decrease from the start. Sample C2S S 4Li contains β-C2S, C3S, CH and anhydrite. At the beginning, a 
pronounced amorphous hump disappears around 200 min. From 200 min, anhydrite is visible and then 
its signal stays invariant. CH grows from 80 to 1200, then its intensities stay unchanged. Detailed XRD 
and DTA analyses were done on sample C2S S 2Li. Hydration of  the sample was stopped after 0, 45, 
90, 360, 720 and 2880 minutes. Phase composition including amorphous phase was determined. CaO 
reacts completely within first minutes of  hydration, which is demonstrated as a large exothermic signal 
in isothermal experiments (Figure 1). C3S content decrease and increase of  amorphous content and 
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CH content are in good correlation with the main calorimetric peak. β-C2S reacts very slowly showing 
continuous content decrease (Figure 3).

Figure 2: XRD, hydration in situ, sample C2S S 2Li, 24 hours

Figure 3: XRD, inner standard method, phase composition during 2 days of  hydration, sample C2S 
S 2Li 

Quantitative analysis of  effluent fluids with calculation of  phases for single processes was done by DTA-
TGA on sample C2S S 2Li. The phase composition of  the sample was determined after 45, 90, 360, 720 
and 2880 minutes of  hydration. Position and intensity of  main endotherms were monitored at selected 
time intervals during hydration (Figure 3, Tables 3 and 4). Processes of  H2O release from C-S-H and 
AFt overlap each other. Taking in account recrystallization of  AFt, continuous increase of  C-S-H content 
can be seen on endotherm which changes its position from 76-127 °C during 48 hours of  hydration. CH 
endotherm moves its minimum as the crystal size increases. From 720th minute on, double endotherm 
of  CH is visible. This double endotherm can be explained as a second generation of  CH, which might 
indicate the presence of  another source. From the results of  calorimetry and XRD, it is obvious that this 
source is β-C2S which starts to react later than C3S. Furthermore, the C3S content stays the same after 720 
minutes of  hydration (Figure 3).  Based on the intensities and positions of  endotherms, it is likely that two 
generations of  CH differing in crystal size are formed. Second generation, that is detectable from about 6 
hours of  hydration onwards, grows simultaneously with first generation.
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Table 3: Quantification of  eff luent gases or phases* from thermographs (wt. %), sample C2S S 2Li

45 90 360 720 2880

min

H2O; C-S-H, AFt 0.21 0.18 0.47 1.22 1.72

H2O; CH 1.5 1.56 1.36 1.84 2.07

CH* 6.17 6.42 5.59 7.57 8.51

CO2; calcite* (minor peak) 0.15 0.16 0.4 - 0.14

CO2; calcite* (larger peak) 0.71 0.41 1.07 1.19 1.47

CO2; calcite* (sum) 0.86 0.57 1.47 1.19 1.61

calcite* 1.96 1.30 3.34 2.71 3.66

Table 4: Position of  endotherms (°C), sample C2S S 2Li

45 90 360 720 2880

min

C-S-H, AFt 76 96 99 116 127

CH 443 441 451 441, 468 474, 489

calcite (main peak) 762 739 777 774 788

3.3 Microstructure
Development of  the structure during hydration of  C2S S 2Li cement paste was observed by SEM in 
secondary electrons. The microstructure after 45 min, 90 min, 360 min, 720 min and 2880 min is given in 
Figure 4. A study [16] that has discussed the microstructure of  a similar system after 90 and 180 days of  
hydration revealed similar C-S-H fibrous structures, that was transformed into dense aggregates of  globular 
morphology at later ages (180 days). The studied structure shows platy larger CH crystals with undergrowth 
of  fine fibrous C-S-H after 45 min and 90 min of  hydration and continuous recrystallization of  CH and 
densification of  C-S-H on the surface of  the particles after 2880 min of  hydration. Based on SEM-SE, 
it is not possible to distinguish C-S-H formed from C3S and C2S hydration, yet it is the goal of  further 
microstructural studies. Nevertheless, the densification of  C-S-H from 720 min on, taking into account the 
phase analyses, can be supported by C2S hydration.
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45 min 90 min

360 min 720 min

2880 min
Figure 4: SEM micrographs of  sample C2S S 2Li during 48 hours of  hydration, 20000x. 

4. Conclusions

Heat related to C3S hydration measured by isothermal calorimetry is proportional to its content and the 
position and maximum of  heat flow peak changes with increased Li content. The reactivity of  β-C2S is 
affected by the timing of  the hydration of  other clinker phases. Based on heat development, the formation 
of  C-S-H products is a continuous process that relates mainly to C3S hydration during first 6 hours which 
is then supported also by slow reaction of  β-C2S. Results of  thermal analyses show the presence of  double 
portlandite endotherm in DTA curves revealing two generations of  portlandite attributed to C3S and C2S 
hydration. This finding is in agreement with changes in phase composition and position of  exotherms 
determined by XRD-in situ and inner standard method, isothermal calorimetry and densification of  C-S-H 
on the surface of  the anhydrous particles studied by SEM.

5. Acknowledgment 
Thanks are due to project No. 19-05762S financed by the Czech Science Foundation.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

305

IC
SB

M
 2

01
9

ID
 1

12

6. References

[1] Boden, T, Andres, B, Marland, G 2016 Global CO2 Emissions from Fossil-Fuel Burning, Cement 
Manufacture, and Gas Flaring: 1751–2013, Oak Ridge National Laboratory, Oak Ridge

[2] IEA, WBCSD, Cement Technology Road-map 2009 Carbon Emissions Reductions up to 2050, 
OECD/IEA:; WBCSD, Paris:; Conches-Geneva, Switzerland, 2009

[3] Lea, F M, & Hewlett, PC (2004). Lea’s chemistry of  cement and concrete. New York: Elsevier 
Butterworth-Heinmann. 

[4] Taylor, HFW. Cement Chemistry, 2nd Edition. Thomas Telford, London, 1997.

[5] Gartner, E, Sui, T (2017). Alternative cement clinkers. Cement and Concrete Research, http://
dx.doi.org/10.1016/j.cemconres.2017.02.002 

[6] Staněk, T, Sulovský, P (2015). Active low-energy belite cement. Cement and Concrete Research 68 
203–210. 

[7] Hanic, F, Kamarad, J, Stracelsky, J, Kapralik, J (1987). The p-T diagram of  Ca2Si04. British Ceramic 
Society Transactions and Journal 86: 194-198.

[8] Sahu, S (1994). Developments in low energy clinkers. Ceramics-Silikáty 38: 191-200. 

[9] Stark, J, Müller, A (1988). International development trends in low-energy cements. Zement-Kalk-
Gips 41: 162-164. 

[10] Xiuji F, Xinmin M, Congxi T (1994). Study on the structure and characteristic of  dicalcium silicate 
with quantum chemistry calculations. Cement and Concrete Research 24: 1311-1316. 

[11] Tsurumi, T, Hirano, Y, Kato, H, Kamiya, T, Daimon, M (1994). Crystal structure and hydration of  
belite. Cement Technology (The American Ceramic Society) 19-25. 

[12] Bullard, JW, Jennings, HM, Livingston, RA, Nonat, A, Scherer, GW, Schweitzer, JS, Scrivener, KL, 
Thomas, JJ (2011).  Mechanism of  cement hydration. Cement and Concrete Research 41: 1208–1223. 

[13] Pelletier, L, Winnefeld, F, Lothenbach, B (2010). The ternary system Portland cement–calcium 
sulphoaluminate clinker–anhydrite: Hydration mechanism and mortar properties. Cement and 
Concrete Composites 32: 497–507

[14] von Lampe, F, Seydel, R (1989). On a new form of  β-belite. Cement and Concrete Research 19: 
509-18

[15] Staněk, T, Rybová, S, Zezulová, A, Boháč, M (2019). Formation of  clinker containing lithium. 
Materials Science Forum 955: 50-55

[16] Goni, S, Guerrero, A (2007). SEM/EDX Characterization of  the Hydration Products of  Belite 
Cements from Class C Coal Fly Ash. Journal of  the American Society 90, 12, 3915-3922



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

306

IC
SBM

 2019
ID

 115

306

Safe Use of  Sustainable Building Materials: 
A reappraisal of  Adobe

T. Li Piani1, 2, 3 , J.Weerheijm1, 2 , L. Koene3 and L. J. Sluys1

1 Technical University of  Delft (TU Delft), Computational Mechanics, Civil Engineering Faculty, Delft, 
The Netherlands

2 TNO, Defence, Safety and Security, The Hague, The Netherlands

3 Netherlands Defence Academy (NLDA), Den Helder, The Netherlands

Abstract 

 Adobe is a sustainable masonry made of  sundried earthen bricks and mortar. A critical analysis of  the 
normative bodies currently available for the material characterization of  adobe is addressed in this paper. 
Guidelines, prescriptions and requirements related to test methods, materials selection and properties 
contained in the available building codes for adobe around the world are discussed in this study. The 
physical and mechanical properties of  adobe presented in literature are addressed, with particular attention 
to the most recent scientific findings produced by the authors over the last five years of  research. These 
have been assessed in several experimental campaigns as well as corresponding numerical simulations aimed 
at physically-mechanically characterizing the behaviour of  various soil mixtures, adobe bricks and mortar 
under different environmental (humidity content and temperature) and loading conditions (in tension 
and compression) in the static and dynamic regimes. On the basis of  these findings, some issues have 
been identified in relation to the knowledge currently condensed in the prescriptions, requirements and 
procedures of  the available norms for the material characterization of  adobe. A final series of  guidelines 
is aimed at orienting future research on adobe as well as fostering the process of  updating its current 
normative body. The importance of  a normative update for adobe is cogent in relation to the need for a 
sustainable conversion of  the current product and production processes inherent to building industry in 
order to satisfy requirements for safety and sustainability to structural design.

Keywords: adobe; material; properties; standardization; characterization.

1. Introduction

Goal number 11 of  the UN urban agenda is concerned with making cities inclusive, safe, resilient and 
sustainable. The introduction of  the concept of  sustainability in the building construction industry is urgent 
because of  its current impact on the increasing threats inherent to natural material scarcity and global 
pollution. Construction industry nowadays influences up to half  of  the total anthropogenic emissions of  
dioxin in the atmosphere and is responsible for more than one third of  the total energy and water use. A 
relevant portion of  these contributions regards only the material production phase [1]. Thus, sustainable 
alternatives to current building practices are cogent priorities and researches aimed at reducing the 
environmental impact of  building materials while respecting performance requirements have been recently 
started around the world.  For example, biological fibers have been recently tested as sustainable alternatives 
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to steel in reinforced concrete and natural binders or aggregates have been partially replacing Portland 
cement in concrete [2]. Alternatives to baking processes such as air drying procedures are studied for baked 
clay bricks [3]. Most of  the aforementioned practices, despite being applied to new materials, are far from 
being new.  In particular, they belong to the tradition of  adobe. In adobe masonry, bricks are made of  soil 
mixed with natural fibers locally available in the field. Mixtures are then cast in moulds and sundried without 
baking [4]. Fiber inclusion as well as air drying contribute to the eco-sustainability of  adobe as a material. 
Adobe is fully disposable and recyclable. It causes almost null carbon footprint and ensures also higher 
acoustical and thermal performance than classical modern materials. Therefore, this material has recently 
gained renovated attention also in Europe within trends of  sustainable architecture [5]. Unfortunately, the 
effects inherent to air drying and fiber inclusion as well as other sustainable practices tied to adobe tradition 
on its mechanical performance have not been addressed yet. In fact, use of  adobe decayed in industrialized 
societies in favour of  artificial building materials with higher performance and standardized production 
methods [6]. As a result, most of  the adobe buildings in the world are currently not designed according to 
any standard. However, more than two billion people still live in earthen dwellings spread mainly in regions 
of  developing countries involved into military operations or prone to severe earthquakes and building 
heritage of  adobe can be encountered in Europe as well [7]. Thus, in the specific case of  adobe, sustainability 
is intertwined with other global urgencies inherent to safety and housing affordability tasks [8]. As a result, 
a comprehensive characterization of  earthen material is of  paramount importance nowadays. Normative 
efforts for the material characterization of  adobe have started about fifty years ago in different areas of  the 
world. The first attempts to characterize earthen materials for constructions relate to standards in Germany 
[9], [10] and in New Zealand [11] and the most widely used reference nowadays according to literature 
studies is the Australian earth building handbook [12]. Other guidelines can be found in different areas of  
the world, including Mexico, Peru, California and Spain [13]–[15]. In codes for adobe, indications about 
material selection and characterization test requirements are often lacking, scarce or not consistent among 
the different guidelines. This occurs also because adobe is a site dependent material whose properties vary 
based on the local resources availability and building traditions, that prevented an uniform treatment of  the 
subject. Nevertheless, it has been the lack of  definite knowledge on the mechanical properties of  earthen 
mixtures that mostly prevented a shared standardization process of  adobe similarly to modern building 
materials. Comprehensive studies on the mineralogical, physical and mechanical properties of  adobe are 
still rare in literature: if  this is true in statics, literature production on the dynamic performance of  adobe 
is almost null [16]. However, research efforts toward the mechanical characterization of  adobe have been 
focusing in the last decades [17]–[19]. Over the last five years, research by the authors has been devoted 
to comprehensively studying the properties of  adobe. Earthen bricks and mortar with different soil and 
fiber proportions have been physically as well as mechanically studied at different humidity contents [20]. 
In particular, the role of  fibers and water content have been experimentally studied also in the dynamic 
regime, in ranges of  strain rates which cover earthquakes and ballistic impacts [21].  These studies resulted 
in theories, analytical models and numerical frameworks developed to assess the material performance 
of  adobe from statics to dynamics, including to address the effects of  its mineralogical composition at a 
meso-scale on the material response [21]–[23]. In this paper, the resulting updated knowledge gained on its 
physical-mechanical performance serves as a critical normative review on the material characterization of  
adobe. Normative guidelines, prescriptions and requirements condensed in the heterogeneous normative 
production currently available around the world have been confronted against the recent physical evidences 
collected for adobe. In the following paragraphs, a review of  characterization norms is presented into 
three subjects: soil selection, sample testing and material requirements. From the normative-experimental, 
analytical and numerical comparison, issues and knowledge gaps have been identified in some  existing 
prescriptions, requirements and procedures currently available for the material characterization of  adobe. 
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Therefore, final recommendations are meant to support the development of  a normative framework/body 
for adobe as well as give a perspective on future research. 

2. Material Characterization of  Adobe in three steps

Material standardization derives from a shared definition of  soil selection, test methods and product 
performance. In the following paragraphs, a normative review is based on the analysis of  these three main 
subjects. 

2.1 Material Selection
Traditional adobe bricks result from mixtures of  clay, silt, sand, water and air. In most cases, bricks’ soil 
is mixed with natural fibers while mortar contains limited or no fiber amounts. Despite already back in 
the 90’ s scientific papers in literature recommended a proper characterization of  the soil granulometry, 
plasticity and compaction properties of  adobe with building purposes, importance on the selection and 
identification practices of  soil mixtures for earthen building applications is still not reflected in current 
design codes [24]. All codes for adobe currently available agree in selecting soils with no organic content 
and avoiding soluble salts above 0.5-2% [11], [12], [14]. Thus, top soil shall not be used. Potable water is 
recommended for mixing soil. Granulometry ranges are the most common recommendation contained 
in current building codes for adobe as indications of  the cohesion properties of  the final product [12], 
[14]. Guidelines mainly focus on the quantitative evaluation of  clay amount in the mixture. In fact clay is 
the binder for the cohesionless granular fraction of  the soil and is responsible for providing strength to 
the dried material [20], [25]. All codes agree that a minimum of  10% by weight of  clay should be present 
in the mixture [12]. However, recommended ranges vary also significantly around the different normative 
bodies, including in experimental characterization campaigns found in literature [20]. As a result, maximum 
recommended clay percentage and foremost relative proportions with the larger size aggregates are still not 
defined neither agreed [4], [12]. For instance, maximum aggregate size recommended can range between 
5 mm to 25mm [12]–[14]. This uncertainty happens because the adopted mixture is dependent on local 
availability of  raw resources and an optimal clay amount is also determined by its mineralogical family 
and mutual proportions with the larger particles of  the soil mixture. Expansive clay such as smecticte or 
montmorillonite are highly cohesive but also cause shrinkage cracks in the resulting adobe bricks [25]. In 
this regards the use of  expansive soil (i.e. “black earth”) is sometimes discouraged in codes [11], but studies 
in literature reveal that an optimum balance between expandable and non expandable soil is possible and 
desired to ensure adequate strength to the brick [26]. Permitted ranges of  soil components in the different 
codes are resumed in Figure 1. As a result of  the possible combinations available in literature, consistency 
in the normative assessment of  the optimal ranges of  soil particles for earthen building purposes is 
lacking. The (loose) ranges contained in the Australian standard include the best quantitative soil mixture 
compositions for building purposes identified by the authors for adobe in [20] from a literature survey.
Besides availability of  raw materials, quantity of  clay as well as other soil elements and including mixing 
water depend on a vernacular building practice typical for adobe. It consists of  mixing soil with natural 
fibers. This practice is tied to earthen architecture and dates back to ancient Egypt  [6]. It takes  roots in the 
need for limiting shrinkage cracks naturally forming in the brick during curing process under sun [19]. In 
fact, fibers ensure better drainage systems [27]. Recommended materials are e.g. rice, barley, maize, wheat 
and including animal hair. Obviously, inclusion of  fibers necessarily influences the initial mineralogical 
composition and the mixing water content and has an impact also on the physical-mechanical behaviour of  
the final product. However, despite a consolidated practice, the assessment of  the mixture properties after 
fiber inclusion is currently not regulated by characterization standards for adobe. Instead, judgment of  its 
opportunity in soil mixtures in codes is deputized again to the user and regulated only by not defined limits 
of  not “excessive use” [12].
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Figure 1: Granulometry ranges for soil mixtures of  adobe for building purposes according to 
Australian (HB), Peru (NTE) and New Mexico (NMX) codes compared with the results of  a survey 
by the authors from literature.

 Actually, fiber inclusion in adobe guidelines is often considered as a stabilization technique of  otherwise 
unsuitable soil compositions and suggested as an alternative to the introduction of  cementitious bituminous 
binders recommended for highly clayey soils [11]–[13]. In this regard, fibers are suggested to improve the 
mechanical properties in hardness and strength, especially in tension [11]. The current interpretation on 
the role of  fibers in many building codes for adobe is instead in contradiction with the main experimental 
trends recently observed for fibrous adobe in the field [20], [21]. 

The most common effect described in literature when adding natural fibers to soil mixtures is a decay of  
the initial mechanical properties of  the resulting brick, namely strength and elastic modulus [19], [20]. This 
is valid both for flexure and compression and at different loading rates in the static and dynamic regimes 
[21].  According to [20], higher amounts of  clay were needed to partially recover the initial brick strength 
of  a given soil mixture, if  mixed with fibers, at the expenses of  cracking problems after curing due to large 
clay amounts (Figure 2). These effects on the mechanical performance of  adobe have been interpreted by 
the authors as the consequence of  a loss of  cohesion in the meso-structure of  the soil mixture after fibers 
insertion. Particles can be separated by fibers and interaction between clay floccules to bind the cohesion 
less fraction of  the mixture is less effective [21]. This particularly happens for fiber amounts above 10% 
b.w. However, also cases in which fibers strengthen the soil mixture can be encountered in literature 
[28], [29]. This happens because cohesion of  the brick’s macro-structure results from the mineralogical 
properties and relative proportions of  the soil and by the material, quality and quantity of  the added fibers, 
including their mutual interactions with clay binders at the meso-scale. This interpretation suggests that an 
optimum mixture of  fiber and soil elements capable of  reducing shrinkage and enhancing the mechanical 
performance exists. However, only a few codes currently prescribe cohesion tests for characterization 
purposes and they all require them to be performed only on the soil before fiber mixing [12]. Laboratory 
tests are recommended only in very few standard [9], [12]. In most of  the cases, they imply the evaluation 
of  Attemberg limits but only few quantitative indications are found, despite in broad ranges (16-30 for 
the plastic index and 30-50 for the liquid index) [12]. Quantitative evaluations inherent to soil plasticity as 
indication of  soil consistency (without fibers) in standard are instead more commonly related to simple in 
field tests such as the Ribbon test, with an acceptance rate of  60-120mm for the broken pieces [12].



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

310

IC
SBM

 2019
ID

 115

 
Figure 2: Experimental stress-strain curves of  two adobe bricks  containing about the same fiber 
content (≅30%b.w.) and different percentages in clay (≅ 20% and ≅ 45%) and one brick containing 
only clay (22%) tested statically (rate of  1mm/min) in compression at laboratory conditions [20].

2.2 Material Testing
As emerged in the material selection phase, test methods and requirements inherent to the 

characterization of  adobe components are not comprehensively neither consistently registered among 
the available codes [9]-[15]. A representative list of  characterization tests required according to three 
different normative bodies on adobe is provided in Table 1. In adobe building codes, in-field tests are 
still considered as acceptable alternatives to more rigorous laboratory test methods. In-field tests are 
recommended provided the presence of  the persons responsible for final construction, despite most 

of  earthen dwellings in the world are still designed and fabricated by owners themselves, often without 
the necessary specialist technical competences [30]. Also the level of  sophistication of  the testing 

procedures and requirements rely on the user judgement on the importance of  the building project 
[11]. Some characterization tests in codes are even fully sensorial, such as the smell test to verify the 
presence of  organic matter in soil mixtures [12]. The most widely used test to determine the grading 
of  a soil mixture is the sedimentation bottle test, in which the shaking of  a jar containing loose soil is 
aimed at ascertaining approximate fine and sand particles [12]. Instead, sieving and hydrometer tests 
are strictly recommended only in few norms [9]. In 2017, granulometry tests were performed by the 
authors using the BS 1377-2 norm for classification methods on soils for civil engineering purposes 
(Figure 3a-b) [31].  In fact, this code also includes the preliminary treatment of  soil mixtures with 

natural fibers. Tests were performed starting from cured bricks of  several mineralogical compositions. 

                                 (a)           (b)         (c)
Figure 3: Sieving (a) and hydrometer (b) test, with preliminary chemical treatment of  fibers (c) in 
[20]

This implied the preliminary desegregation of  the product into its original soil mixture. Later, organic 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

311

IC
SB

M
 2

01
9

ID
 1

15

content was excluded using mechanical and chemical treatments (Figure 3c). Dissolution was accomplished 
using hydrogen peroxide. In case of  soil mixed with significant amounts and large sized fibers, this process 
required more cycles of  chemical treatment.

Also the mechanical characterization of  adobe  is not solely prescribed according to laboratory standards but 
in-field compressive and flexural tests are often possible and still preferred [11]–[14]. However, mechanical 
properties can be rigorously derived from the standard commonly used for modern materials such as 
concrete. Compression tests on adobe samples were performed in [20] using UNI EN 772-1 for modern 
masonry materials [32]. Required levels of  plane parallelisms for testing purposes were achieved using 
mechanical rectification procedures which did not cause visible damage and achieved precisions included 
in standard tolerance (Figure 4 a-b). The interposition of  layers of  materials of  significantly different 
properties like cement mortar is not recommended for plane parallelism purposes for adobe.

                   (a)              (b)                           (c)

Figure 4: Sanding paper (a) and machine (b) used for rectification purposes and wooden strip 
interposition between steel rolls in a three point bending test (c) [20], [21]

Static three point bending tests were performed by the authors according to UNI EN 12390-5 [33]. In this 
case, no indentation occurred when wooden stripes between adobe surfaces and steel rolls were interposed 
(Figure 4c). Literature studies and norms for adobe indicate that applied deformation rates above 5 mm/
min may be not adequate for testing soft earthen materials. This limit is generally respected in literature 
studies and suggested by the authors.  Displacement controlled tests at velocities of  1-2 mm/min are 
suggested especially for soft adobe tested in compression and tension [20]. Higher values are discouraged 
also because the mechanical properties of  adobe have been recently found to be sensitive to the applied 
loading rate [21]. 

Table 1: List of  main tests required for the characterization of  adobe components according to 
the Australian (HB), New Zealand (NZS) and Mexico (NMX) codes, distinguishing in-field test ( in 
italic) from laboratory tests and denoting with * tests without quantitative requirement limits

Property HB NZS NMX

Grading Bottle test
Sieving/sedimentation * *

Organic content Smell test* * *

Plasticity
Casagrande test

Ribbon test
Touch test

* *

Durability&Erosion
Water retention test*

Water absorption test*
Spray test*

Wet/dry test*
Spray test* Water retention test*

Shrinkage Box test Box test* *
Density Oven drying* *

Compression Uniaxial test
Drop test

Uniaxial test
Drop test Uniaxial test

Tension Bending test
Flexure test Flexure test* Flexure test*

If  methods of  investigation are uncertain, material performance requirements in codes are controversial 
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as well. As shown in Table 1, prescribed values for important physical and mechanical properties are often 
lacking or incomplete. Not strictly quantitative recommendations that rely on the arbitrary judgment of  the 
user according to the specific need and destination of  the product are often encountered in codes for the 
assessment of  many parameters [11], [12]. This is the case for instance for the smell or the wet/dry in-field 
tests. When not lacking, test limits are often not uniform among different sources. Most of  the quantitative 
requirements normed in codes for adobe nowadays focus on the assessment of  minimum strength values in 
compression and tension. However, there is often no agreement about the minimum required performance 
and the assessment of  other important mechanical parameters for masonry design is missing.

2.3 Material Performance

2.3.1 Physical Properties
Mixtures of  adobe are casted in moulds and dried under the sun for a minimum of  28 days in an exterior 
environment before testing [11], [12].  Both literature references and current standard for adobe recommend 
to protect bricks from wind and rain during drying [11]. It is known that natural fibers explicate their role 
during this phase. They fasten this process facilitating draining through cavities and prevent the formation 
of  severe shrinkage cracks [34]. Shrinkage is abundant during drying of  earthen materials and is allowed 
also according to codes, provided that shrinkage cracks do not jeopardize the material properties of  the 
product [11], [13]. Caution is recommended in [11] if  short fine cracks spread randomly at the surface of  
the brick are observed. In [12], it is preferred to exclude products with crack lengths above 7 cm. Only [10] 
recommends quantitative limits of  2% for the property of  linear shrinkage. Shrinkage cracks represent 
a significant issue especially in case of  high amounts of  expandable clays in soil mixtures or in absence 
of  fibers. Therefore, it can represent a threat especially for mud mortar. Characterization of  mud mortar 
receives very little attention in codes and it is treated only in [9], [11]. Despite its importance on the overall 
performance of  adobe walls is recognized in literature, physical tests on mortar are usually prescribed only 
if  different soil materials than for the bricks is used. This implies neglecting the influence of  fibers during 
production of  material and life cycle of  the structure. Different shrinkage rates between bricks and mortar 
can be responsible for initial loss of  adherence and de-cohesion issues which may soon affect structural 
integrity. Unfortunately, also scientific studies on the material characterization of  adobe mortar are lacking 
and only two references concerning the physical mechanical assessment of  mud mortar have been found 
in literature [20], [35]. In [20] physical tests for the determination of  density and moisture content were 
performed on various types of  bricks and mortar for the same curing conditions. They confirmed that 
mortar is denser and characterized by higher shrinkage rates than fibrous bricks (Figure 5).

                                 (a)                                  (b)
Figure 5: Picture of  mortar just casted(a) and after five days since pouring(b): volumetric shrinkage 
of  about 18%[22]

Even if  the same soil is used for bricks and mortar, also the corresponding values for the property of  
density are different after 28 days of  curing. Density in adobe is significantly influenced by fiber addition 
and its inclusion in the mixture significantly reduces the density of  the resulting brick. This is a common 
trend observed in literature and quantified in [21]. Density was determined on two types of  bricks with the 
same mineralogical composition but with only one mixed with 18%b.w. of  fibers. Tests showed that average 
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density of  the fibrous samples was more than 30% lower than the fiber free homologous bricks. As a result 
of  different compositions, density values among different bricks also greatly vary in literature. They usually 
range between 800 kg/m3 for fibrous mixtures to 1800 kg/m3 for clayey bricks [20], [21]. This range is close 
to the one recommended in standards for adobe (1200 kg/m3 – 2000 kg/m3 ) [12]. Tested mortar in [20] 
showed a density of  1400 kg/m3 whereas the one in [35] was almost 2000 kg/m3.

In codes, durability performance of  cured adobe is addressed mainly using in-field tests. The most common 
property evaluated (without specific restrictions) is erosion against water simulating raining conditions 
or dry/wet cycles to which adobe walls may be exposed to during its life cycle [11]-[12]. Instead, the 
assessment of  the moisture content at 28 days of  drying before wall fabrication is not required by codes. 
It is generally assumed that water content after curing is lower than 4% [11]. This is not always the case 
and actually depends on the internal composition of  the product. This was inferred in [20] during an 
experimental campaign aimed at testing the mechanical performance of  bricks and mortar made with 
different clay and fiber percentages. Bricks mixed with 30%b.w. of  fiber and containing 45%b.w. of  clay 
contained more than 6% of  water after 28 days of  curing, whereas the same fiber amount in a mixture with 
half  of  the clay almost halved its initial moisture level for the same environmental conditions (Figure 6). 
This suggests that 28 days are not always sufficient to ensure a fully dried product. Furthermore, presence 
of  fibers in the mixture has been found to have a relatively minor influence on the final level of  water 
content at cured conditions of  bricks [21], [23], [36]. In particular, for certain amount of  fibers, it is found 
that water content increases significantly with the increment of  the clay proportion in the mixture. This is 
interpreted as a consequence of  the fact that the areas of  the mixtures surrounding fibers are fully dried 
after 28 days. Thus, the final water content depend on the spatial distribution of  the fibers in the mixture,  
with particular concern to concentrations of  clay. In fact, water can still be retained by floccules of  clay due 
to its affinity toward water: it swells in its presence and it shrinks in its absence [25]. 

Finally, the eco-efficiency of  the material in terms of  physical properties such as thermal resistance are not 
contemplated by codes, with the exception of  [12] where a typical range of  the expected performance is 
included between 0.25-0.6 m2K/W.

 

45% clay 

20% clay 

Figure 6: Water content at 28 days of  curing for four different adobe bricks as a function of  the 
mixing fibers: focus on the moisture content for two bricks with similar amount of  fiber but 
different clay percentages [20].

2.3.2 Mechanical Properties in Compression
For adobe, assessing the interstitial water content of  earthen components prior to construction is of  
paramount importance. Not only it is already known that water affects the durability performance of  the 
structure due to erosion phenomena during the life cycle of  the structure [4] but it also directly influences 
the nominal strength of  the bricks and mortar and thus of  the overall walls. Guidelines consider adobe 
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bricks as fully dried after 28 days of  curing, when the water content is expected to be lower than 4% [11]. 
However, also water levels below 2% are sufficient to determine a significant decrement in the parameters 
in strength, whereas a minor influence is exerted in deformation. This has been experimentally found 
testing different types of  adobe bricks at different induced moisture levels (including oven drying the 
samples) [20], [21]. Tests revealed an increment in strength for progressively lower water contents in the 
bricks. This trend has been observed for all the tests performed, both in static and dynamic regimes and 
also when mixtures contain fibers (Figure 7).

 

                                  (a)                              (b)
Figure 7: Stress-Strain curves in compression for fiber free adobe bricks (a) and fibrous bricks 
(b) air dried at laboratory conditions (w≅2%) and dried in the oven (reduction of  about 20% in 
strength)[21] 

However, the rate of  decay of  the strength of  adobe due to interstitial water has been quantified in [20] as a 
function of  the mineralogical composition of  the mixture. By testing samples with different clay and fibers 
at certain drying conditions, it was revealed that the mineralogical composition of  adobe can accelerate or 
decrease the loss of  the mechanical property. In particular, statistical regression of  experimental data on 
adobe resulted in the law of  eq.1 for the prediction of  strength at a given humidity as a function of  its 
internal composition, namely fiber, clay and water contents [16]:

             (1)

Where w stands for water and all variables are expressed in volumetric percentages. Examples of  these laws 
are shown in Figure 8 for one type of  brick and mortar experimentally tested. The shape of  the law in eq. 1 
recalls the trend previously derived for baked clay bricks in [3], where the rate of  decay increased for higher 
clay contents. As expected from the formulation in eq.1, the rate of  strength decay experimentally derived 
for adobe mortar (with low or no fiber content) is in general higher than for adobe bricks and it is found to 
be similar to one of  the slopes determined in [3] for only clay bricks. 

The mechanical testing procedures and prescribed values in compression of  the brick after curing are 
covered the best by current standards. Table 2 summarises the quantitative requirements in strength 
prescribed by four different codes for adobe. Recommendations in the different sources are not fully 
consistent in the prescribed test setup as well as in the required performance levels. However, the minimum 
values for strength prescribed by codes after aspect ratio correction are in average consistent with the values 
usually found for adobe bricks and mortar in literature, although lower values than prescribed requirements 
can also be encountered in the field [6]. Figure 9a shows the nominal strength distribution for adobe after 
elaboration of  a database collecting more than 150 static characterization tests in literature supplemented 
with authors data [20]. Most common values for adobe range between 0.8MPa and 2MPa. The average 
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value of  strength is found to be about 1.28 MPa, with 0.95 percentile of  about 0.29 MPa.

Figure 8: Compressive strength law for adobe dependent on water content. Examples of  predicted 
trends for one type of  adobe brick and one type of  adobe mortar using eq.1, compared with  law 
derived in [3] for clay bricks 

On the other hand, in almost 40% of  the test cases, strength of  adobe bricks was lower than 1 MPa. 
The unconfined values of  strength are usually determined in literature using the aspect correlation factors 
commonly prescribed for concrete [37]. Instead, codes in [12] and [11] prescribe a more conservative law 
for adobe and recommend slenderness’s of  3-5 as representative of  the unconfined strength (Figure 10).  
Applying this law to the available tests in the database, the average strength is equal to 1.19 MPa, with 0.95 
fractile of  about 0.2 MPa.  

Table 2: Prescribed strengths (and additional indications) for four building codes on adobe 

Standard Requirement Indication
NZS Minimum> 0.9 MPa after aspect ratio correction (Figure 10)
NTE 80% fractile > 0.85 Mpa after aspect ratio correction
NMX Average> 2 MPa on flat direction/no geometry info
HB Average> 1 MPa after aspect ratio correction (Figure 10)

                                                                               (a)
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                                                                            (b)
Figure 9: Relative frequency (histogram) and cumulative frequency (line) for the unconfined strength 
of  adobe in literature (including data from authors) considering all data (a) or disaggregating data 
according to fiber ratios in the mixtures (b) 

Figure 10: Aspect ratio correction law in strength for concrete compared with the laws proposed in 
the Australian and New Zealand code for adobe

Despite the specific shape of  the curves in Figure 9, there are almost no systematic studies publicly available 
in literature on the size and shape dependencies of  adobe [38]. Preliminary size dependence studies by the 
authors reveal a significant sensitivity to sample dimensions in the response in strength and deformation 
(Figure 11a). However, derived values for nominal strength are consistent with the aspect ratio laws depicted 
for adobe in Figure 10. 

                                               (a)                     (b)
Figure 11: Stress - strain curves and unconfined strength values after aspect ratio correction in HB 
(Figure 10) for two adobe cylinders with same soil and fiber compositions but different slenderness 
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(a) or with the same geometry but different fiber percentages (b) tested in uniaxial compression at 
laboratory conditions in [21]

As for shape dependence, in [38] a correlation between tests on cylinders and cubes was found with a 
slope of  0.94. Furthermore, aside the role of  water content, the mechanical characterization of  adobe in 
standards does not address the influence of  fiber content on strength, despite that most common trends 
in literature relate fiber in soil mixtures to a decay of  the mechanical parameters of  the material (Par. 
2.1). However, recognizing this role is not always easy in literature. In Figure 9b, the same data plotted in 
Figure 9a are disaggregated according to the relative presence of  fibers in the mixture, organized in three 
categories: fiber free (<2 b.w.%), low fiber ratio (<10%b.w.) and high fiber ratios (>10 % b.w.). From Figure 
9b, fiber free samples do not possess strength values lower than 1 MPa, whereas fibrous bricks have a 
significant statistical incidence in the 0.5-1MPa and 1.0-1.5 MPa ranges. However, fibers can confer to the 
brick also values of  strength above 3MPa. As explained in Par. 2.1. the outcome of  fiber inclusion depends 
also on the specific characteristics of  the applied soil. However, there are only few systematic studies aimed 
at quantitatively addressing the role of  fibers in adobe bricks [39]. Tests by the authors [21] showed that 
parameters in strength and stiffness are significantly affected by fibers whereas their inclusion is always 
accompanied by an enhanced ductility and retarded failure (Figure 11b). The major contribution associated 
to the presence of  fibres in the mixture on the mechanical performance of  adobe is  indeed related to the 
material ductility. Fibers allow the bridging of  the stress through cracks, limiting their entity and holding 
together the vital cores of  the matrix until large deformation stages.

Indications on the elastic stiffness of  adobe bricks are not provided in standards. Data in literature reveal 
a significant scatter in values, with ranges between 10 MPa and 2500 MPa. However, most common values 
lie between 50 MPa and 200 MPa (Figure 12). The only reference to this parameter in standards relates to 
the stiffness of  the adobe wall, which should be designed as 300 times the corresponding strength in [11]. 
Calculating E as a ratio of  the strength reduces the scatter in value associated to stiffness, since strength 
and stiffness are found to react is a similar manner to clay, fiber and water contents in the mixture [21].  
However the recommended value in standards is lower than the ratios commonly encountered for adobe 
bricks. Considering only data set in [20], E=60-80fb, whereas considering data in literature E=120-180fb 
[40]. 

Figure 12: Relative frequency (histogram) and cumulative frequency (line) of  the elastic stiffness 
of  adobe

Besides the assessment of  the mechanical parameters in compression, the definition of  the entire curve in 
compression is of  paramount importance for masonry materials. In fact, deformation curves can be used 
to develop constitutive models for non linear analyses [41]. Research has revealed that constitutive models 
originally developed for concrete can be used to address the curve of  response of  bricks and mortar of  
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adobe. In [21] a constitutive model has been developed to assess the stress-strain plots of  adobe bricks 
made of  different mineralogical composition and water content and subjected to various loading rates, 
from statics to dynamic impact (Figure 13a). The law recalled in eq. 2 takes roots from the Popovics’ model 
developed for cement geo-pastes in statics [42]. It properly addresses the typical non linearity observed in 
the curves of  response of  adobe in compression, characterized by micro-cracking processes starting in the 
pre-peak phase of  the curve and in the final quasi-brittle softening behaviour [18], [43]. Parameter n in eq. 2 
controls the amount of  non linearity in the uniaxial response and calibration with experimental data in [17] 
makes the parameter a function of  fiber content (n ranges between about 1.5 and 3.5 in adobe and decreases 
with increasing fiber amounts). Furthermore, the model in eq. 2 modifies the original formulation in [42] 
implementing rate dependent functions of  logarithmic shape f(DIF) for the uniaxial assessment of  adobe 
in dynamics [21] (Figure 13b). 

                                                           (2)

In fact, the response of  adobe at high strain rate loadings has been recently experimentally assessed [21]. 
Strain rates in the order of  120 s-1 were achieved using Hopkinson bar tests. Tests revealed that adobe is 
a material sensitive to the deformation rate. The dynamic increase factor of  the mechanical property of  
strength for adobe lies in the lower boundary of  the cloud of  data usually associated to concrete (Figure 
13b) [44]. From the same Figure it is shown that if  soil mixtures are provided with fibers, rate sensitivity 
of  adobe decays. This is consistent with interpreting a reduction of  cohesion after fiber inclusion. Instead 
water content in the mixture enhances sensitivity to the deformation rate for a physical principle of  viscosity 
called Stefan effect (Figure 13b) [21].

The scarcity of  constitutive models describing the non linear response in compression up to failure for 
adobe is reflected in the lack of  numerical models for the material simulation of  bricks and mortar [45]. 
Constitutive models as in eq. 2 can be implemented in numerical frameworks, together with the definition 
of   damage or plasticity surfaces. In [22], a smoothed Mohr Coloumb damage surface implemented in a 
finite element isotropic damage model with exponential softening damage evolution laws was suitable for 
interpreting the damage process of  soil based masonry materials loaded in compression. This constitutive 
law has been validated against a wide range of  loading conditions, including impact penetration tests on 
adobe walls [23].

                                                                                   (a)
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                                                                                   (b)
Figure 13: Experimental-numerical stress strain curves in compression for a fibrous adobe (n=1.7) 
compressed at three different loading rates from statics to high velocity impacts using eq. 2 (a) 
equipped with dynamic increase factor functions (DIF) experimentally derived in [21] (b)

2.3.3 Mechanical Properties in Tension
As for many quasi brittle materials used in masonry, correctly addressing the response of  adobe in tension 
is very important. The mechanical characterization of  adobe in tension in current codes mainly concerns 
the evaluation of  its strength parameter. Quantitative values are evaluated mainly from flexural tests, despite 
literature studies suggest that splitting tests better reproduce the uniaxial tensile state [38]. Experimental 
data available for adobe in tension in literature and including tests in [20] is shown in Figure 14 similarly 
to Par. 2.3.1. Averages and 0.95 percentile values respectively are about 0.4 MPa and 0.15 MPa. According 
to codes, average values for strength of  0.34 MPa is prescribed in [13], while a minimum of  0.25 MPa 
is requested in [9]-[11]. This requirement is met by 65% of  the experimental data for adobe in tension 
available in literature (Figure 14).

Figure 14: Relative frequency (histogram) and cumulative frequency (line) for the tensile strength 
for adobe using data in literature (including authors’)

Disaggregating data in tension according to the possible presence of  fibers in the mixture as in Par. 2.3.1., 
also in tension mixing soil with fibers statistically results to a lower strength performance in average (Figure 
15a). In [45], bending tests at the same laboratory conditions have revealed an enhancement of  ductility in 
the response of  adobe when fibers are added to the mixture (Figure 15b) . With a value of  0.7 MPa, adobe 
mortar (fiber free) tested in [20] possesses one of  the highest values of  tensile strength encountered in 
literature for adobe.

DIF = 
0.7+0.02log(ε) 
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                                                  (a)          (b)
Figure 15: Relative frequency for the tensile strength of  adobe bricks disaggregated for fiber free 
and fibrous adobe samples (a) and Force – displacement plots in bending tests in [16] on two adobe 
bricks with different fiber proportion ratios (b). 

Tensile strength relates to the parameter in compression in ranges between 0.18fb [6] and 0.4fb [28]. In [16], 
this ratio ranges between 0.3fb and 0.7fb, with a median equal to 0.57fb. These values are in general higher 
than the minimum levels suggested in [11],  included between 10% and 20% of  the compressive strength 
[11]. The failure process of  adobe in tension is typically more brittle than in compression. A localized failure 
has characterized bricks and mortar subjected to bending tests in [20], independently from water content 
and fiber inclusion in the mixture. Typical curves of  response are characterized by an elastic phase followed 
by softening with exponential shape (Figure 15b). In [22],  numerical simulations of  bending tests on adobe 
using a local damage finite element model recently developed for the simulation of  bricks and mortar at 
various loading conditions showed that a constitutive law in RILEM TC 162 [46] originally prescribed for 
steel fiber reinforced concrete is suitable to numerically assess the localized damage failure experimentally 
observed in adobe in flexure (Figure 16). The adopted constitutive model in tension is linear elastic with an 
elastic modulus being the same as in compression until the attainment of  the stress level associated to the 
first crack in bending, which anticipates softening.

Figure 16: Experimental crack and numerical damage (using RILEM TC) localized in the middle of  
a brick subjected to bending test using the adobe delta damage model in [22], a finite element model 
for the simulation of  adobe bricks
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3. Final Recommendations and Conclusions

A review of  the codes currently available for the material characterization of  adobe bricks and mortar is 
reported in this study. The prescriptions provided by the normative bodies for adobe around the world 
related to test methods, soil selection and material properties have been critically addressed. They have 
been compared with the most recent scientific findings produced for adobe regarding the assessment 
and interpretation of  its physical-mechanical properties. To this end, the experimental data, theoretical 
interpretations and numerical elaborations produced by the authors over the last years on adobe have been 
used as main reference.  From the analysis, lack of  knowledge, consistency and completeness in the current 
normative body stand out and a normative and knowledge update is needed. Among others, two areas of  
improvement are deemed as priority: 

• Definition of  a shared set of  identifying properties for the physical-mechanical performance of  adobe 
components, both bricks and mortar. The assessment of  the drying conditions preliminary to tests 
on samples is a priority and the set of  maximum moisture levels before mechanical characterization 
is necessary. The influence of  moisture on the mechanical performance must be integrated both at 
an experimental characterization and at a material design level. Moisture content dependent strength 
laws should be considered when designing for the life cycle of  the structure. Required properties 
should not solely relate to the characterization of  the mechanical parameters of  the resulting brick 
but rather to the evaluation of  its original soil. If  the minimum requirements in strengths by codes are 
generally consistent with mean experimental values found in literature, soil particle distributions tests 
are not sufficient to certify suitability of  adobe as a building material. Assessment of  fiber properties 
and amounts in the brick before mechanical characterization in codes is necessary. A comprehensive 
physical study on the mixture is needed, with particular reference to the plasticity and cohesive property 
assessment. These must not only be determined on the raw soil, but also directly on the final mixture 
used to produce the brick, namely including the assessment of  fiber-soil mixtures properties. At a 
research level, the identification of  the materials, quantity and orientation of  mixing fibers which 
ensures durability, ductility and strength to bricks and mortar of  given mineralogical compositions is a 
priority task.

• Homogenization of  test procedures, methods and requirements for each targeted property. Simplistic 
identification tests in the field must be preferably substituted by laboratory tests because they are 
often not sufficient to determine exhaustive information of  fundamental properties for adobe. 
Standard methods can be adapted from codes for modern building materials for masonry applications. 
Furthermore, for each property, acceptable ranges of  values or minimum requirements should be 
carefully defined to ensure prescribed levels of  safety. These values should concern the properties 
in strength and deformation of  the brick as well as the physical properties of  the mixture. Given 
the site dependency inherent to soil selection, prescriptions are expected in terms of  ranges for the 
soil distribution properties and in terms of  strict minimum requirements for cohesion, durability and 
plasticity properties. At a research level, new building production and construction processes capable of  
removing randomness in the manual production of  adobe bricks can help to ensure safety in contexts 
of  scarcity.
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Abstract 

Blended cement pastes are usually reported to carbonate faster than ordinary Portland cement (OPC) 
pastes due to the reduced portlandite content caused by the pozzolanic action. Moreover, the effect of  
carbonation on the pore structure of  hydrated cement paste may be variable depending on the binder. On 
the one hand, calcium carbonate precipitates and clogs the pore network. On the other hand, decalcification 
of  C-S-H may cause shrinkage, and potentially microcracking that increases pore connectivity. When fly ash 
is included in the system, the situation becomes quite different from ordinary Portland cement paste. As 
the pozzolanic reaction consumes portlandite, carbonation is more likely to progress by decalcifying C-S-H. 
Blended cement pastes are therefore more susceptible to microstructural changes due to carbonation. In 
this paper, we assessed the overall effect of  carbonation on the porosity of  well-cured fly ash blended 
cement paste by dynamic vapour sorption (DVS). This technique allows determining the pore structure 
from the quantification of  water uptake by condensation of  water vapour at different relative humidities. 
The Barrett, Joyner and Halenda (BJH) method, based on the Kelvin model, was applied for computing the 
volume of  mesopores (0.002-0.05 µm). The Dubinin–Radushkevich (DR) equation was used to calculate 
the volume of  micropores (<0.002 µm). Samples with 20, 30, and 40% replacement ratios of  OPC by fly 
ash were prepared and cured for one year before carbonating them in an accelerated chamber with 1% 
CO2. Despite the advanced age of  the pastes, considerable reductions due to carbonation in the volume of  
mesopores and micropores were registered.

Keywords: fly ash, carbonation, porosity, DVS

1. Introduction

The dynamic vapour sorption (DVS) test helps in the description of  the pore structure of  cementitious 
materials by measuring the equilibrium between the mass water content of  the sample and the relative 
humidity (RH), at a constant temperature. Water molecules are relatively smaller than those of  gases CO2 
or N2 [1], and this advantage allows water molecules to penetrate smaller pores and ink-bottle pores as 
well. Also, it is very convenient that no degassing process of  the sample prior to the measurements is 
necessary, hence possible microstructural damage is avoided. Furthermore, the test can be performed at 
room temperature, which is a practical and realistic approach for most applications. The sorption isotherms 
obtained from the test are used afterwards to calculate specific surface area and pore size distributions 
(PSDs) of  samples.
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The most applied theories of  adsorption that mathematically describe the results are the Barrett, Joyner and 
Halenda (BJH) method [2] for the calculation of  the pore size distribution in the mesopore range, and the 
Dubinin–Radushkevich (DR) equation [3] for the calculation of  the pore size distribution in the micropore 
range. These models include a number of  simplifications that should be considered. For instance, for the 
computation of  the specific surface, a monolayer of  adsorbate is assumed to be uniformly distributed on 
pore walls, but this surface is never completely covered until the saturated vapour pressure is reached [4]. 
Another important aspect is that calculations of  the pore size distribution consider cylindrical pore shapes 
for the distribution [2].

Changes in pore structure of  carbonating blended cementitious mixes occur over time and in relation to 
the reaction degree of  the supplementary cementitious material and the affectation of  hydration products 
by their reaction with carbon dioxide. Even developing at a relatively slow pace, when fly ash is added to 
concrete there is normally an improvement in durability-related properties of  the cementitious material [5-
8]. Nevertheless, the carbonation of  fly ash blended mixes has particular implications. The consumption of  
calcium hydroxide by the pozzolanic reaction of  the fly ash and the dilution effect of  the portland cement 
reduce the alkaline reserve of  the material that offers resistance to carbonation. As a result, the carbonation 
front progresses more rapidly than in unblended mixes with the same porosity. Moreover, the relative 
amounts of  calcium hydroxide and C-S-H suffering carbonation are modified with the inclusion of  fly ash 
[9-10], and the effect of  carbonation on porosity differs from the case of  plain Portland cement pastes. 
Whereas carbonation of  calcium hydroxide partially contributes in clogging the pore structure, carbonation 
of  C-S-H causes the opposite effect when increasing porosity.

Previous studies have dealt with the effect of  carbonation on the pore structure of  fly ash blended cement 
pastes. Techniques such as mercury intrusion porosimetry, scanning electron microscopy and the X-ray 
attenuation method have been applied for describing the changes in the microstructure. These techniques 
are effective in describing the total porosity, but they are imperfect for connecting these changes to different 
pore size ranges due to the potential affectation of  the microstructure caused by the procedure or the 
preconditioning required. Results from DVS tests can complement previous descriptions of  carbonated fly 
ash blended paste, in relation to the particular capabilities of  the method, which requires no preconditioning. 

2. Methodology

2.1 Materials
The mineralogical and chemical compositions, and particle size distribution of  the Class F fly ash and 
ordinary Portland cement (OPC, CEM I, 42.5 N) used in this study are presented in Tables 1, 2 and 3, 
respectively. The mineralogical compositions were determined by Rietveld analysis of  the X-ray diffraction 
patterns. These analyses were performed by adding 10% w/w of  internal standard (zincite) to apply the 
PONKCS method and determine the content of  amorphous phases as well. The particle size distributions 
were measured by laser diffractometry. The values of  the refractive/absorption indexes considered in this 
analysis were 1.73/0.1 and 1.56/1 for the OPC and fly ash, respectively. 

Pastes were prepared with 20, 30, and 40 % w/w replacement ratios of  OPC by fly ash. The water to binder 
was 0.40 in all cases. These samples were cured in a conditioned room at (20 ± 2) °C and (95 ± 5) % RH 
for 360 days for assuring nearly the maximum possible reaction degree of  the fly ash.
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Table 1. Mineralogical composition of  the f ly ash and OPC, determined by XRD/Rietveld analysis 
(and PONKCS method for the amorphous content) (%).

Material C3S C2S C3A C4AF Gypsum Quartz Magnetite Calcite Amorphous
OPC 60.2 22.0 10.8 2.7 4.2 nd nd 0.04 nd

Fly ash nd nd nd nd nd 5.9 1.2 nd 91.9

nd = not determined

Table 2. XRF chemical compositions of  raw materials (%).

Material Na2O MgO Al2O3 SiO2 SO3 K2O CaO Fe2O3 Free CaO
OPC 0.27 0.95 4.91 20.74 2.96 0.77 64.67 1.52 0.2

Fly ash 1.08 1.92 23.50 54.19 0.94 3.38 3.02 7.92 0.1

Table 3. Particle size distribution of  OPC and f ly ash (µm).

Material d10 d50 d90

OPC 3.1 16.3 57.9

Fly ash 2.1 15.0 89.3

2.2 Methods
After the curing period, samples were ground and sieved between 500–1000 μm. This range of  particle size 
for the samples was considered as a good compromise between DVS test duration and practicality [11]. 
Portions of  the samples were immediately conditioned by removing free water by solvent exchange with 
isopropanol for 15 min and dried under vacuum afterwards. Then, approximately 5 mg was tested for DVS. 
The device was set at 20 °C, with a dm/dt < 0.002 wt.%/min as a detection limit to continue to the following 
RH level. The RH levels at which samples were subsequently equilibrated included 5-10-20-30-40-50-60-
70-80-90-98 % RH. Since these samples were predried under vacuum, they were first increasingly tested 
for adsorption up to 98 % RH and then a complete desorption process was performed. Other portions 
of  the samples were put in a carbonation chamber (60 % RH, 1 % CO2) for six weeks to allow them to 
carbonate. Afterwards, small fractions of  the samples were crushed and sprayed with phenolphthalein 
solution to confirm full carbonation by no colour change. Then, portions of  the samples were conditioned 
and tested for DVS with the previously described set-up. Each DVS test demanded approximately 7 days 
to be completed.  

The BJH method [2] was used for the calculation of  the pore size distribution in the mesopore range 
(0.002-0.05 µm [12]). This method, based on the Kelvin model, considers that capillary and adsorbed 
water phases exist in cylindrical pores and calculations of  the pore size distribution are made by step-by-
step iterative calculations [1]. The DR equation [3] was used to calculate the pore size distribution in the 
micropore range (<0.002µm). The method is based on the assumptions of  a change in potential energy 
between the gas and adsorbed phases.

3. Results and discussion

Figure 1 presents the DVS isotherms. Carbonated pastes are drawn with dashed lines, and uncarbonated 
pastes are drawn with continuous lines. Small increases in the mass water contents for each RH are noted 
as the content of  fly ash increases. This effect of  fly ash is showing an increased overall porosity due to a 
dilution effect of  the OPC [5]. An exception should be made for 20 and 30 % uncarbonated samples, as 
between these two the paste with the 30 % fly ash content showed the lowest water content. However, the 
difference between these two series is very small, and it can be therefore considered within the variability of  
the test. In general, a significant variation in the desorption branches between 40 and 30 % RH is observed. 
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This change is produced near the RH generally considered key for separating free water from interlayer 
water [1]. The device required a much more extended stabilization period during the step from 40 to 30 % 
RH, and a steeper desorption curve is presented in this particular range. Further analyses for this situation 
are possible, but they have no implications for the comparative study aimed in this work. More significant 
hysteresis is also noted for uncarbonated samples. Hysteresis commonly points at the presence of  ink-
bottle effects, and the observed attenuation suggests a reduction in the tortuosity caused by an increased 
accesibility of  all pores when samples are carbonated.

0

5

10

15

20

25

0 10 20 30 40 50 60 70 80 90 100

Mass water 
content [%]

Relative humidity [%]

20 30 40

20 30 40Uncarbonated

Carbonated

Figure 1: Sorption isotherms of  the samples. 

Figure 2 presents the pore volume and pore specific surface area of  samples calculated from the DVS 
isotherms data. The replacement ratio of  OPC by fly ash did not cause significant differences in the micro 
and meso pore volumes or the specific surface area of  the pore structure. The long curing period promoted 
a reaction degree very close to the maximum possible in the mixes, and compared to the 20% paste, the 
higher dilution effect in the 40% paste seems to be compensated by the reaction of  the fly ash. In this case, 
uncarbonated 40% paste must have had a significantly lower content of  calcium hydroxide than the the 30 
and 20% pastes, and this is certainly defining the effect of  carbonation on the pore structure depending on 
the replacement ratio. Accelerated carbonation produced a notorious decrease in the volume of  micro and 
meso pores in the mixtures. The decrease is smaller with a higher replacement ratio, showing the connection 
between the pore volume reduction due to carbonation and the initial  content of  calcium hydroxyde in 
the samples. Several authors [13-16] have indicated that carbonation of  calcium hydroxyde contributes to 
the clogging of  the pore structure, whereas carbonation of  C-S-H produces a detrimental effect instead. 
In relative terms, similar reductions due to carbonation were found for the mesopore and micropore size 
ranges. Accelerated carbonation also caused the specific surface to decrease. The relative reduction due to 
carbonation in the specific surface area is greater than the reduction in pore volume. However the number 
of  tests is insufficient and this outcome requires to be confirmed by additional testing, this indication is also 
in agreement with the reduced hysteresis. When the comparative analysis is made on the basis of  the same 
porosity, a slight coarsening of  the pore structure caused by carbonation is suggested by the decreased pore 
specific surface area. Overall, the relative pore size distribution seems to remain the same, so the effect of  
carbonation would be homogeneous over the whole pore size range. The suggested coarsening might be 
explained by microcracking, which typically has a totally different structure than innate porosity. As during 
carbonation the previous consumption of  portlandite by the fly ash promotes decalcification of  C-S-H, 
the microcracking may be associated to ‘carbonation shrinkage’. Additional results from other experimental 
techniques would be valuable for assessing the complete pore size range in the pastes (i.e. covering also 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

329

IC
SB

M
 2

01
9

ID
 1

17

larger pores) and confirming this hypothesis. 
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 Figure 2: Computed pore volume and specific surface area. 

The results in the present study differ from the findings from Wu and Ye [9], where increased porosity in 
fly ash blended pastes was registered by mercury intrusion porosimetry, and Cui et al [17], where similar 
results were found by the extended X-ray attenuation method (XRAM), for fly ash contents of  30, 50 % 
or higher. These studies attributed the increase in porosity to carbonation of  C-S-H, which is probably 
enhanced when they apply accelerated carbonation at 3 % CO2. In agreement, a previous study considering 
accelerated carbonation at 10 % CO2 [18] also found a decrease in capillary porosity due to carbonation 
with 35 and 50 % fly ash, whereas an increase in capillary porosity was detected for 67 % fly ash. In the 
present study the CO2 concentration was only one-third and one-tenth of  the values in previous works 
(i.e., a closer value to natural exposure), and clogging of  the pore structure seems to be the main effect. 
Moreover, no high fly ash contents were included in the present study, so our analysis is limited to 40 % 
fly ash at the most, and it is possible that the situation is different for higher fly ash contents. For example, 
Shah et al [19] suggest that reductions in porosity are to be expected whenever high replacement ratios, 
with a consequent full consumption of  portlandite, are applied. Conversely, with replacement ratios of  up 
to 40 %, Chindaprasirt and Rukzon [20] found similar results to those presented in the present work. It is 
therefore clear that significant attention should be put on the replacement ratio and the CO2 concentration 
when assessing the impact of  carbonation on fly ash blended paste. 

4. Conclusions

• A small increase in porosity was measured in fly ash blended pastes, in connection with a dilution effect 
due to a limited reactivity of  the fly ash, even after 1 year of  curing.

• Significant reductions in the volumes of  micro and mesopores due to accelerated carbonation (1 % 
CO2) of  fly ash blended cement pastes were detected by dynamic vapour sorption tests. This reduction 
was registered for replacement ratios between 20 and 40 % w/w of  OPC by fly ash.

• The reduction in the pore specific surface area of  fly ash blended pastes due to the carbonation seems 
more significant in relative terms than the reduction in pore volume. The contrast between both 
parameters can be intepreted as a suggestion of  a slight coarsening of  the meso/micro pore structure 
due to carbonation, probably due to the development of  carbonation shrinkage caused by the reduced 
portlandite content as a result of  the pozzolanic reaction. This hypothesis is supported by a concurrent 
reduction in the tortuosity of  pastes due to carbonation. Confrmation studies including tests with other 
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techniques that assess larger pores are necessary.
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Abstract - Alkali-activated slag/fly ash (AASF), as an environmental-friendly binder system for construction 
materials, has recently attracted great attention from both academic and industrial communities. Towards 
its wider engineering application, it is crucial to have a better understanding of  the temperature induced 
effects by different curing regimes and the temperature sensitivity on the thermal properties of  this system, 
for instance the apparent activation energy. However, the available information on the apparent activation 
energy of  AASF system is still quite limited. 

The present study is aimed at investigating the role of  alkali activator (AA) chemistry on the reaction 
kinetics of  AASF at early age. The binder is made of  50 wt.% blast furnace slag and 50 wt.% fly ash. Four 
AA moduli (SiO2/Na2O ratio = 0.8, 1.0, 1.2 and 1.5) were used for the mixture preparation. The effect 
of  AA modulus on the heat evolution was studied by performing isothermal calorimetry test up to 160 h 
at ambient temperature. The total heat release was studied through curve fitting using exponential model 
Furthermore, the apparent activation energy of  AASF pastes was determined using incremental methods 
and its variation over wide range of  early age reaction was studied. It was found that the AA modulus 
evidently influences the heat evolution of  AASF. The cumulative heat release reached the maximum value 
at AA modulus of  1.0, followed by at 0.8, 1.2 and 1.5. This trend is well in line with the changes of  the 
apparent activation energy of  AASF mixtures. In addition, it was confirmed that the apparent activation 
energy of  AASF was not only related to the chemistry of  reactants but also reaction-stage dependent. 
Particularly it varied significantly at the very early age of  reaction.

Keywords:Activation energy;  alkali-activation;  isothermal calorimetry;  Slag;  Fly ash

1. General introductions 

Alkali activated materials (AAMs), derived by the reaction of  an alkali metal source (solid or dissolved)  
with a solid (alumino)silicate powder [1, 2], are considered as an environmental friendly binder and one of  
the best alternatives for ordinary Portland cement (OPC). These materials show comparable or even better 
performances and less energy consumption at the same time when compared to the traditional cementitious 
binders. Furthermore, concrete made of  alkali activated materials also provide added advantage regarding 
the greenhouse gas emission, i.e. an reduction of  up to 80% compared with concrete made of  OPC [3]. 
Up till now, the most intensively studied system of AAMs is based on blast furnace slag and class 
F fly ash. This is mainly due to their large quantity of annual production as well as their relatively 
stable chemical composition. Previous studies on AASF have focused on microstructure development, 
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nature of reaction products and mechanical properties [4-6]. However, few studies have paid attention to 
the heat evolution related properties especially the apparent activation energy of  AASF. As an important 
parameter for engineering predictions and applications of AASF with regards to different temperature 
curing regime, the knowledge of  the apparent activation energy of  AASF binder system is crucial .

Compared to that within traditional cementitious systems, the data concerning the apparent activation 
energy of  AASF is currently still scarce. Most previous results were related to alkali-activated slag (AAS). 
For instance, Fernandez et al [7] determined apparent activation energy to be 57.6 kJ/mol in AAS system 
activated by sodium hydroxide and sodium silicate. Zhou [8] studied the kinetics of  hydration of  AAS and 
the apparent activation energy was determined to be 53.63 kJ/mol. Only one work related to apparent 
activation energy in AASF was found [9] and the value calculated was 53.1 kJ/mol.

Therefore, this work aims to further investigate the influence of  mixture parameters, especially the AA 
modulus, on the heat evolution and to determine the apparent activation energy of  AASF systems by 
isothermal calorimetry testing. 

2. Experimental program

2.1 Materials and mix design
The solid precursors used in this study were ground granulated blast furnace slag (GGBS) and Class F fly 
ash (FA) according to ASTM 618. Material density is 2890 kg/m3 for slag and 2440 kg/m3 for fly ash. The 
d50 particle size is 17.88 μm for slag and 33.19 μm for fly ash. The chemical compositions deduced from 
X-ray Fluorescence along with other properties of  the precursors (including LOI at 950 °C and fineness 
passing 45 μm) are shown in Table 1.

Table 1. Chemical compositions and properties of  raw materials

Oxide (wt %) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI Fineness, % passing 45μm

Slag 32.91 11.84 0.46 40.96 9.23 1.60 - 0.33 1.15 95

Fly ash 52.90 26.96 6.60 4.36 1.50 0.73 0.17 - 3.37 81

As reported previously by the authors [10], the major crystalline phases in fly ash are quartz, mullite and 
hematite, while the blast furnace slag contains mainly amorphous phases. The reactivity of  slag could be 
indicatd by its abundant amorphous content (over 98%). On the other hand, the reactivity of  fly ash is 
reflected by its reactive silica content of  43.04% and reactive alumina content of  15.51%. Sound mechanical 
properties have been achieved using both solid precursors.

To study the heat evolution of  AASF, three levels of  alkali activator (AA) moduli (ratio of  SiO2 wt.%/
Na2O wt.% within AA) were considered for preparation of  AASF pastes with fixed binder combination of  
50 wt.% blast furnace slag and 50 wt.% Class F fly ash. The detailed mixture designs are shown in Table 2. 
Na2O wt.% content (in alkali activator with respect to total binder mass) was kept constant to be 4 wt. %. 
In addition, the water to binder (w/b) ratio was chosen to be 0.32 to maintain adequate workability for all 
the paste mixtures. The mixtures were named M0.8, M1.0, M1.2 and M1.5 accordingly, with the number 
representing the AA modulus.
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Table 2 Mixture design of  AASF

Mixture Slag (wt.%) Fly ash (wt.%) w/b ratio Na2O (wt.%) Modulus

M0.8

50 50 0.32 4.0

0.8

M1.0 1.0

M1.2 1.2

M1.5 1.5

The alkaline activator was prepared by dissolving NaOH pellets (analytical grade, purity≥98%) and sodium 
silicate (Na2O: 8.25 wt.%, SiO2: 27.50 wt.%) in distilled water. The activator was cooled down to room 
temperature prior to mixture preparation.

2.2 Isothermal calorimetry
Isothermal calorimetry was conducted using a TAM-Air-314 isothermal conduction calorimeter. Calibration 
of  the heat flow channels was carried out prior to measurements. The solid precursors were firstly hand 
mixed for 5 min. Afterwards, the alkaline activator solution was added and the batches were mixed for 
additional 2 min using a head-mixer with speed of  1600 rpm. Approximately 5g of  freshly mixed paste 
was introduced into a small glass ampoule and was immediately loaded into the heat flow channels along 
with the reference ampoule. Two replicates for each mixture were measured. Heat release was recorded 
for a period of  160 h. For the tests carried out at 40 °C, the solid precursors, alkali activator and reference 
ampoules were stored in 40 °C oven before the tests. Extra caution has been paid to minimize the decrease 
of  temperature during mixing and sample transfer. 

2.3 Ultimate total heat and global reaction degree through curve fitting
The global reaction degree of  AASF is also calculated using cumulative heat release data by the aid of  curve 
fitting using exponential model shown in Equation 5. 

(5)

where Qmax corresponds to the ultimate total heat at completion of  reaction; τ and β are parameters 
associated with time and shape in the exponential model. This model along with Knudsen linear dispersion 
model, have been proven somewhat adequate for Qmax prediction and has been previously used in alkali-
activated systems [11, 12], especially when the data before the induction period is neglected. Finally, the 
reaction degree α(t) could be then calculated by Equation 6

(6)

where α(t) was determined for all AASF mixtures reacted under 20 °C and 40 °C for later calculation of  
apparent activation energy using incremental method.

2.4 Apparent activation energy determination
Arrhenius’s theory as shown in Equation 1 has been proven to be an effective tool to study the temperature 
related effects and combined rate sensitivity of  hydration reactions in cementitious systems. The Arrhenius 
equation is written as:

(1)

where k is the temperature sensitivity rate constant, T is the absolute temperature (K). A is a constant (pre-
exponential factor that varies for different chemical reaction), Ea is the activation energy (kJ/mol), R is the 
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universal gas constant (J/(mol.K)).

Arrhenius equation could be rewritten using two sets of  rates constants at different temperature:

(2)

This study used the incremental method or ‘rates’ method to determine the apparent activation energy 
Ea of  AASF as has been previously used for OPC pastes [13, 14]. Assuming the calorimeter is calibrated 
properly, the rate constant k equals to the power of  heat flow measured for a given reaction degree α and 
reaction temperature T:

(3)
Therefore, in order to calculate Ea, two sets of  heat flow data were used which enables calculation of  Ea as 
a function of  reaction degree α continuously.

(4)

It is worth noting that a huge simplification is made here to use Ea for the entire alkali activation and 
geopolymerization processes. Evidently, Ea is also sensitive to different reaction stages as the microstructure 
changes with elapse of  time. However, considering the great difficulties to distinguish the different individual 
reactions within geopolymerization, Ea acquired in this way can still give further insights on temperature 
dependent reaction kinetics of  the global reaction. 

3. Results and discussions

3.1 Heat evolution and reaction degree
The heat flow curves of  mixture M0.8-M1.5 under the temperature of  20 °C and 40 °C are shown in Figure 
1. In general, the heat flow curve is characterized by two calorimetric peaks, The first peak is due to the 
wetting and dissolution of  precursors particles and the second broader peak corresponds to the formation 
of  reaction products. Compared to the heat flow at 20 °C, an evident increase of  heat flow intensity could 
be found at 40 °C. In addition, the intensity and the time of  appearance of  the second peak are positively 
correlated and both of  them change with increasing AA modulus. More specifically, with increasing AA 
modulus, both the intensity and time of  appearance of  the second peak first increase and then decline 
after reaching the maximum when AA modulus is 1.2. This trend indicates AA modulus has a significant 
influence over the early age of  heat evolution, and therefore the early age reaction kinetics of  AASF. It is 
commonly acknowledged that the early age reaction kinetics of  AASF is dominated by two processes, i.e. 
the dissolution of  Ca, Si, Al species from the solid precursor and Si oligomer dissociation presented in AA, 
and the geopolymerization of  useful?? species to form various reaction products. Previous studies by 29Si 
NMR and FTIR proved that higher amount of  silica species with low polymerization degree (monomers) 
is favoured at lower AA modulus [15, 16], A lower polymerization degree of  silica species can promote 
the gel formation. However, by lowering the AA modulus, the total amount of  available species within 
AA is also reduced, which might have negative impact over the very early geopolymerization process.  The 
experimental data and corresponding curve fitting using exponential model were presented in Figure 2 (a) 
and (b). For the calculation of  total reaction heat, it is worth noting that the initial data related to the heat 
flow of  first peak was not taken into consideration. The reason is to avoid the testing error induced during 
the mixing and transferring of  the AASF mixtures. This is in accord with previous studies [7, 17, 18]. 
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                  a)                       
b)

Figure 1 Heat f low of  AASF mixtures at different temperature: (a) 20°C; (b) 40°C.

As expected, the cumulative heat for AASF at 40 °C were evidently higher than that at 20 °C due to 
the facilitating effect on reaction kinetics induced by a higher temperature. At 7d, M1.0 has the highest 
cumulative heat release followed by M0.8, M1.2 and M1.5. This trend is not consistent with the trend of  
the heat flow of  the main reaction peak, which reached maximum when AA is 1.0. Therefore, it seems that 
a faster early age reaction is neither necessary nor sufficient for a higher reaction cumulative heat of  AASF. 
In this study, the higher cumulative heat release of  certain AA modulus could be related to the early age 
dissolution of  species and the following-up geopolymerization process. With increasing AA modulus, the 
pH of  AA drops [16]. Although in this way the early age dissolution is slowed down, higher AA modulus 
also increase the total amount of  available species for geopolymerization in the liquids. Hence, an optimum 
activating conditions for overall reaction would exist which is favoured by its higher total heat release and 
higher amount of  main reaction products.

 

Figure 2 Cumulative heat release of  AASF mixtures and curve fitting using the exponential model: 
(a) 20°C; (b) 40°C

The fitted parameters of  exponential model for Qmax are presented in Table 3. As could be seen in Table 
3, the accuracy of  fitting (Adjusted R-Square) is rather satisfactory, implying the effectiveness of  using 
exponential model for total heat fitting in AASF. In addition, the Qmax obtained exhibit identical trend with 
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increasing AA modulus when comparing with corresponding total heat release Q160h of  AASF up to 160h. 

Table 3 Fitted parameters of  exponential model for maximum total heat

Mixture
M0.8 M1.0 M1.2 M1.5

20 °C 40 °C 20 °C 40 °C 20 °C 40 °C 20 °C 40 °C

Total heat at 160h Q160h 92.8 105.1 93.6 108.5 85.7 99.8 73.1 89.9

Fitting parameters

Qmax 103.55 106.65 107.46 114.95 103.30 106.80 94.47 97.24

τ 33.33 8.03 28.49 6.73 27.53 5.27 31.70 5.79

β 1.41 1.22 1.14 0.86 0.95 0.73 0.84 0.78

Adjusted R-Square r2 0.998 0.996 0.999 0.996 0.998 0.996 0.997 0.997

Figure 3 Apparent activation energy Ea as a function of  reaction degree

According to previous studies of  Ea of  alkali-activated systems, comparison of  related results is made 
and is shown in Table 4. It could be found that Ea determined in AASF is in general lower than those 
determined in AAS systems and close to the value determined in AASF systems. However, it is crucial 
to notice that by changing AA modulus, the global chemical reaction is already changed. Ea as one of  its 
reflections, therefore, cannot be directly used to compare the chemical nature and ultimate total heat release 
of  different AASF systems.

Table 4 Apparent activation energy Ea for different alkali-activated systems

Ea Solid precursor Activator (Liquids) Reference

57.6 GGBS NaOH+Na2SiO3 (Na20% = 4%) Fernandez et al [7]. 

53.6 GGBS NaOH+Na2SiO3 Zhou et al [8].

48.2 ± 2.9 GGBS 9M NaOH Sun & Vollpracht [20]

48.2 ± 5.9 80%GGBS+20%FA 8M NaOH+Na2SiO3 Joseph et al [9].

24.6 ~ 46.4 50%GGBS+50%FA NaOH+Na2SiO3 (Na20% = 4%) Present study

4. Conclusions

The present study is aimed at investigating the role of  alkali activator (AA) chemistry on the early age 
reaction kinetics of  AASF made of  50 wt.% blast furnace slag and 50 wt.% fly ash. The effect of  AA 
modulus on the heat evolution and cumulative reaction heat release was studied. Additionally, the apparent 
activation energy was determined using the incremental method and its variation over wide range of  early 
age reaction was studied.

It was found that the AA modulus evidently influences the heat evolution of  AASF. The cumulative heat 
release at 160h reached the maximum value at AA modulus of  1.0, followed by at 0.8, 1.2 and 1.5. This trend 
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is inversely related to the changes of  the apparent activation energy Ea of  AASF mixtures. Disagreement 
of  the trend of  early age heat flow and that of  total reaction heat implies that a faster early age reaction 
does not necessarily result in a higher reaction total heat of  AASF. The calculated Ea varies from 24.6 to 
46.4 kJ/mol, which is in generally close to the values reported for GGBS based alkali activated systems. 
Furthermore, this study confirmed that the apparent activation energy of  AASF was not only related to 
the chemistry of  reactants but also reaction-stage dependent. Particularly it varied significantly at the very 
early age of  reaction. 
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Abstract 

Early studies suggested that fly ash has low volcanic ash activity and is an inert material in the early stage 
of  hydration. It only acts as a filling agent and does not react with other substances. In fact, the activity of  
volcanic ash depends on factors such as the volcanic ash activity of  the fly ash and the maintenance system. 
In addition to its pozzolanic activity, fly ash can also act as a micro-aggregate in the slurry to improve the 
microstructure and macroscopic properties of  UHPC. To study the influence of  different curing conditions 
on the mechanical properties of  UHPC replacing parts of  cement with fly ash, the current work replaced 
20% of  the cement content for fly ash to obtain a UHPC sample. The compressive strength, flexural 
strength and pore structure of   Ultra High Performance Concrete under  steam curing and hot water curing 
conditions were studied. The results of  strength test reveal that the compressive strength can be improved 
by heated curing, especially hot water curing, which allowed the highest strength to reach 139 MPa after 48 
hours. The results of  the pore structure indicate that the cumulative pore volume of  UHPC decreases with 
increasing curing time. And the cumulative pore size of  hot water curing is lower than that of  steam curing.

Keywords: Ultra-High Performance Concrete(UHPC), Fly ash, Curing system, pore structure

1. Introduction

In 1994, Larrard applied the concept of  high packing density to concrete technology and first proposed the 
concept of  Ultra-high Performance Concrete (UHPC) [1]. UHPC is defined as a cementitious composite 
with a compressive strength of  more than 150 MPa and good ductility and durability[2, 3]. Typical UHPC 
includes very high levels of  cement, silica fume, quartz powder, quartz sand, steel fibers and superplasticizers 
[4].UHPC is characterized by extremely low porosity and extremely high bulk density. It is because UHPC 
contains a great quantity of  particles with low diameter and extremely low W/B[5]. Due to the addition of  
fibers, UHPC has a flexural strength of  15 MPa and an elastic modulus of  45 GPa [6]. At the International 
Conference on Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) held in Marseille, France in 
2009, the experts hold that UHPFRC is low-carbon, environmentally friendly and has excellent performance. 
It can be used to build low-carbon concretes  structures and will be developed in the future.

As various mineral admixtures are increasingly used in cement-based materials, fly ash has also begun to be 
used in the preparation of  UHPC. Ultra-high performance concrete with different content of  fly ash has 
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different degrees of  mechanical strength improvement, and reduces the porosity of  UHPC samples and 
the content of  calcium hydroxide in uhpc samples[7]. Therefore, the use of  cement-fly ash-silica ash as a 
cementitious material for the preparation of  UHPC has become more common.

The macro performance and microstructure of  UHPC are closely related to the maintenance system. The 
best curing technique for UHPC was found to be heat curing[8]. Thermal curing can significantly promote 
cement hydration and pozzolanic reactions, thereby improving the mechanical properties of  UHPC. 
Different curing conditions and curing time will also affect the performance of  UHPC[9].

Based on this, the mechanical properties of  UHPC for 95C steam curing and 95C hot water curing were 
studied. First, the modified Andersen & Andreasen model [10, 11]was used to obtain a densely packed 
concrete skeleton. Then, the properties of  the UHPC cured at different systems are evaluated.

2. Methodology

2.1 Materials
In this study, the cementitious materials are Portland cement type 2 (52.5), fly ash and silica fume, and their 
chemical compositions are evaluated by X-ray fluorescence (XRF)as shown in Table 1. Fine aggregates are 
natural river sand with particle size of  0-0.6mm and apparent density of  2.6g/cm3. A polycarboxylic ether-
based superplasticizer is used to adjust the workability of  the UHPC.

Table 1:The chemical composition of  cementitious materials(%)

Compound Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

Cement 0.09 1.61 4.18 19.2 0.09 3.35 0.78 64.93 3.32 2.49

SF 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

FA 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.5 3.12 2.79

2.2 Methods

2.2.1 Mix design of  UHPC
In this study, the modified Andreasen and Andersen model[10, 11] is used to design a dense particle 
packing skeleton, to improving the overall performance of  the UHPC.  The modified A & A model acts 
as a target function, as show in Eq.(1)

Where P(D) represents the percentage of  particles smaller than size D to the total, D is the particle size 
(μm), Dmax means the maximum particle size(μm); Dmin means the minimum particle size(μm) and q is 
dispersion coefficient. In this study, the q value is fixed at 0.23. 
By adjusting the composition of  the raw materials, the optimized grading curve is approximated to the 
target curve calculated by the modified A & A model. In addition, the recipe of  designed UHPC is shown 
in Table 2 and the particle size distributions of  the ingredients, target and optimized grading curves of  
UHPC mixtures are shown in Figure 1.
Table 2:Recipe of  the designed UHPC (kg/m3).

C FA SF Sand Water Sp

UHPC 660 200 188 990 195 34

(C: Cement, FA: Fly Ash, SF: Silica Fume, Sand: φ:0-0.6 mm; Sp: superplasticizer, solid content=18.2%).

2.2.2 Casting and Curing
First, add powder materials such as cement, silica fume, fly ash and sand to the mixer for 1 min. Second, 
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mix 90% of  the water and superplasticizer and add to the mixer to stir at low speed until it is slurried. 
Third, add the remaining water and stir at high speed for 2 minutes to mix well. Last, Stir at low speed for 
1 min to make the bubbles slowly dispatched. The fresh UHPC was cast in the moulds with the size of  
40mm*40mm*160mm and were vibrated on the shaking table for 4 min[12].

Figure 1: Particle size distributions of  the ingredients, target and optimized grading curves of  
UHPC mixtures.

After 20 hours of  standard curing in the curing room, the moulds were removed for hot water curing and 
steam curing respectively. The curing box heats up at a rate of  10℃ per hour. When temperature reaches 
95℃, the timing starts. 

2.2.3 Mechanical properties
After high temperature for 6, 12, 18, 24, 48, 72, 96 and 120 hours, the compressive strength of  the specimens 
are tested according to Chinese standards GB17671-1999. At least three specimens are tested for each 
batch.

2.2.4 Pore structure analysis
The pore structure (total porosity and pore size distribution) of  the UHPC is measured by a micromeritics 
mercury porosimeter (named AutoPore IV-9500, pore size range: 3 nm-360 μm). Specimen is soaked in 
acetone firstly, and then dried in a vacuum atmosphere at 65 ± 2 °C for 4 h[13].

2.2.5 Hydration heat test
The hydration heat test was carried out using a TAM Air eight-channel isothermal microcalorimeter. The 
hydration heat test was carried out using a mortar having the same water-cement ratio (water-cement ratio 
= 0.21) as the concrete, and the quality of  the test sample was determined according to the same total 
specific heat capacity as the inert reference sample. In this test, water was used as a reference sample, and 
the specific heat capacity of  water was 4.2×103 J/(kg·°C).

3. Results and discussion

3.1 Mechanical properties
Figure 2 and figure 3 shows the test results of  UHPC compressive and flexible strength under different 
curing systems and different time. As can be seen from the figure, after steam curing at 95 ℃ or hot 
water curing at 95 ℃ for 48h, the compressive strength reaches 136MPa and 139MPa respectively. The 
flexible strength reached the highest after 18h of  curing. We can also find that whether cured at steam 
or cured at hot water 24 h can be considered to be a stage boundary. In the earlier stage(0-24h), the 
compressive strength and flexible strength of  UHPC is growing quickly. In the later stage(24-120h), there 
was no significant increase of  the strength of  UHPC. The strength of  hot water curing is slightly higher 
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than that of  steam curing.

The above phenomenon may be caused by changes in the microstructure of  the concrete. In the earlier 
stage, as the hydration reaction proceeds rapidly, the hydration products continue to increase, the capillary 
pores continue to decrease, and the compressive strength and flexural strength increase rapidly. In the later 
stage, as the hydration proceeds further, the newly formed hydration product exceeds the volume of  the 
capillary pores, and the micro-cracks in the concrete continuously generate and disappear. The strength is 
generally unchanged, but exhibits fluctuations[14-16]. The strength of  the test piece for hot water curing 
is slightly higher than that of  the same age test piece for steam curing[8, 17, 18]. This may be due to the 
difference between steaming and hot water curing heat transfer media, which are condensed water and hot 
water, respectively.

 

Figure 2: Compressive strength of  UHPC cured at different systems (Steam curing, Hot water 
curing)

Figure 3: Flexible strength of  UHPC cured at different systems (Steam curing, Hot water curing)

At the beginning of  the heating, the steaming mainly passes steam and radiates heat. When steam first 
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meets the surface of  a cold concrete, it immediately condenses into water, releasing a large amount of  
heat. Because the temperature gradient is too large, the thermal conductivity of  concrete is small, resulting 
in large temperature stress, which has a great destructive effect on the concrete structure. In contrast, the 
heat transfer rate of  hot water curing is relatively constant, because the concrete is immersed in water, and 
the water temperature rises slowly, and the damage to the concrete structure is small. During the constant 
temperature, due to the hydration reaction, the internal temperature of  the concrete is higher than the 
external temperature, and the external heat is radiated, and the internal moisture is evaporated outward. 
While curing at steam, the moisture in the UHPC is easily vaporized, transferred, and forms a directional 
channel that affects UHPC strength[19].

3.2 Effect of  curing condition on UHPC pore structure
The pore size distribution and cumulative pore volume of  UHPC with different curing systems curing for 
18h, 48, 120h are illustrated in Figs.4. 

Figure 4: Pore size distributions of  UHPC with different curing systems curing for 18h,  48h, 120h

It can be seen that as the curing time is extended, the cumulative pore volume of  the UHPC is continuously 
reduced. And the cumulative pore size of  hot water curing is lower than that of  steam curing. This also 
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confirms the assumption that steam curing will form a directional channel inside the UHPC. 

It can be seen from Figure 4 that most of  the pore diameter is less than 30 nm, and it is known that pores 
within 30 nm are harmless or less harmful[20]. This means that this part of  the pores has little negative 
impact on UHPC properties, while those close to 100 nm can significantly reduce concrete performance. It 
can also be found that as the curing time increases, the large pores are constantly changing into small holes. 
This is consistent with the findings of  other researchers[21-23].

3.3 Hydration heat test
Fig.5 is the hydration exotherm of  the slurry of  the UHPC at room temperature. The hydration heat release 
curve can be divided into three stages. The first stage: slow hydration stage, the cumulative heat release of  
cement is less, the chemical reaction is slow, and the time of  this stage is prolonged due to the addition 
of  fly ash. In the second stage, the hydration heat is rapidly accumulating, and a severe hydration reaction 
occurs at this stage, releasing a large amount of  heat, and the hydration heat curve is suddenly increased. 
In the third stage, the slow hydration stage, in which the hydration heat release rate is slowed down and the 
hydration heat release is less. 

In the slow hydration stage (0-6h), the hydration heat release is only 6.4% of  the final hydration heat release, 
the degree of  reaction of  the cement is still very low, and the concrete strength is at a lower level. In the 
second stage (6-48h), the hydration heat release is 80.3% of  the final hydration heat release. With the rapid 
progress of  hydration, the mechanical properties of  concrete also increase rapidly. In the slow hydration 
stage, the hydration heat release is about 13.3% of  the final hydration heat release, and the concrete strength 
does not increase significantly at this stage, but the internal structure is improved.

Figure 5: Hydration heat emission of  cement pastes

4. Conclusions

This study explored the effects of  curing systems on the development of  mechanical strength and 
microstructure of  concrete. According to the experimental results, the following conclusions can be drawn:

1. At the same temperature, the hot water curing strength is slightly higher than the steam curing. This is 
due to the difference in heat transfer medium. Due to the small thermal conductivity of  concrete, the 
instability of  steam heat transfer leads to large temperature stress inside the concrete, which has a great 
destructive effect on the concrete microstructure.
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2. Under high temperature curing conditions, concrete strength rises rapidly in the early stage, and high 
temperature curing after peaking causes fluctuations in strength. This is because high temperature 
promotes hydration to generate more hydration products and microcracks are continuously generated 
and repaired.
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Abstract

Steel-tube-confined concrete (STCC) targets have excellent anti-penetration performance as a result of  the 
confinement effect of  steel tube to in-filled concrete. Therefore, establishing engineering models to predict 
depth of  penetration (DOP) of  STCC targets has application value for the potential application of  STCC 
in protective structures. When the STCC targets are impacted by rigid sharp-nosed projectiles, dynamic 
cylindrical cavity-expansion model is used to get the approximate solutions of  pressure at cavity wall with 
the inclusion of  confinement effect and establish the formulas of  DOP for STCC targets in this paper. 
Firstly, several assumptions including Heok-Brown criterion describing concrete in comminuted region, 
confinement effect of  steel tube to in-filled concrete and incompressibility of  concrete etc., are made 
to establish the basic equations of  dynamic cylindrical cavity-expansion model. And then, approximate 
solutions of  pressure at cavity wall are gained under the possible response modes including “elastic-cracked-
comminuted”, “cracked-comminuted” and “full-comminuted”. Moreover, the scope of  application and 
procedure of  numerical solution are also derived. Lastly, on the basis of  approximate solutions of  pressure 
at cavity wall, an engineering model is proposed to predict the DOP of  STCC targets normally penetrated 
by rigid sharp-nosed projectiles, and the existing tests of  STCC targets normally penetrated by armor 
piecing projectile (APP) are used to validate the DOP formulas. The comparison results show that the 
engineering model in this paper is in good agreement with the results of  penetration experiments, which 
further reveals that the engineering model is applicable to the calculation of  DOP of  the STCC targets 
normally penetrated by the rigid sharp-nosed projectiles with an impact velocity less than 830 m/s.

Keywords: Penetration mechanics, depth of  penetration (DOP), dynamic cylindrical cavity-expansion; 
steel-tube-confined concrete (STCC), finite targets.

1. Introduction

With the rapid development of  weapons and ammunition, a variety of  concrete structures and protective 
facilities are facing more and more serious threat of  projectile impact, such as the concrete protective walls 
of  nuclear power plant and concrete shelters of  protective engineering [1, 2]. As concrete is easy to crack or 
fracture under projectile impact, it has been a critical issue to improve the strength, ductility and toughness 
of  concrete under impact loading [3], in which steel-tube-confined concrete (STCC) is one of  the effective 
ways [4, 5]. STCC targets have excellent penetration resistance in comparisons with unconfined concrete 
targets. The penetration tests performed by Wan et al. [4] revealed that steel tube could restrict the radial 
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displacement of  the in-filled concrete and development of  radial cracks, and the damage was restrained 
within the element of  STCC targets when impacted by projectiles; the depth of  penetration (DOP) of  
STCC targets can be reduced by 10%－20% than that of  semi-infinite targets. Therefore, proposing an 
appropriate DOP model for STCC targets is of  significant importance to conveniently and efficiently 
expand the application of  STCC to protective structures.

DOP models based on spherical or cylindrical cavity-expansion approximation have been extensively 
used [6, 7]. The spherical cavity-expansion (SCE) approximation model is shown to be suitable to deep 
penetration problems of  semi-infinite targets impacted by ogival nose rigid projectiles [8, 9], while the 
cylindrical cavity-expansion (CCE) approximation model is more applicable to perforation problems with 
ductile hole-growth and deep penetration problems of  semi-infinite targets impacted by rigid conical or 
other sharp-nosed projectiles or [10-12]. The CCE approximation model has been employed to solve the 
penetration problems of  dry porous rock [13, 14], soil [15] and concrete [16, 17] targets. Mastilovic and 
Krajcinovic [18] proposed CCE approximation model for semi-infinite targets on the assumption that the 
target is divided into elastic, process (damaged), crushed (comminuted) and cavity zones, and material in 
crushed (comminuted) zone yields according to the Mohr–Coulomb (M–C) criterion. Forrestal and Tzou 
[19] also used M–C criterion to capture the mechanical performance of  concrete in the comminuted zone.

Macek and Duffey [20] regarded the targets as incompressible materials, and proposed a finite SCE 
approximation model for the analysis of  rigid ogival-nose projectiles obliquely penetrating into geological 
medium to consider the effect of  free surface at the initial stage. On the basis of  incompressible M–C 
material and the SCE approximation model for semi-infinite targets proposed by Forrestal and Tzou [19], 
Warren et al. [21, 22] proposed a dynamic finite spherical cavity-expansion (FSCE) approximation model 
for the targets obliquely impacted by projectiles. With targets treated as incompressible M–C material, Fang 
et al. [23] constructed a decay function to include the free-surface effect for geological targets by assuming 
that plastic-cracked-elastic response region exists during the cavity-expansion process. Chen et al. [24] 
proposed a fast algorithm to predict penetration trajectory in simulation of  a rigid steel projectile obliquely 
penetrating into a limestone target and the effect of  cratering and free surface, and separation-reattachment 
phenomenon were involved. However, the models mentioned above do not include the influence of  lateral 
free boundary and also do not account for the confinement effect of  restraints imposed on the target material. 
Zhen et al. [25] established a finite cylindrical cavity-expansion (FCCE) approximation model for perfect 
elastic-plastic compressible and incompressible materials with the inclusion of  the influence of  the lateral 
free boundary. On the basis of  assumptions of  incompressible material and the Modified-Griffith (M–G) 
criterion [26, 27], which shows the same form with Hoek–Brown (H–B) criterion [28, 29], Meng et al. [30] 
proposed a dynamic FSCE approximation model and DOP model for confined concrete targets normally 
impacted by rigid projectile. The results showed that under high confinement, the empirical constant m in 
the M–G criterion was recommended to be above 15 on the basis of  triaxial experiments. However, in the 
practical application to calculation of  DOP for armor piercing projectile (APP) with conical core normally 
penetrating into STCC targets in Ref. [4], the calculated results with m ranged between 6 and 8 agree well 
with the test results, i.e., the value of  m in Ref. [30] is lower than the recommended values. The reason is 
that under conditions that there is no coarse aggregate within concrete of  the targets in Ref. [4] and the 
penetration resistance is overestimated by the FSCE approximation model. Moreover, the geometric shape 
of  an STCC target with finite lateral dimensions and tunneling cavity response is approximately cylindrical 
when the STCC target is normally penetrated by rigid conical or other sharp-nosed projectiles, which is 
close to the FCCE models.

On the basis of  the above backgrounds and problems, a dynamic FCCE approximation model is proposed 
to analyze the stress distribution during the penetration process and predict the DOP of  STCC targets 
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normally impacted by rigid conical or other sharp-nosed projectiles. Firstly, a dynamic FCCE approximation 
model is established for STCC targets with the H–B criterion and incompressible material, and the equations 
of  stresses and displacements in STCC targets are proposed. Moreover, formula of  the DOP for STCC 
targets based on the dynamic FCCE approximation model is developed and then the relevant penetration 
tests of  STCC targets are employed to validate the DOP model.

2. Dynamic FCCE model for STCC targets

2.1 Simplification of  penetration problems
On the basis of  the above backgrounds and problems, a dynamic FCCE approximation model is proposed 
to analyze the stress distribution during the penetration process and predict the DOP of  STCC targets 
normally impacted by rigid conical or other sharp-nosed projectiles. Firstly, a dynamic FCCE approximation 
model is established for STCC targets with the H–B criterion and incompressible material, and the equations 
of  stresses and displacements in STCC targets are proposed. Moreover, the key parameters on cavity-
expansion process, radial stress at cavity wall and critical cavity radii are also analyzed. Lastly, formula of  
the DOP for STCC targets based on the dynamic FCCE approximation model is developed and then the 
relevant penetration tests of  STCC targets are employed to validate the DOP model.

The penetration process of  projectiles into STCC targets includes the cratering and tunneling stages [4], as 
shown in Fig. 1 (a). Generally, the DOP in the cratering stage (H1) is based on empirical formula according 
to experimental results, while the DOP in the tunneling stage (H2) is usually calculated by analytical models 
based on cavity-expansion approximation models. Like the results of  cavity-expansion approximation 
model for semi-infinite targets [8–12], FCCE approximation model is expected to be more applicable to 
analyze the penetration problem of  STCC targets normally penetrated by rigid conical or other sharp-nosed 
projectiles.

For FCCE approximation model, the STCC targets can be idealized as infinitely thin layers normal to the 
impacting direction and particles of  the target material move in a radial direction during the penetration 
process shown in Fig. 1 (a). And then the penetration analysis can be simplified to one dimensional problem, 
as shown in Fig. 1 (b).

Radial 
springs  

Cavity 

 

Concrete 

rc r r 

Tunnel cavity

H1 

Concrete 

 

z

rc dz 

2r0 

Steel tube 

  

Projectile 

Funneled
crater 

d 

H2 

dw 

 1a) Penetration process of  STCC target  1b) Diagram for process of  cavity expansion

Figure 1: Schematic diagram for FCCE models.

Like the dynamic FSCE approximation model for confined concrete targets proposed by Meng et al. [30], 
some assumptions are further employed to establish the dynamic FCCE approximation model for STCC 
targets.
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(1) Target concrete is a fully incompressible material with Poisson’s ratio υ=0.5. By ignoring the 
compressibility and strain-softening of  concrete, the cavity-expansion pressure would be overestimated; and 
if  shear dilatancy, strain-rate, strain-hardening of  concrete are not included, the cavity-expansion pressure 
would be underestimated. Therefore, under low and medium penetration velocity, the above effects of  
concrete material generally offset each other, which indicates the incompressible material assumption of  
target concrete is reasonable [30–32]. Additionally, incompressible material assumption excludes the effect 
of  stress wave and thus greatly simplifies the problem with possible analytical solutions.

(2) Confinement effect of  steel tube to concrete is equivalent to a series of  linear radial springs with 
stiffness (K) shown in Fig. 1 (b). As for the circular STCC targets, the equivalent confining stiffness (K) is 
shown in Eq. (1) [4].

2
0

sEK
r
δ

=                                                                                                                                                   (1)

Where Es, δ and 0r  are the elastic modulus, thickness and internal radius of  steel tube, respectively.

(3) Finite cavity-expansion is assumed as a concentric cylindrical cavity expanding at a constant velocity 

cr  from initial radius zero to the radius of  r0. Under low and medium penetration velocity, elastic, cracked 
and comminuted regions generally appear in the STCC targets [30]. A typical finite cavity-expansion 
process includes three phases, i.e., “elastic-cracked-comminuted” “cracked- comminuted” and “completely 
comminuted” phases, as shown in Fig. 2. In Fig. 2, rc, rcr and rp are the cavity radius, radius of  the interface 
between the elastic and cracked zones and radius of  the interface between the cracked and comminuted 
zones, respectively.

        2a) 
Elastic-cracked-comminuted                                  2b) Cracked-comminuted

2c) Completely comminuted
Figure 2: Schematic diagram of  a typical cavity-expansion process.

For “elastic-cracked-comminuted” phase shown in Fig. 2 (a), the elastic zone is surrounded by the radius 
r0 of  core concrete as the outer boundary. When the cracked zone expands to the outer boundary of  core 
concrete (rcr=r0), the elastic zone disappears; and the first phase comes to end (rc=rc1, rc1 is a critical cavity 
radius). 

For “cracked-comminuted” phase shown in Fig. 2 (b), the cracked zone takes the radius r0 of  core concrete 
as the outer boundary, i.e., rcr≡r0; when the comminuted zone reaches the outer boundary of  the core 

N



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

352

IC
SBM

 2019
ID

 135

concrete, the cracked zone disappears, then the second phase ends (rp=r0, rc=rc2, rc2 is another critical cavity 
radius and larger than rc1).

For “completely comminuted” phase shown in Fig. 2 (c), the external radius of  the comminuted zone is r0, 
i.e., rp≡r0; and the third phase ends when the elastic constraint fails.

Moreover, in cracked zone, the radial stress of  the incompressible target concrete is continuous with the 
circumferential stress σθ=0, and the radial stress gets to equal the uniaxial compressive strength (σu) at the 
interface between the comminuted and cracked zones. In elastic zone, the circumferential stress is equal to 
the uniaxial tensile strength (σt) at the elastic-cracked interface.

(4) As strength performance of  confined concrete is similar to that of  the surrounding rock, the nonlinear 
H–B criterion is used to describe the confined concrete in comminuted region under triaxial compression 
[30]. The equation of  H–B criterion is Eq. (2) for intact rock [28, 29].

3 31 1
u u u

mσ σσ
σ σ σ

= + +                                                                                                                                        (2)

Where, σu, σ1 and σ3 are the uniaxial compressive strength, first and third principal stresses respectively, 
measured positive in compression; and m is an empirical constant.

For cylindrical coordinate system, equilibrium equation of  axial stress (σz) is shown in Eq. (3) and further 
simplified according to assumption (1) (υ=0.5).

( ) ( )1õ
2z r r r,θ θ θσ σ σ σ σ σ σ= + = + >

                                                                                                     
(3)

Where σz, σr and σθ are the axial, radial and circumferential stresses, respectively, and taken positive in 
compression. 

Generally, the three principal stresses in cylindrical coordinate system meet relationship of  Eq. (4).

σ1=σr, σ2=σz, σ3=σθ                                                                                                                                                                                                                 (4)

Transforming Eq. (2) into the function of  σr can give Eq. (5).

nmm
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2
                                                                                                                           (5)

Where n=m2/4+1.

2.2 Basic equations
For solutions of  FCCE approximation model, as the density of  concrete keeps constant according to 
assumption (1), the equations of  momentum and mass conservation and the relations between particle 
velocity and displacement in the cylindrical coordinates are as follows [12].

                                                                                                              (6)

( ) r
r
ur 2

2

=
∂
−∂

                                                                                                                                        (7)
Where u and v are displacement and velocity of  particle, respectively, with outward motion considered 
positive; ρ is the density of  material.

rr v vv
r r t r

θσ σσ ρ−∂ ∂ ∂ + = − + ∂ ∂ ∂ 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

353

IC
SB

M
 2

01
9

ID
 1

35

The particle velocity can be obtained by time derivative of  the particle displacement.

r
uv

t
uv

∂
∂

+
∂
∂

=
                                                                                                                                             

(8)

At cavity wall (r=rc), the particle displacement (u) is equal to the cavity radius (r=rc), and integral of  Eq. (7) 
would get

( )2 2 2
cr u r r− = −                                                                                                                                      

(9)

Derivation of  time from Eq. (9) gets

c
c

rv r
r

=                                                                                                                                                     (10)

At the interface between concrete and steel tube ( 0r r= ), the boundary conditions can be expressed as

( ) ( ) 2 2
0 0 0 0 0 0r cr r Ku , u u r r r r rσ = = = = = − −                                                                                              

(11)

According to assumption (3) about the elastic-cracked and cracked-comminuted interfaces, the stresses at 
the interfaces are

( ) tcrrr σσθ −== +

                                                                                                                                       
(12)

( ) upr rr σσ == −

                                                                                                                                         
(13)

On the basis of  assumption (3) with a constant cavity-expansion velocity ( cr ), integrating Eq. (10) with 
Eq. (6) obtains
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(14)

Furthermore, when compressibility of  concrete is ignored according to assumption (1), the continuous 
conditions at interface are obtained as follows [19].

2 1 2 1 2 1r ru u , v v ,σ σ= = =                                                                                                                            (15)

Where figure subscripts (1 and 2 ) represent the front and rear of  the interfaces, respectively.

2.3 Solutions of  concrete responses

2.3.1  Elastic-cracked-comminuted phase (rc<rc1)
In the elastic region (rcr≤r≤r0, rc<<r), relationships between strain and displacement can be described with 
Eq. (16) under the conditions of  small deformation.

r
u

r ∂
∂

−=ε , 
r
u

−=θε                                                                                                                                    (16)

Derivative of  r for Eq. (9) and in combination with Eq. (16) could gain the relationship between strain and 
displacement.

1
2 2 2

21c c
r

r ru u
r r r rθε ε

−
 ∂   − = − − = −    ∂     

                                                                                                     



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

354

IC
SBM

 2019
ID

 135

(17)

Using the Hooke law with assumption (1) (υ=0.5) and ignoring the high-order terms of  Eq. (17) get

2

3
2







=−
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rE c

r θσσ
                                                                                                                                

    
(18)

At the elastic-cracked interface (r=rcr), substituting Eq. (12) into Eq. (18) gets

t
cr

c
r r

rE σσ −= 2

2

3
2                                                                                                                                    (19)

Combining Eq.(14) with Eq. (18) can obtain
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Integral of  Eq. (20) with the boundary conditions of  Eq. (11) gains the radial stress (σr).
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The circumferential stress (σθ) in elastic region is gotten by combining Eq. (21) and Eq. (18).
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Combining Eq. (21) with Eq. (19) can gain the equation of  interface radius (rcr).
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The critical cavity radius rc1 is gained by definition of  rcr=r0 in Eq. (23). The “elastic-cracked-comminuted” 
phase would come to end if  rcr=r0, and then Eq. (23) can be further simplified as 
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(24)

It can be seen from Eq. (24) that rc1/r0 is only related to the parameters of  the targets (Kr0/σu, |σt|/σu and 
E/σu) but independent of  the cavity-expansion velocity.

In the cracked region (rp≤r≤rcr), according to assumption (3), there is no circumferential stress, i.e., σθ=0, 
and then integral of  Eq. (14) gains
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Where, C is the integral constant.

Moreover, on the basis of  the continuous conditions of  the radial stress (σr) related to Eq. (15), substituting 
Eq. (19) into Eq. (25) can provide C as
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The integral constant (C) can be further simplified by substituting Eq. (13) in to Eq. (25).
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Integration of  Eqs. (26) and (27) gains the relationship between rp and rcr, as shown in Eq. (28).
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                                                         (28)

Interface radii rcr and rp can be solved by combining Eq. (23) and Eq. (28).

If  the cracked zone is absent during the FCCE process, by definition of  rcr=rp in Eq. (28), it gets
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Integration of  Eqs. (23) and (29) can gain the cavity-expansion velocity ( c ,maxr ) for response mode 
exchange, i.e., c ,maxr  is the maximum cavity-expansion velocity for the “elastic-cracked- comminuted” 
phase during the FCCE process; and there is no cracked zone in targets at initial expansion if  
cavity-expansion velocity exceeds c ,maxr , which belongs to hypervelocity penetration problems.
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It can be seen from Eq. (30) that c ,maxr  is related to the geometric and mechanical parameters of  the targets.

Then, combining Eq. (25) with Eq. (26) gets
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In the comminuted region (rc≤r≤rp), transformation of  Eq. (5) gives
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Combining Eq. (32) with Eq. (14) provides
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Eq. (33) is a nonlinear ordinary differential equation, and could be solved by Runge-Kutta method with the 
boundary conditions of  Eq. (13).

2.3.2  Cracked-comminuted phase (rc1≤rc<rc2)
In the cracked region (rp≤r≤r0), radial stress (σr) can still be obtained by Eqs. (25) and (27). The equation of  
boundary conditions is still Eq. (11) at r=r0, and then the integral constant C in Eq. (25) can be gained by 
combination of  Eqs. (25) and (11).
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The radial stress (σr) can be gained by substituting Eq. (34) into Eq. (25). 
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In the comminuted region (rc≤r≤rp), the solution procedure of  the control equation Eq. (33) with the 
boundary conditions of  Eq. (13) is similar to that in the “elastic-cracked-comminuted” phase.

At the cracked-comminuted interface, the Eq. (36) is gotten by integrating Eqs. (27) with (34).
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(36)

When the “cracked-comminuted” phase ends, the comminuted region has just reached the outer boundary 
of  the targets. Therefore, the critical cavity radius (rc2) is obtained by definition of  rp=r0, and then Eq. (36) 
can be transformed into
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It is shown in Eq. (37) that rc2/r0 is correlated closely with dimensionless confinement stiffness Kr0/σu, 
which can reflect the confinement effect of  the outer tube to concrete to a certain degree. The applicable 
maximum confinement (Kr0)max can be obtained by the substitution of  the critical condition rc1=rc2 into Eqs. 
(24) and (37).
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EKr
tuu

2
3

11
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σσσ +
−−=                                                                                                                           (38)

There will be no “cracked-comminuted” phase if  Kr0>(Kr0)max, and the cavity-expansion process just 
includes “elastic-cracked-comminuted” and “completely comminuted” phases.

2.3.3 Completely comminuted phase (rc≥rc2)

In the completely comminuted phase, the comminuted zone has reached the outer boundary of  the targets, 
i.e., rp≡r0. The boundary conditions and control equation would be Eqs. (11) and (33), respectively, and the 
solution procedure of  radial stress σr is also similar to the “elastic-cracked-comminuted” phase.

As equations of  stresses for the three possible phases of  FCCE models are complex, numerical solutions 
of  the radial stress and circumferential stress at the cavity wall can be solved by Runge-Kutta method 
according to a standardized and classified procedure shown in Fig. 3, which is similar to the procedure for 
FSCE models reported by Meng et al. [30]. The procedure generally includes five steps: (1) Collecting and 
defining the initial conditions; (2) Discussing the applicability of  the dynamic FCCE model; (3) Calculating 
the two critical cavity radii; (4) Determination of  the response phases; (5) Solving the stresses at cavity wall 
at different phases, as shown in Fig. 3.
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Figure 3: Flowchart and steps for calculation of  pressure at cavity wall.
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3. DOP model for STCC targets based on the FCCE model

3.1 DOP formula of  STCC targets
The penetration process of  the STCC targets normally penetrated by rigid projectiles includes the cratering 
and tunneling stages [4] and the formula of  total DOP (H) is

21 HHH +=                                                                                                                                                 (39)

Where H1 is the DOP of  the cratering stage with H1=kd, k is an empirical constant and d is the diameter 
of  projectile; H2 is the DOP of  the tunneling stage obtained by the FCCE model. 

For the confined concrete targets, the tunneling stage DOP (H2) can be calculated by Eq. (40) according 
to Ref. [30]

uA
VNB

NBd
MH , 

NBdkM
dAkMVV u  

                                                                               (40)

Where, N is the shape factor of  the projectile nose [34, 35]; V1 is the velocity of  projectile at beginning of  
the tunneling stage, which can be equal to the impact velocity of  projectile (V0) for APP [30]; A and B are 
constants, obtained by curve-fitting of  the numerical solutions of  the dynamic FCCE governing equations 
with Eq. (41) between a series of  σrc and the given cr .
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Where σrc is calculated with the FCCE model described above. Therefore, the total DOP (H) is the sum of  
H1 and H2.
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3.2 Validation of  the DOP model
Penetration tests of  STCC targets in Ref. [36] were selected to validate the DOP model in the Section 3.1. 
In Ref. [36], 9 specimens were designed, as shown in Table 1. All the tubes of  the targets had the same 
dimension and the diameter, wall thickness and length of  the tubes were 140 mm, 3.5 mm and 350 mm, 
respectively. Self-compacting concrete was filled in the steel tube and the unconfined compressive strength 
and splitting tensile strength of  the standard specimens at the time of  test (age 35 d) were 56.3 MPa and 
5.66 MPa, respectively. 

The test set-ups, procedures and methods were also the same as those in Ref. [4]. The damage parameters 
of  the STCC targets were are summarized in Table 1. Where, Δd is the distance from the center of  ballistic 
crater to the center of  target, r0 is the radius of  confined concrete, as shown in Fig. 1; VL is the volume 
of  the crater volume, which is measured by sand-filling method; H is the total DOP; H1 is the depth of  
the funneled crater and correlated with the diameter of  projectile. Based on the tested H1, the empirical 
constant k is deduced by rounding the numbers of  the averaged values according to the designed penetration 
velocity range. The results show that for the 12.7 mm APP, k is related closely to the impact velocity V0, 
approximately, k=4 for V0= 820 m/s–830 m/s, k=3 for V0= 700 m/s–710 m/s and k=2 for V0=600 
m/s–610 m/s. 
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Table 1: Damage parameters of  targets in Ref. [36].

Specimens
number

Diameter/
thickness of  steel 

tube (mm)

V0
(m/s)

Δd
(mm)

Δd/r0
(%)

VL
(mL)

H1=kd
(mm)

H
(mm)

Average 
value 
of  k

Notes

C140-1 140/3.5 - - - - - 142*

4

Perforation of  
steel tube 

C140-2 140/3.5 820.7 6.4 9.1 270 42.0 173.0

C140-3 140/3.5 829.9 13.0 18.6 252 45.5 181.0

C140-8 140/3.5 - 3.0 4.3 290 45.0 172.1* Unmeasured 
velocity

C140-6 140/3.5 703.0 4.0 5.7 235 40.0 126.8
3

C140-7 140/3.5 710.5 3.0 4.3 190 34.0 129.2

C140-4 140/3.5 603.0 0 0 195 36.0 92.0

2C140-5 140/3.5 599.3 4.0 5.7 84 29.0 80.6* Unseperated 
steel sleeve

C140-9 140/3.5 611.8 2.0 2.9 172 26 93.5
Notes: “-” denotes the unmeasured data; “*” signifies the perforation or the abnormal cases of  the 
concrete or projectiles, which would be considered as invalid during the penetration-depth analysis.

The hard core of  12.7 mm APP can be considered to be rigid during the penetration process and the 
velocity loss of  hard core during the cratering stage can be neglected [4, 36]. Therefore, the parameters of  
projectile of  the DOP model can be replaced by those of  the hard core during the tunneling stage, i.e., d=dw 
and V1=V0 in Eq. (40), where dw is the diameter of  hard core. The relevant parameters of  the 12.7 mm APP 
and STCC targets in Ref. [36] are as follows: 712 .d =  mm, 57.dw =  mm, 819 .M =  g, 260.N = ; 198=sE  GPa; 

1920 =uKr σ , 53.=δ  mm, r0=66.5 mm, rc=dw/2=3.75 mm, 3.54=uσ  MPa, 66.5=tσ  MPa, 
uE σ×= 3375

=24869.9 MPa, 2420=ρ  kg/m3; the constant of  k is valued according to the deduced results in Table 1. 

As m between 8 and 26 is recommended in Ref. [30], m=10, 15, 20 and 25 are tentatively selected and the 
corresponding constant coefficients A and B were fitted with Eq. (41) as described in Section 3.1. One 
of  the fitted results for m=25 is shown in Fig. 4, and the fitted parameters A and B are 4.96 and 9.44, 
respectively, with the correlation coefficient (R2) 0.998. And then, the tested DOP (the DOP and impact 
velocity are averaged for the specimens with valid measured results) and calculated DOP are compared as 
shown in Table 2. 

y = 9.44x + 4.96
R2 = 0.998

Calculated
Fitted

n/
u

Figure 4: Curve-fitting of  coefficients A and B (m=25).
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The results in Table 2 show that the relative error decreases with the increasing values of  m, and the optimal 
values are gained with m=25 where the relative error is about 8% except that of  the targets with the impact 
velocity about 600 m/s (The possible reason is that the projectiles do not completely normally impact the 
STCC targets under the lower impact velocity [36]).

Table 2: Resistance coefficient and DOP of  FCCE model for STCC targets.

r0/δ

(mm)

σu

(MPa)
rc/r0 Kr0/σu m A B

k

V0

(m/s)

Tested

 DOP

(mm)

Calculated

 DOP

(mm)

Relative 

error

(%)

66.5/3.5 54.3 0.056 192

10 4.53 7.21
4 825.4 177.0 188.6 6.6
3 706.7 128.0 160.5 25.4
2 607.4 92.8 133.2 43.6

15 4.75 8.18
4 825.4 177.0 175.9 -0.6
3 706.7 128.0 149.4 16.7
2 607.4 92.8 123.7 33.4

20 4.88 8.89
4 825.4 177.0 168.2 -4.9
3 706.7 128.0 142.8 11.5
2 607.4 92.8 118.1 27.3

25 4.96 9.44

4 825.4 177.0 163.1 -7.9
3 706.7 128.0 138.3 8.1

2 607.4 92.8 114.2 23.1

The comparisons of  several DOP models for STCC targets including Li–Chen model [34, 35], FSCE 
model [30] and FCCE model in this paper, are shown in Fig. 5. As for Li–Chen model, in cratering stage, 
H1=2d, and d is replaced with dw in tunneling stage; H2 is calculated by Eq. (40) with V1=V0, B=1, σu=fc, 
A=S and S=72fc

-0.5. For FSCE model and FCCE model, m=25 is selected.

V

H

Tested [36] 
Li-Chen model [35] 
FCCE model 
FSCE model [30] 

Figure 5: Comparison between the predicted models and tested results in Ref. [36].

As shown in Fig. 5, the results of  DOP calculated by Li–Chen model are much larger than those of  tests 
with the relative error as high as 23.7%–57.5%, while the results of  DOP calculated by FSCE model are 
smaller than those of  tests with the relative error of  5.9%–25.1%. However, the relative error between the 
results calculated by Eq. (42) in this paper and the tested data is less than 8 % except that the targets with 
the impact velocity about 600 m/s. Generally, it is shown that the DOP of  STCC targets calculated by 
engineering model based on H–B criterion and FCCE model is obviously superior to that of  the Li–Chen 
model. It is because that the constraint effect of  the steel tube on concrete is not considered in Li–Chen 
model. It should point out that all the DOP of  the engineering models are discrete with the impact velocity 
about 600 m/s, which may be due to the oblique penetration of  the projectiles [36]. 
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In order to further testify the applicability of  the DOP model in this paper, Table 3 presents the comparison 
between the DOP model based on FCCE model and the tests in Ref. [4]. The parameters of  penetrators, 
i.e., 12.7 mm APP, are identical to Ref. [36]. The parameters of  STCC targets in Ref. [4] are as follows: 

8.35=uσ  MPa, 9.5=tσ  MPa, 198=sE  GPa, 5.3=δ  mm (4.5 mm) and r0=53.5 mm (52.5 mm). Since the 
in-filled concrete of  targets was designed without coarse aggregate, the value of  m should be smaller than 
that of  concrete with coarse aggregate in Ref. [36]. Therefore, m (10, 15 and 20) is tentatively selected for 
that concrete without coarse aggregate in Ref. [4]. The tested (the DOP and impact velocity are averaged 
for the specimens with valid measured results) and calculated DOP data are compared as shown in Table 3.

Table 3: Resistance coefficients and DOP for STCC targets in Ref. [4].

r0/δ

(mm)

σu

(MPa)
rc/r0 Kr0/σu A B m

k

V0

(m/s)

Tested

 DOP

(mm)

Calculated

 DOP

(mm)

Relative

 error

(%)

53.5/3.5

35.8

0.070 362

8.07 4.78 10

4

825.9 197.4

216.4 9.6

8.81 5.44 15 199.0 0.8

9.33 5.94 20 188.3 -4.6

52.5/4.5 0.071 474

9.69 4.43 10

820.7 189.8

208.9 10.0

10.74 5.02 15 191.7 1.0

11.48 5.49 20 181.1 -4.6

66.5/3.5 0.056 291

6.15 6.32 10

819.0 211.1

206.0 -2.4

6.56 7.23 15 190.0 -10.0

6.87 7.92 20 179.9 -14.8

It can be seen from Table 3 that when m=15, the calculated results of  the FCCE model are generally 
consistent with the experimental data in Ref. [4], with the maximum disparity of  10.0 %. And the comparison 
results further shows that the DOP model based on the dynamic FCCE models can predict the DOP of  
the STCC targets normally impacted by rigid conical nosed projectile.

Furthermore, the comparisons of  DOP models based on the dynamic FSCE model [30] and FCCE model 
(m=15) for STCC targets with r0=53.5 mm and δ=3.5 mm in Ref. [4] normally impacted by 12.7 mm APP 
ranging from 600 m/s to 830 m/s are shown in Fig. 6. 

V

H

FSCE model [30] 

FCCE model 

Tested [4]

Figure 6: Comparison of  the predicted models with tested results in Ref. [4].

It is shown that the DOP obtained by FCCE model are 26%–29% higher than that obtained by FSCE 
model with impact velocity ranging from 600 m/s to 830 m/s. Especially, for the tested STCC targets (D6#, 
D7#) in Ref. [4] normally impacted by 12.7 mm APP ranging from 822.7 m/s to 829.1 m/s, the DOP 
obtained by FCCE model agrees well with tested results with the maximum relative error about 1%, while 
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the relative error between tested results and the DOP obtained by FSCE model is about -25%. Therefore, 
the DOP model based the dynamic FCCE model is more applicable to predict the DOP of  STCC targets 
penetrated by rigid conical projectiles with a proper value of  m.

4. Conclusions

Based on the assumptions of  incompressibility and H-B criterion, a dynamic FCCE model has been 
developed to analyze the penetrating process and stresses at cavity wall of  the STCC targets, followed 
by a DOP model of  STCC targets normally penetrated by rigid sharp-nosed projectiles. And the relevant 
penetration tests of  STCC targets by 12.7 mm APP were used to testify the DOP model based on the 
FCCE model. The results of  DOP for the STCC targets based on the dynamic FCCE model have the 
optimal consistence with those of  the relevant penetration experiments in comparisons with the results 
based on the dynamic FSCE and Li–Chen models, which shows that under the conditions of  a proper 
m, the DOP model based on the dynamic FCCE model is more applicable to predict the DOP of  STCC 
targets penetrated by rigid conical or other sharp-nosed projectiles with an impact velocity below 830 m/s.
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Abstract 

The security problem of  protective infrastructures is a critical consideration. Ultra-High Performance 
Fibre Reinforced Concrete (UHPFRC) is a newly-developed material with superior mechanical properties, 
and excellent damage tolerance. These characteristics make UHPFRC a potential solution for increasing 
the resistant capacities of  the infrastructures subjected to impacts. In this study, a series of  high-velocity 
bullet impact tests are conducted to investigate the ballistic performances of  UHPFRC targets consisting 
of  one to three layers, and the influences of  the fibre re-arrangement in the layered structure on the 
ballistic properties are analysed. The in-service 7.62 mm bullets are used in the experiments and the impact 
velocity is around 830 m/s. The diameter and thickness of  the UHPFRC targets are 275 mm and 90 mm, 
respectively. The tested UHPFRC targets have an identical total fibre content, but different fibre amounts 
in the individual layers. The experimental results present that steel fibres play a significant role in prohibiting 
the development of  cracks under bullet impact, thus reducing the damage area in the front and back 
faces of  the target. Moreover, the UHPFRC targets with two and three layers show smaller penetration 
depths than their single-layered counterpart, which indicates the positive effects of  the layered structure on 
enhancing the impact resistance. 

Keywords: Ultra-high performance concrete, Layered structure, High-velocity bullet impact

1. Introduction

Ensuring the security of  protective infrastructures against weapons is a critical consideration in both civil 
and military fields. These infrastructures have a high risk of  being exposed to bullet impacts generated in 
terrorist attacks or military activities. To improve the impact resistance of  these infrastructures, utilizing 
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is one of  the solutions considering its ultra-
high strength and outstanding damage tolerance [1–3]. Increasing attentions have been paid to study the 
response of  UHPFRC under penetration. For example, Yu et al. [4] investigated the ballistic performances 
of  UHPFRC targets against 7.62 mm bullets and confirmed the advantageous resistance of  UHPFRC 
material. Sovják et al. [5,6]transportation hubs, protective or defence structures are at exposure risk to 
extreme load event such as blast loading or direct armed attack. This kind of  loading is typical by its rapid 
increase in release of  energy in a very short time. It is believed that emerging cementitious materials such 
as Engineered Cementitious Composite (ECC and Máca et al. [7] experimentally evaluated the behaviour 
of  UHPFRC under bullet penetration and obtained that the optimal resistance can be achieved by the 
UHPFRC reinforced with 2% fibres. 

When a concrete target is under impact, there are generally three regions in the target, as shown in Figure 1. 

(1) The impact region is crushed by the bullet and a crater is generated; the stress waves after many times 
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of  reflections inside the target result in cracks around the crater. 

(2) The middle tunnel region is mainly under compression with confining pressure, and a tunnel is formed 
as the bullet passes by. 

(3) At the rear region of  the target, the compressive waves reflect to be tensile ones, causing the cracking 
and scabbing in the rear surface. 

Previous studies suggest that adding steel fibres to Ultra-High Performance Concrete (UHPC) matrix can 
result in a prominent improvement of  its tensile strength [8]; however, fibres contribution to the compressive 
strength of  UHPFRC is relatively limited [9,10]limited data is available on the influence of  the steel fiber 
length and dosage on UHPC mechanical and durability performance. Therefore, in this study, a number 
of  UHPC mixtures with varying steel fiber lengths (8 mm (0.31 in. Considering the above two points, i.e. 
the stress distribution in the concrete target and the effects of  fibre on the UHPFRC properties, one can 
suppose that fibres are not fully utilized when they are distributed in the whole volume of  a UHPFRC target. 
Designing layered target with different fibre amounts at different regions can be one of  the approaches 
to increase the fibre efficiency. Due to the complexity of  the casting process, few studies can be found 
concerning layered concrete target. Among the limited studies, Quek et al. [11] developed a cementitious 
target containing four layers: the impact and the rear layers are reinforced with hybrid fibres, the second 
layer is composed of  tough aggregates, and the third layer is plain mortar. Their penetration tests presented 
that the developed layered target has superior ballistic resistance than the plain mortar. With regards to 
UHPFRC, very few investigation on the penetration resistance of  layered UHPFRC targets can be found 
in the literature. The previous study [12] conducted by the authors confirms the advantages of  applying 
layered structure to UHPPFRC under the static bending, however, the dynamic penetration response of  
layered UHPFRC is not addressed. Lai et al. [13] designed a double-layered UHPFRC composite with an 
anti-penetration layer (without fibres) and a crack resistance layer (with fibres), the investigation showed 
that the designed layered composite has an improved impact resistance. But the composite in their study 
is filled with a large amount of  aggregates or fibres in the two layers respectively, i.e. it is not a UHPFRC 
composite in the strict meaning. 

This paper presents the ballistic performances of  the layered UHPFRC targets against the in-service 7.62 
mm bullet. The penetration depth in UHPFRC targets with one to three layers incorporating different 
amounts of  steel fibres are compared. The results from this paper can promote a better understanding 
about the effects of  fibres and the layered structure on the penetration resistant capacity of  UHPFRC. 

 

Impact region 

 

Tunnel region 

 

Rear region 

Tensile cracking and scabbing

Cracking   Crush Crater  

Figure 1: Illustration of  a concrete target under penetration.

2. Methodology

2.1 Target design
Cylinder targets with the diameter of  275 mm and thickness of  90 mm were casted. Parameters of  the 
designed targets are listed in Table 1, in which U0 is the plain UHPC target without fibres, UF1-3 are the 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

367

IC
SB

M
 2

01
9

ID
 1

38

layered UHPFRC targets with one to three layers, respectively. Note that UF1-3 have the same total fibre 
amount, i.e. the equivalent fibre volume fraction for the three targets is 1%. 

Table 1: Designed targets in the study.

Target  Layer thickness Fibre dosage
Impact 

layer
Middle 

layer
Rear 
layer

Impact 
layer

Middle 
layer

Rear 
layer

mm %

U0 90 - - 0 - -
UF1 90 - - 1 - -
UF2 45 - 45 2 - 0
UF3 30 30 30 1.5 0 1.5

The raw materials and the recipe used for the UHPFRC target are given in Table 2. The fractions of  the 
materials were calculated applying the Brouwers mix design method [14,15]the features of  \”Japanese and 
Chinese Methods\” are discussed, in which the packing of  sand and gravel plays a major role. Here, the 
grading and packing of  all solids in the concrete mix serves as a basis for the development of  new concrete 
mixes. Mixes, consisting of  slag blended cement, gravel (4-16 mm. Two groups of  coarse basalt aggregates 
were used in the target with size fractions of  2-5 mm and 5-8 mm. The straight steel fibre in the UHPFRC 
has a length of  13 mm and a diameter of  0.2 mm. The amounts of  water and superplasticizer adding into 
the UHPFRC mixtures are adjusted with the fibre amount to achieve a satisfying flowability.

Table 2 Recipes of  the UHP(FR)C: CEM = Portland cement I 52.5 R, LP = limestone powder, mS 
= micro-sil ica, S = sand, BA = basalt aggregate, W = water, SF = steel fiber, SP = superplasticizer.

Materials CEM LP mS S BA 2-5 BA 5-8 W SP SF

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 %

Vf  = 0%

588 156.8 39.2 839.9 413.2 232.3

149 9.4 0
Vf  = 1.0% 157 8.5 1.0
Vf  = 1.5% 157 12.5 1.5
Vf  = 2.0% 157 16.5 2.0

2.2 Mixing and casting
The mixing and casting of  the UHP(FR)C were conducted at room temperature (20 ± 1 ℃). The mixing 
procedure of  the UHPC and the UHPFRC is given below: dry mixing of  all powders and sand for 2 minutes; 
adding 75% of  the water while mixing; after 2 minutes, adding the superplasticizer and the remaining water; 
mixing for 4 minutes and adding the steel fibres (for UHPFRC); mixing until the mixture is slurred; then 
adding the basalt aggregates and mixing for 3 minutes. 

Cylindrical moulds with a diameter of  approximately 275 mm were used for casting the targets. For the 
layered UHPFRC targets, the time interval between casting each layer is about 45 min, which is determined 
by considering both the experimental operability and the interfacial bond strength. More information about 
the casting method can be found in  [12]. The cast targets were covered with plastic sheet and demoulded 
after 24 hours. Then the samples are curing in water at room temperature until the day of  testing.

2.3 Testing methods
The experimental set-up and the 7.62 mm armour-piercing incendiary bullet utilized for the penetration 
tests are shown in Figure 2. The bullet was launched by the system given in Figure 2a and the impact 
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velocity around is 830 m/s. The target was held by a specially designed fixing frame that constrains the 
movement of  the target, as presented in Figure 2b. 

The damage level of  the target is assessed by the penetration depth, which is measured as the distance from 
the impact surface to the deepest point in the target. In order to obtain the accurate penetration depth, the 
targets were cut along the axial direction by a saw cutting machine after the penetration tests.

               

(a) Launch system              (b) Fixing frame            (c) 7.62 mm Bullet
Figure 2: Penetration test set-up and the bullet.

3. Results and discussion

3.1 Penetration depth
The compressive strengths of  the UHPC and the UHPFRC with 1 to 2% of  fibres at the day of  the 
penetration tests are within the range of  149 to 159 MPa, and the difference on the strength is too small to 
cause significant influences on the impact resistance. The penetration depths of  the UHPFRC targets are 
plotted in Table 3. Note that no penetration depth is collected for U0 as the bullet went through the target, 
i.e. perforation occurred in the case of  U0. 

Table 3 Penetration depth.

Target Velocity  Penetration 
depth Note

m/s mm

U0 838.9 - perforation
UF1 838.5 62 penetration
UF2 838.0 59 penetration
UF3 836.0 54 penetration

As summarized in Table 3, the multi-layered UHPFRC target can provide a superior impact resistance and 
therefore results in a reduced penetration depth. To be precise, the penetration depths in UF2 and UF3 
are 15% and 5% smaller than that in UF1, respectively. These reductions of  the penetration depth can 
be attributed to the re-arrangement of  the fibres in the target by the layered structure. Among the tested 
samples, UF3 with fibres purposefully reinforced in the impact and the rear layers archives the smallest 
penetration depth. In the impact region of  UF3 the concentrated steel fibres, on the one hand, provide a 
better control of  the tensile cracks in the surface and increase the tensile strength of  the target; on the other 
hand, they work as a mesh wire to trap the travelling bullet and slow down its velocity. Moreover, fibres in 
the rear region of  UF3 can contribute to the reduction of  the cracking area caused by the tensile waves, 
as well as help to keep the rear surface remaining intact, which creates an additional restraint to the bullet. 
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3.2 Failure pattern
The failure pattern of  the targets are given in Figures 3 - 6. As can be observed in Figure 3, U0 disintegrated 
into pieces due to the lack of  fibres and the bullet perforated the target with a residual speed. The rear 
region of  U0 is more seriously damaged than the impact region, indicating the stronger reflected tensile 
waves at the rear surface and a dampened tensile wave at the impact surface. The targets reinforced with 
steel fibres, viz. UF1-3, remained intact after the penetrations and the bullets were stopped inside the 
targets. Few cracks are observed in the impact and rear surfaces of  UF1 and UF3 thanks to the application 
of  fibres which inhibit the propagation of  cracks. The rear surface of  UF2 (Figure 5b) has some large 
cracks as no fibre is added in its rear layer. However, the rear layer of  UF2 did not break into several pieces 
as U0 did, which is attributed to the reduced velocity of  the bullet when it arrived at the rear layer and the 
constraint effects provided by the impact layer on the rear layer. 

An important feature shown in Figures 5 and 6 is that cracking exhibited in the side surface of  the layered 
targets along the interface and the crack is more obvious in the double-layered target (UF2) than in its triple-
layered counterpart (UF3). As suggested by the previous study [12], the layer interface is the weakest part in 
the layered composite that the bond strength usually tends to be smaller than the tensile strength of  the layer 
material. When the reflected tensile waves reach to the layer interface, cracking can occur if  the amplitude 
of  the tensile wave is higher than the bond strength. Although cracks are observed in the interface, no layer 
delamination occurs during the penetration tests, reflecting the rationality of  the casting method. Moreover, 
the interface cracking process of  the layered target can also promote the energy absorption of  the target 
through the networks of  micro-cracks [11], and thus contributes to the reduction of  the penetration depth. 

            

(a) Impact surface                          (b) Rear surface

Figure 3: Failure pattern of  U0.

          

(a) Impact surface                   (b) Rear surface               (c) Side surface

Figure 4: Failure pattern of  UF1.
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(a) Impact surface                   (b) Rear surface               (c) Side surface

Figure 5: Failure pattern of  UF2.

          

(a) Impact surface                   (b) Rear surface               (c) Side surface

Figure 6: Failure pattern of  UF3.

4. Conclusions

This study investigates the ballistic performances of  layered UHPFRC targets against 7.62 mm bullet 
impacting at around 830 m/s. The tested UHPFRC targets have an identical total fibre content, but different 
fibre amounts in the individual layers. The penetration depth and the failure pattern of  the tested targets are 
analysed in the study. The experimental results show that the UHPC target without fibres disintegrated into 
several pieces under the impact while the UHPFRC targets remained intact, which indicates the significance 
of  adding fibres in the target. Moreover, the layered structure benefits the impact resistance of  the UHPFRC 
targets, and the penetration depth in the double and triple-layered UHPFRC targets are approximately 
13.8% and 8.3% smaller than its single-layered counterpart. This study promotes a better understanding 
about the fibres effects on the ballistic performance of  UHPFRC, benefits the more efficient utilization of  
steel fibres in UHPFRC target, and contributes to the design of  UHPFRC protective structures for both 
civil and military fields.
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Abstract

Layered double hydroxides (LDHs) are the major secondary reaction products of  alkali activated slag. 
The formation and absorptive performance of  LDHs can be affected by factors such as the amount of  
magnesium oxide (MgO) and the structure of  LDHs, making it possible to absorb the chloride ions  
in alkali activated materials (AAMs). Meanwhile, Calcined layered double hydroxides (CLDHs) have the 
potential to act as a more effective chloride adsorbent than the original LDHs because of  the reconstruction 
of  LDH-like structure in AAMs matrix. The effects of  MgO, LDHs-NO3 and CLDHs on mitigating the 
chloride penetration in alkali activated fly ash and slag blends (AAFS) were investigated in terms of  the 
chloride ingress in AAMs matrix. The objective is to explore the mechanism of  LDHs formation with 
MgO, LDHs and CLDHs addition in alkali-activated materials. In this research, nitrate intercalated Mg–
Al layered double hydroxide (Mg-Al-LDH-NO3) was successfully synthesized with the co-precipitation 
method followed by subsequent washing and aging treatment. Calcined Mg–Al layered double hydroxide 
was obtained by thermal treatment of  MgAl-LDH-NO3 at 500 ℃ for 3 hours. The results of  the rapid 
chloride migration test (RCM) revealed the ability of  the CLDH, LDH and MgO to absorb the chloride 
ion in mortars. Furthermore, the microstructure of  nitrate intercalated LDH and CLDH materials were 
analyzed by scanning electron microscopy (SEM).

Keywords: Alkali activated materials, LDH, MgO, Chloride penetration, RCM.

1. Introduction

Corrosion of  steels by chloride attack plagues the durability of  steel reinforced concrete, which often 
occurs in reinforced concrete structures built in the marine environment and saline regions. Large amounts 
of  military and civil structures are exposed to the marine environment, and the main cause of  corrosion 
in these concrete structures is the chloride ingress [1]. Severe corrosion, which often occurs in reinforced 
concrete structures, can be due to penetration of  chloride ions, causing local destruction of  the passive 
layer and leading to localized corrosion. Consequently, the usability and load bearing capacity are decreased, 
even leading to the failure of  the structure. As a result, approximately 3.4% of  the global GDP ($2.5 
Trillion USD) is spent each year to prevent and repair the infrastructure damage caused by chloride-induced 
corrosion [2]. 

To address this issue, many protecting methods to prevent chloride ingress have been discussed [3,4], for 
instance, adding new chemical inhibitors and applied on the surface of  reinforcing bars. Layered double 
hydroxides (LDHs) are the typical reaction product of  alkali activated slags [5], and the structure of  LDHs 
makes it possible to adsorb the  in AAMs. MgO can promote the formation of  LDHs in AAMs matrix, 
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which results in a higher chloride binding capacity of  AAMs [6]. A higher MgO dosage (8%) leads to more 
hydrotalcite-like phase to form [7]. Consequently, the binding ability of  chloride ion in AAMs is increased. 
However, one issue when using MgO in AAMs causes concerns because the hydration product of  LDHs 
is controlled by many factors, e.g.  ratio [8], thus it is not easy to control the LDHs content in 
AAMs by simply adding MgO. The most common type of  LDHs in nature is the mineral hydrotalcite that 
is a Mg–Al type LDHs intercalated with carbonate ions. The interlayer anions can be exchanged with other 
anions and the affinity order of  anion is demonstrated by Costa et al. [9] as:

       (1)

Thus, Mg-Al-NO3 show better chloride binding ability in Ordinary Portland Cement (OPC) due to the 
higher affinity of  chloride than nitrate [10,11]. The Mg-Al-NO3 LDH was synthesized by Xu et al. [10], 
which could later exchange  with , therefore immobilizing chloride ion as an adsorbent. Furthermore, 
several methods, using LDH-like chemical products, have been developed in cement concrete structure 
[12]. For instance, the thermal treatment of  Mg-Al-CO3 LDH at 500 ℃ had been operated by Sato et 
al. [13]. The calcined layered double hydroxide (CLDH) shows the increased binding capacity of  anions 
because of  the reconstruction of  LDH-like structure in cementitious matrix, which is shown in Fig. 1 [12]. 

Figure 1 Schematic i l lustration of  reforming layered structure of  CLDH by adsorbing anions[12].

Yoon et al. [12] simulated the behavior of  CLDHs in hardened Portland cement paste by utilizing the 
Langmuir’s equation and Freundlich’s equation. The analytic results showed the CLDHs rebuild the layered 
structure in a cementitious environment, thereby demonstrating the feasibility of  applying CLDHs in 
concrete. Ke et al. [14,15] reported that the binding ability of  CLDHs in sodium carbonate-activated slag 
pastes and mortars also showed the decreased porosity with the incorporation of  5 wt. % CLDHs, and the 
lower chloride migration coefficient than the samples without CLDH. In this article, the MgO, synthetic 
nitrate intercalated LDH and calcined LDH were utilized to replace the mass content of  the AAFS binder 
(defined as FA + GGBS) to investigate their effects on the chloride penetration resistance of  the AAFS 
mortars. The X-ray diffraction was applied to detect the crystalline phases of  the AAFS samples. The 
chloride resistance was revealed by the RCM test, besides, the effects of  the dosages of  these materials in 
AAFS samples were discussed.

2. Experimental program

2.1 Materials
Class F fly ash, and ground granulated blast-furnace slag (GGBS) were utilized in this research. The chemical 
composition of  the fly ash and GGBS were measured by X-ray fluorescence (XRF) and are shown in Table 
1.

https://en.wikipedia.org/wiki/Ground_granulated_blast-furnace_slag


ICSBM 2019
2nd International Conference of  Sustainable Building Materials

374

IC
SBM

 2019
ID

 143

Table 1: Chemical composition of  the f ly ash and GGBS

Compound MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Fe2O3 Cl LOI*℃%℃

Fly Ash 1.137 25.576 53.892 2.905 1.601 5.441 1.503 7.883 0.062 3.79

GGBS 9.023 13.093 31.246 5.15 0.299 39.067 1.4 0.679 0.043 1

*LOI = loss on ignition at 1000℃

Table 2: Composition of  the water glass

SiO2 Na2O H2O

Wt. % 27.69% 8.39% 63.92%

The activator used in this research was prepared by mixing NaOH solution and sodium silicate solution, 
and the SiO2/ Na2O molar ratio is 1.5. The composition of  the water glass is shown in Table 2. MgO (96% 
purity) was added to replace the AAMs binder at different mass percentage (2 wt. % and 4 wt. %) 

Mg-Al-NO3 LDH was prepared by a co-precipitation method [10]. Solution A containing Mg (NO3)2·6H2O 
and Al(NO3)3·9H2O with Mg/Al molar ratio of  3.0 (M[Mg2+] + M [Al3+] = 1.0 mol/L) and solution B 
containing 1.75 mol/L NaOH and 0.75 mol/L NaNO3 were simultaneously dripped into 50 ml deionized 
water in a 500 mL container with magnetic stirring under N2 atmosphere. The pH value of  the mixture was 
maintained at 10.0±0.5. After this, the resulting suspension was aged at 65 °C for 24 h in a thermostatic 
bath. The final precipitate was filtered, washed thoroughly, and dried in vacuum at 90 °C for 24 h.

Calcined layered double hydroxide (CLDH) was prepared from the synthesized nitrite intercalated LDH 
using a heating rate of  5°C /min till 500°C and then kept constant for 3h. Afterwards the material was 
cooled down naturally in the furnace to 105°C before it was moved to a sealed centrifuge tube and kept in 
a desiccator under vacuum [14].

2.2 Sample preparation
The alkali activated samples were consisting of  GGBS and fly ash, and the MgO, LDH and CLDH replaced 
2 wt. % and 4 wt. % by mass of  the alkali activated binder. GGBS / FA mass ratio was 7:3 (See the sample 
ID in Table 3). All the mortar samples were casted in the Ø 100 mm × 200 mm cylindrical moulds.

Table 3: Mix design of  the mortars using different additions

Sample ID
Binder (g)

Sand (g) Na2O/Precursor W/B*

Slag Fly Ash MgO LDHs(NO3) CLDHs

A0 70 30 - - - 300 7% 0.4

M2 68.6 29.4 2 - - 300 7% 0.4

M4 67.2 28.8 4 - - 300 7% 0.4

L2 68.6 29.4 - 2 - 300 7% 0.4

L4 67.2 28.8 - 4 - 300 7% 0.4

C2 68.6 29.4 - - 2 300 7% 0.4

C4 67.2 28.8 - - 4 300 7% 0.4
* W/B = Water/Binder mass ratio (where binder is defined as FA + GGBS) 
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2.3 Test methods

2.3.1 Scanning electron microscopy
The samples were selected from the synthetic LDH and CLDH powder. The microscopic analysis was 
performed using a JSM-IT100 InTouchScopeTM Scanning Electron Microscope (SEM).

2.3.2 X-ray diffractometry
X-ray diffractometry (XRD) analysis was performed by using a Co tube (40kV, 30mA) with a scanning 
range from 5° to 90° 2θ, applying a step 0.01° and 1 s/step measuring process. The qualitative analysis was 
carried out by the Highscore Plus and the PDF database of  ICDD.

2.3.3 Non-steady-state migration experiments
The Ø 100×100 mm cast cylinder mortars were used and cut into 50 ± 2 mm thick slice from the central 
portion. After sawing, brushing and washing away any burrs from the surfaces of  the samples, and wiping 
off  the excess water from the surfaces, the cylinder samples were put in the vacuum container for vacuum 
treatment for 3 hours with the pressure in the range of  10-50 mbar (1-5 kPa), and then immersed in the 
saturated Ca(OH)2 solution for 18±2 hours. Subsequently, the non-steady-state migration experiments were 
tested according to the NT Build 492 [16]. 

The samples subjected to the accelerated NT Build 492 procedure, AgNO3 solution was used to reveal the 
chloride penetration depths. 

The non-steady-state migration coefficient is calculated from Equation (2):

          (2)

Where:

: non-steady-state migration coefficient, ×10-12 m2/s;

:    absolute value of  the applied voltage, V;

:    average value of  the initial and final temperatures in the anolyte solution, ℃;

:    thickness of  the specimen, mm;

:   average value of  the penetration depths, mm;

:     test duration, hour.

The RCM test set-up was shown in Fig. 2.
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Figure 1: RCM test set-up

3. Results and discussion

3.1 Characterization of  the synthetic LDH and CLDH
The X-ray diffraction patterns of  the synthetic LDH and CLDH are presented in Fig. 3. Most peaks were 
consistent with the typical XRD patterns of  Mg6Al2(OH)16(NO3)2·4H2O, corresponding to hydrotalcite-like 
phase (PDF 00-089-0460). The characteristic peak of  Mg-Al-LDHs was observed at 13.6°, corresponding 
to crystal plane [003]. Cavani et al. [17] investigated the crystal phase of  different anion intercalated 
hydrotalcite, which exhibited the same XRD pattern. Meanwhile, the characteristic peaks of  Mg-Al-CLDH 
were detected at 41.2°, 51.3° and 75.6°, which were similar with the experimental results reported by 
Kanezaki et al. [18]. 

(a) LDH- (b) CLDH 
Figure 2: X-ray diffractogram and structure of  LDH and CLDH

The layered structure of  the LDHs and CLDHs were shown in Fig. 4. The size of  the layered products LDH 
(Fig. 4(a)) is about 1 µm in length, which is in agreement with the previously reported SEM micrographs 
[19]. The micrographs of  CLDH (Fig. 4(b)) showed the layered structure without rules. And the raw CLDH 
in Fig. 4 (b) has plate-like particles with sharp edges [12]. Due to the non-homogeneity of  the CLDHs, 
the formed LDH particles from reconstruction of  CLDHs may not be homogeneous for all particles [12].

3.2 Hydration products of  AAFS
The XRD patterns of  the samples showed that the primary hydration products of  C-S-H, hydrotalcite 
and Mullite were identified in all AAFS samples. 
The main characteristic peak of  hydrotalcite was identified at 13.6°. However, Ke et al. [20] reported the 
main peak of  XRD pattern for similar hydrotalcite-like phase after filtration was centered at 11.6°. The shift 
in the hydrotalcite-like peak is attributed to the partly carbonation of  the LDH. As we can see in Fig. 5, the 
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crystalline phases in the AAFS samples exhibited the same reaction products.

(a) Synthesized Mg-Al-LDH- (b) Synthesized CLDH

Figure 3: SEM micrographs of  LDH and CLDH

Figure 4: X-ray diffractogram of  samples at 28-day curing age

Periclase was identified in specimens prepared with MgO addition (M2 and M4), which indicated that 
the MgO was not fully reacted with slag to form LDH [6]. However, according to previous study [7], the 
content of  LDH formed from MgO in AAFS environment had the potential to grow over time, due to the 
solid phase reaction of  MgO in alkali-activated cement.

The XRD patterns of  L2, L4, C2 and C4 demonstrated almost the same intensity of  hydrotalcite. The 
CLDH phase was not found in the XRD patterns while the emerged peak of  hydrotalcite-like phase 
appeared, which proved that the CLDH completed the reconstruction process in AAFS to form the LDH 
[21]. 

3.3 Chloride resistance of  AAFS
The penetration depths of  the chloride in the AAFS samples confirmed a low degree of  the chloride attack 
(shown in Fig. 6). All the ternary AAFS (M2, M4, L2, L4, C2 and C4) exhibited better chloride penetration 
resistances than the reference sample A0, reflected by the lower chloride diffusion coefficients of  ternary 
AAFS samples than that of  reference sample A0.
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The chloride diffusion coefficients of  all samples were listed in Table 4 and the chloride penetration depths 
were marked with the black lines in Fig. 6, where chloride penetration started in each sample from bottom 
to top. Moreover, the chloride diffusion coefficients (shown in Table 4) of  C2 and C4 were 4.11 and 2.88 
×10-12 m2/s, respectively, much lower compared to other samples. The experimental results were in line with 
the previous study [12], which demonstrated the CLDH in hardened AAFS paste can reduce the chloride 
content. 

The coefficients of  M2 and M4 were 4.68×10-12 m2/s and 4.55 ×10-12 m2/s, respectively. And the coefficients 
of  L2 and L4 were 6.91 ×10-12 m2/s and 4.49×10-12 m2/s, respectively. It showed that the chloride banding 
capacity was increased with the increase of  the MgO and LDH dosage. Meanwhile, the coefficient of  M2 
was lower than the L2 at 47.6% while M4 was higher than L4 at 1.3%, which showed that the content of  
LDH had an obvious influence on chloride resistance in AAFS system. 

Combined with XRD results and chloride diffusion coefficients, the M2 and M4 samples had the same level 
of  the chloride resistance with L2 and L4 at 28 days, but the MgO in M2 and M4 would continue forming 
the LDHs-like phase to absorb the chloride ion. The addition of  CLDH in hardened AAFS could mitigate 
more chloride penetration than the addition of  LDH and MgO.

Table 4: Chloride diffusion coefficients calculated from the RCM test in mortar cured for 28 days. 

Sample ID A0 M2 M4 L2 L4 C2 C4

Chloride diffusion coefficient (×10-12 m2/s) 5.42 4.68 4.55 6.91 4.49 4.11 2.88

A0 M2 M4

L2 L4

C2 C4

Figure 5: Boundary of  chloride penetration in 28-day curing age
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4. Conclusions

The effects of  MgO, LDH and CLDH additions on the chloride resistance in AAMs were examined by the 
XRD, SEM and RCM tests. The experimental data indicated that the ternary AAFS could resist the chloride 
ingress better than the slag/fly ash blends mortars.

The CLDH could reconstruct the LDH in AAFS system, however the MgO was not fully reacted in AAFS 
at the age of  28 days and still had potential to form more LDH in AAFS. Based on the results of  this study, 
the MgO and CLDH have potential in preventing the chloride ingress in the AAFS.
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Abstract - Ultra-high performance concrete (UHPC) is a relatively new building material with a relatively 
high consumption of  cement compared to the conventional concrete, which causes the economic and 
environmental burdens. This paper aims to review the recently reported methods on developing sustainable 
UHPC with low cement consumption. The hybrid replacement by supplementary cementitious materials 
(SCMs), high-volume substitution by filler powders, inclusion of  coarse aggregate, and two-stage casting 
method have been summarized. Furthermore, the thermal and chemical activation on SCMs, and the mineral 
plasticization effect of  substitute material are discussed. Lastly, further research trends are identified. 

Keywords: ultra-high performance concrete, sustainable, low cement, SCMs.

1. Introduction

Ultra-high performance concrete (UHPC) is a relatively novel cementitious construction material with 
excellent mechanical properties, durability and impact resistance [1]. During the past few decades, it has 
drawn great attention from both researchers and engineers. Richard et al. developed the reactive powder 
concrete (RPC) in 1993, which was characterized by a large amount of  reactive powder, fine quartz powder 
without any coarse aggregate, very low water content and high superplasticizer dosage, utilization of  steel 
fibre, special treatment (pre-setting pressurization and heat-treating) [2]. RPC showed a dense microstructure, 
excellent toughness and ultra-high strength over 150 MPa. A few years later, De Larrard proposed the 
term of  ‘ultra-high performance concrete’ with high packing density [3]. Although, the special mix design 
methods of  UHPC are beneficial for the excellent performance that allows to design thin and light concrete 
structures with long service life. They also cause problem of  high binder or cement consumption, usually 
more than 900 kg/m2 that is about 3 times more than that in conventional concrete. The large amount 
of  cement utilization results in a high energy consumption and increased costs of  UHPC material and 
structure, consequently limiting the engineering applications. Therefore, designing sustainable UHPC with 
relatively low cement consumption has been attempted by more and more researchers nowadays.

Currently, substitution of  partial cement by cheaper and sustainable supplementary cementitious materials 
(SCMs) has been investigated to develop sustainable UHPC [4], including such as ground granulated blast 
slag (GGBS), fly ash, bottom ash, silica fume, glass powder etc. Yu et al. developed eco-friendly UHPC with 
different mineral admixtures uses, which showed better properties than the reference mixture [5]. Kang et 
al. used 16.5% of  rice husk ash as pozzolanic admixture and internal curing agent in UHPC [6]. However, 
cement reduction by the traditional replacement methods is usually very limited, mostly less than 30%, 
to avoid sacrifice of  too much properties of  UHPC due to dilution effect. More efficient measures are 
needed to achieve much low-cost and eco-friendly UHPC with low cement content, but meanwhile without 
decreasing too much or even improving the performance of  UHPC.
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The aim of  this review is to summarize the current novel methods to develop the sustainable UHPC with 
low cement consumption, including using ternary or quaternary SCMs, adding minerals with plasticization 
effect, activating weak-active binder by thermal and chemical methods, introducing coarse aggregate, casting 
UHPC by two-stage method. Furthermore, research needs are identified and suggestions are given. 

2. Hybrid utilization of  SCMs

To develop more sustainable UHPC, higher contents of  cheap and eco-friendly substitution materials are 
desired to be utilized in UHPC system. To overcome or partly compensate the negative effect (e.g. dilution 
effect of  cement) of   SCM on the properties of  UHPC, hybrid utilization of  SCMs is probably a good 
method rather than blending a single SCM. Kang et al. found that UHPC with ternary binder (63% cement 
+ 17% rice husk ash + 20% GGBS) even showed slightly better properties compared to the binary blends 
(83% cement + 17% rice husk ash), especially under the thermal curing conditions [6]. As shown in Figure 
1, the workability, 28d strength and volume stability were much better, except for the slightly lower early age 
strength. The positive combination of  GGBS and RHA was probably due to the mesoporous amorphous 
structure of  RHA, which absorbed aqueous water at early age and thereafter provided water for further 
hydration for the GGBS at the later stage. Shi et al. designed UHPC with cement-silica fume-slag binder 
considering the hydration and microstructure [7]. It revealed that there existed optimum hybrid blending 
proportions between those three raw materials for the best flowability or compressive strength, as illustrated 
in Figure 2. They indicated that hybrid utilization of  SCMs had some certain positive synergistic effects on 
hydration and thus improved the performance of  UHPC system.
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Figure 1: Properties between ternary (PC+RHA+GGBS) and binary (PC+RHA) blends [6].

   

Figure 2: (a) f lowability and (b) 56d compressive strength of  UHPC with cement-sil ica fume-slag 
binder [7].

Arora et al. reported binder phase selection for UHPC from commonly available cement replacement and 
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fine filler, namely fly ash (F), slag (S), microsilica (M), metakaolin (K) and limestone (L) [8]. The strategies to 
select optimum binders were mainly based on packing and rheology. As shown in Figures 3, the ternary and 
quaternary blends, with a total cement replacement of  30%, were selected and suggested for sustainable 
application, which had better packing densities and rheological properties than pure cement or binary 
blends. After the optimization, UHPC mixtures with ternary or quaternary binders showed lower cement 
consumption, but only slightly lower or even higher compressive strength, as shown in Figure 4.

Figure 3: UHPC matrix selection based on packing and rheology. The subscript numbers represent 
the % by mass of  SCMs replacing cement [8].

Figure 4: Compressive strength of  UHPC with ternary and quaternary blends [8].

To further prove the hybrid benefit of  SCMs, our study proposed to evaluate the synergy of  quaternary 
blends (cement-slag-silica-limestone) compared to binary (cement-slag) and ternary binders (cement-silica-
limestone),

                               (1)
where X represents the properties of  UHPC pastes, and subscripts represent the mixtures with reference 
cement (ref), binary (B), ternary (T) and quaternary (Q) binders. A positive synergy (>0) indicates that 
quaternary blends have less adverse influence than binary and ternary blends. Normally, positive values of  
synergy in terms of  28d compressive strength, fibre-to-matrix bond and total free shrinkage were observed 
in the sustainable UHPC pastes with quaternary binders, as shown in Figure 5. The positive synergy was 
probably attributed to optimized total particle size distribution and reasonable mineral composition, e.g. 
Ca/Si ratio. 
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Figure 5: Synergy of  quaternary binders compared to binary and ternary ones (S = slag, mS = 
micro-sil ica, nS = nano-sil ica, L = limestone, the number in mixture name means % by mass of  
SCMs replacing cement) .

To sum up, hybrid utilization of  SCMs such as ternary and quaternary binders is more appropriate to 
design sustainable UHPC instead of  simple binary blends, due to the positive synergetic effect on hydration 
kinetics, optimization of  mineral composition, whole packing density, rheology behaviour and even internal 
curing.

3. Mineral additions with plasticization effect

UHPC is characterized as relatively high superplasticizer dosages, in order to decrease the low water amount 
and the porosity, thus increase the packing density, microstructure and mechanical properties. Therefore, it 
is potentially desirable to use some mineral additions that possess plasticization effect to replace cement in 
sustainable UHPC, in order to decrease the water demand and compensate the probable negative dilution 
effect. Some carbonate fillers, e.g. limestone powder, show good plasticization effect, which can greatly 
enhance the workability of  concrete [9,10]. Even though, limestone powder has negative dilution effect on 
cement because of  its limited solubility and reactivity, the function as a mineral plasticizer can reduce the 
water demand to obtain a desirable flow ability. A less water utilization tends to a better compactness, which 
can overcome or partly compensate the negative dilution effect.
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Figure 6: Spread f low of  cement-limestone pastes (water = 200 kg/m3).

Figure 6 shows the spread flow of  cement-limestone paste with a fixed water content (200 kg/m3). Replacing 
cement by high-volume limestone fillers, e.g. 60 vol.%, the mini-slump flow was significantly enhanced. In 
addition, the saturation dosage of  superplasticizer was greatly decreased from about 2.3% to 0.7% by the 
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mass of  powder. In other words, high-volume limestone powder substitution could not only decrease 
the cement consumption, but also improve the compactness by largely reducing both water content and 
superplasticizer dosage. Furthermore, a lot of  cement grains were not completely hydrated due to the very 
low water-to-cement ratio. Limestone powder addition could increase the hydration degree of  cement 
because of  the increased water-to-cement ratio, as proven in Figure 7(a) [11]. The improved compactness 
and hydration degree contributed to higher compressive strength with 34% and 54% limestone powder, 
while a slightly lower strength with a further higher amount of  limestone powder, e.g. 74%, as shown in 
Figure 7(b) [11]. It can be concluded that some minimal additions with good plasticization effect can be 
used to replace high volume of  cement in sustainable UHPC.

 

Figure 7: (a) hydration degree and (b) compressive strength of  UHPC with limestone powder [11].

4. Thermal and chemical activation

If  too much SCM is used, the performance usually tends to decrease. Abdulkareem et al. used GGBS 
to replace cement with 30%, 50% and 80% by the volume [12,13]. As shown in Figure 8, 50% and 80% 
volume-substitution rates caused a considerable reduction on compressive strength development. The 
negative influence was mainly attributed to the dilution of  the more reactive cement and alkali environment. 
Hence, activations on the hydration of  SCM and cement by increased thermal and alkaline environments 
are probably efficient solutions. 

Figure 8: Compressive strength of  UHPC with different contents of  GGBS, the volume-subsitution 
rates of  cement by GGBS are 0, 30%, 50%, 80% for UHPC1, UHPC2, UHPC3 and UHPC4, 
respectively [13].

When different contents of  alkalis (e.g. KOH) were added in UHPC with large amounts of  slag, the 
compressive strength could be improved, especially at early ages, as shown in Figure 9. Slag particles 
reacted rapidly and promoted the formation of  hydrates. More hydration products were generated to fill the 
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porosity and improve the strength in alkali-activated UHPC. In addition, relatively low content of  KOH, 
namely 3.39 kg/m3, seemed to be enough to activate the combined binders. And further higher contents 
only showed effect on 3 days strength instead of  later strength development.

Figure 9: Compressive strength of  UHPC with chemical activation, the used concentrations are 3.39 
kg/m3, 6.78 kg/m3 and 10.17 kg/m3 for [KOH]1, [KOH]1 and [KOH]1, respectively [13].

The sustainable UHPC incorporating high content of  GGBS can also be activated by high temperatures 
curing. Figure 10 shows the 90 days compressive strength of  sustainable UHPC with GGBS, by using a 
thermal curing with 90 °C from 48 h to 72 h after mixing. Compared to the results in Figure 8, the thermal 
activation significantly enhanced the compressive strength, attributed to the faster hydration reaction rate 
of  both cement and slag under higher temperatures. Furthermore, the thermal-activated UHPC with a high 
content of  GGBS could even acquire a higher mechanical strength than the reference without any GGBS.

Figure 10: 90 days compressive strength of  UHPC with thermal activation, a temperature of  90 °C 
is applied from 48 h to 72 h after mixing [13].

5. Introducing coarse aggregates

The aggregate-to-powder ratio is another key factor to determine the cement consumption. Traditional 
UHPC is usually developed without utilizing any coarse aggregate. Recently, coarse aggregates are attempted 
to be introduced into UHPC system, in order to reduce the powder content, as well as strengthen the 
impact resistance [14,15] and volume stability [16]. Liu et al. investigated the content effect of  coarse 
aggregate with the particle size between 8 mm to 20 mm on tensile behaviour of  UHPC, as shown in Figure 
11 [17]. With the increase of  coarse aggregate content up to 40%, both first-crack and maximum tensile 
strength tended to have a decrease. But considering the benefits of  coarse aggregate on powder reduction, 
the strength decrease was tolerable.
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Figure 11: Tensile properties of  UHPC on coarse aggregate content [17].

Our previous study investigated the size effect of  coarse aggregate on properties of  UHPC [18]. The 
basalt aggregates were selected to match the high-strength of  UHPC matrix. As illustrated in Figure 12, 
the optimum powder content was diminished from 800 kg/m3 to 700 kg/m3, when the maximum basalt 
aggregates size increased from 8 mm to 16 mm. It revealed that less powder/cement content was demanded 
for UHPC incorporating coarser aggregates. Although the powder consumption was reduced (Figure 
12(b)), the compressive strength was still comparable to the mixture with more powder content and finer 
aggregates in Figure 12(a). With the inclusion of  coarse aggregates, the optimal particle size distribution 
and compactness could be changed, resulting in less powder demand but comparable strength [18].
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Figure 12: strength of  UHPC with different powder contents [18].

6. Two-stage casting method

As analysed above, utilization of  coarse aggregates is an efficient way to design sustainable UHPC with low 
cement consumption. However, the aggregates normally occupy rather limited volume, around 36% of  
total UHPC mixture [19]. How to increase the granular skeleton volume and decrease the powder content 
is still an issue in UHPC system. Two-stage concrete (TSC) is a type of  concrete that makes full potential 
to enlarge the volume of  aggregate [20]. The coarse aggregates are firstly pre-placed in the concrete mould, 
then grout is injected into the voids between the aggregates by gravity pressure, as illustrated in Figure 
13 [21]. The volume of  coarse aggregate skeleton could easily achieve 55% based on the drying packing 
density of  coarse aggregates themselves, which is much higher than that in the conventional UHPC.

Thus, it is of  great interest to develop low-cement UHPC by the two-stage casting method. To meet the 
requirement of  high strength in two-stage UHPC, high strength coarse and ultra-high performance grout 
are needed. Our research showed that the concept of  two-stage UHPC was successfully designed with 
very low cement consumption between 340 kg/m3 and 450 kg/m3, and compressive strength between 
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120 MPa-150 MPa. Figure 14 shows the binder (mainly cement) efficiency of  TS-UHPC that was defined 
as compressive strength normalized by binder amount. The designed TS-UHPC achieved the advantages 
of  both UHPC (high strength) and TSC (low binder consumption), resulting in a relatively high binder 
efficiency between 0.19 MPa/(kg/m3) and 0.42 MPa/(kg/m3).
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    Figure 13: Casting procedure of  two-stage concrete [21].     Figure 14: Binder efficiency of  TS- 
        UHPC.

7. Conclusions and recommendations

Based on the reviews and discussions above, the following conclusions can be drawn:

1. Appropriate ternary and quaternary blends with SCMs have positive synergistic effect on both fresh and 
hardened properties of  UHPC with low cement, due to improved particle packing, mineral proportion, 
hydration production and microstructure.

2. Certain minerals possessing plasticization effect, e.g. limestone powder, can be used to replace cement 
in sustainable UHPC without sacrificing properties, attributed to the less water and superplasticizer 
demands.

3. Thermal curing and alkalis addition are efficient to activate the hydration and then compensate the 
negative dilution effect, when a high volume of  SCMs is used to partly substitute cement in UHPC.

4. Introducing coarse aggregates in UHPC is an efficient attempt to reduce the powder demand. Although 
coarser aggregates tend to decrease the mechanical strength of  UHPC, appropriate contents and 
particles sizes would limit the negative influences. 

5. The concept of  two-stage UHPC is successfully designed with very low cement consumption between 
340 kg/m3 and 450 kg/m3, and compressive strength between 120 MPa-150 MPa.

Based on the previous studies, the following researches need to be further investigated to develop sustainable 
UHPC with low cement consumption:

1. More ternary and quaternary binders for UHPC are needed to be developed for sustainable UHPC, 
considering not only mechanical strength but also durability.

2. More raw materials possessing mineral plasticization effect should be investigated, under the condition 
of  lower water amount and superplasticizer.

3. The thermal and chemical activations adversely increase the cost and energy consumption. Hence, 
efficient thermal curing regimes and optimum alkalis contents should be proposed by considering both 
cost and performance of  UHPC, in the cases of  different SCMs conditions. And the compatibility 
between superplasticizer and chemical activation also should be carefully researched.
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4. More possible materials for granular skeleton in TS-UHPC need to be researched, such as ceramic or 
metal to improve some special properties, e.g. impact resistance.
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Abstract 

Alkali activated cementitious materials (AACM) concrete is a sustainable alternative to Portland cement PC 
concrete by reducing CO2 emitted during the production of  PC by 60%. Fundamental investigations on 
alkali activated concrete (AACM) has been on their engineering properties with less emphasis on the service 
life and durability properties. The carbonation effect on concrete is crucial for its service life prediction. 
This paper investigates the suitability of  phenolphthalein indicator method to determine the carbonation 
front in AACM. The geopolymerisation products of  AACM are different from the hydration products 
of  PC concrete and consequently, the carbonation process of  these two types of  concrete is expected to 
be different. Three mixes of  AACM 1, 2, 3 and control PC concrete were produced and cured in water 
(20 ± 20C) for 27days and then in laboratory air (20 ± 20C, 65% R.H) for 42days. A total of  twenty-four 
cylindrical specimens with 50mm diameter X 60mm depth were produced. All the specimens were exposed 
to 5% CO2 inside a carbonation chamber at 20 ± 20C and 65% R.H for 327days. Carbonation depths were 
determined by phenolphthalein indicator method on twelve specimens. Powder samples were obtained 
from the carbonated and non-carbonated zones of  the other twelve specimens to measure the pH of  the 
carbonated concrete and powder. Results show that the pH of  the carbonation in AACM concrete and 
mortar are above threshold 9 while it was below 9 in PC concrete. This suggests that phenolphthalein 
indicator method is inappropriate to determine the carbonation of  alkali activated cementitious materials 
(AACM) concrete

Keywords: Alkali activated cementitious materials (AACM) concrete, carbonation depths, phenolphthalein 
indicator method, carbonated and non-carbonated zones.

1. Introduction

Research findings show attractive attributes of  alkali activated cementitious materials (AACM) concrete as a 
construction material over Portland cement (PC) concrete. These attributes include low CO2 emission and 
energy demand during its production [1, 2], superior strength and pore properties [3], lower bound chloride 
ingress [4]. However, limited knowledge on the durability properties and in-service performance of  AACM 
exists in literature. Field applications of  AACM are restricted due to the limited knowledge of  its structural 
behaviour when subjected to exposure to corrosion initiators such as carbonation.

Carbonation in PC concrete reduces the pH of  its pore solution to below 9 [5, 6]. This occurs when 
atmospheric carbon dioxide, CO2, dissolves in the concrete pore solution to form carbonic acid HCO3 
which then reacts with the main hydration products of  concrete, Ca(OH)2 and C-S-H, to form calcium 
carbonate CaCO3 [7, 8]. The hydroxyl ion (OH)2 within the pore solution is displaced by this reaction thereby 
depleting the protective passive film around the reinforcing steel in concrete. The progression of  these 
reactions results in carbonation induced corrosion of  reinforcement in the presence of  oxygen and water. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

392

IC
SBM

 2019
ID

 153

AACM concrete does not contain calcium hydroxide, Ca(OH)2, which can react with carbonic acid, HCO3, 
to produce calcium carbonate CaCO3, unlike PC concrete which has calcium hydroxide Ca(OH)2 as its 
hydration product. The reaction of  atmospheric CO2 with the geopolymerisation and hydration compounds 
of  AACM and PC concrete respectively is dependent on the amount and type of  these compounds. 

The carbonated zone of  PC concrete is determined by the phenolphthalein indicator test [9]. Spraying 
phenolphthalein solution on carbonated concrete surfaces indicates the depletion of  Ca(OH)2 within the 
concrete matrix, which is not present in AACM concrete. Therefore, the use of  phenolphthalein indicator 
method to determine the carbonation front may not give a true extent of  carbonation in AACM concrete. 
The suitability of  the phenolphthalein indicator method for AACM concrete will be addressed in this study.

The chemistry of  carbonation in PC concrete is fairly well documented while limited knowledge is available 
for AACM concrete [10]. Like other durability properties, the carbonation of  AACM is significantly 
influenced by its pore chemistry which is significantly different from that of  PC concrete. The mechanism 
of  carbonation in PC concrete is represented in equation 1 -3:

(1)

(2)

(3)

Bicarbonate ions are formed when CO2 reacts with water at the carbonated zone (equation 1). These 
bicarbonate ions dissociate near the non-carbonated zone within the PC concrete to form carbonate ions 
due to the high pH of  the pore solution (equation 2). The carbonate ions precipitate as calcium carbonate 
(CaCO3) crystals when they react with the hydration product of  PC concrete (Ca[OH]2) (equation 3). 
These crystals are present in PC concrete in two forms: vaterite and calcite, the metastable vaterite turns to 
calcite over time [11]. This process will continue until all the hydration product, Ca(OH)2, of  PC concrete 
is consumed by the carbonate ions. The pH of  PC concrete drops because of  the low calcium ions present 
in the pore solution due to this process. The phenolphthalein test for PC concrete is suitable for detecting 
these chemical layers in PC concrete. 

The carbonation effect on AACM concrete by using the accelerated testing method may have overestimated 
its actual degradation in service life [12]. A change in AACM pore solution equilibria may induce accelerated 
carbonation compared to under natural carbonation giving a higher apparent carbonation rate  [12]. 
Published results on the carbonation of  AACM concrete are inconsistent in comparison with PC concrete. 
For example, high depths of  carbonation were recorded for silicate-activated blast furnace slag concrete 
compared with PC concrete under accelerated carbonation conditions 10-20% CO2 and 70% R.H. [13, 14]. 
Other studies show that the depth of  carbonation of  alkali activated blast furnace slag concrete and mortar 
is comparable to those of  PC concrete or mortar [15]. The author [15] concluded that the refinement of  
the pore structure of  alkali activated blast furnace slag concrete is responsible for its carbonation resistance, 
however, a high relative humidity of  90% was used for the accelerated carbonation test which would slow 
the diffusion of  CO2 within the concrete matrix and invalidate the author’s results. 

The rate of  carbonation in concrete is a slow process which sometimes takes years to manifest. Concrete 
structures in large cities are susceptible to carbonation due to human activities involving high emissions 
of  CO2, up to 1% by volume of  air [16]. The carbonation chamber used in the laboratory for accelerated 
testing was maintained at 5% CO2 concentration, 65% relative humidity and a temperature of  20 ± 20C 
to achieve the optimum rate of  carbonation in both AACM and the control PC concrete. The diffusion 
parameters of  the concrete pores have considerable influence on the rate of  carbonation. The diffusion 
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rate of  CO2 within a concrete matrix is four orders of  magnitude slower than O2 when its pores are fully 
saturated while its diffusion remains inactive when the concrete pores are insufficiently saturated [16–18]. 

2. Experimental Programme

2.1 Materials and mixes 
Details of  AACM mixes 1, 2 and 3 and the control PC concrete are given in Table 1. AACM and PC 
concrete were produced from ground granulated blast furnace slag (GGBS) and ordinary Portland cement 
CEM 1 of  grade 42.5R [19] respectively. 10 mm uncrushed gravel, 6 mm limestone and a medium grade 
sand of  80% particle size passing 1mm sieve were used as coarse and fine aggregates. The activator dilutions 
of  0%, 3.88% and 7.76% were used to prepare AACM 1, 2 and 3 mixes respectively. Liquid/binder ratio 
0.47 was used for both AACM and PC concrete mixes. AACM mixes contained 2% by binder weight of  
shrinkage reducing admixtures (SRA) made from Alkyl-ether and 0.75% by binder weight of  retarder R42 
made from a blend of  high grade polyhydroxycarboxylic acid derivatives. The shrinkage reducing admixture 
also enhances workability while the retarder reduces the setting time of  AACM concrete.

Table 1: Composition of  AACM 1, 2, 3 and the control PC concrete 

Mix
Binder

Content
(%)

Fine Agg.
(%)

Coarse Agg. (%) Liquid/
Binder
Ratio

Activator 
Dilution 

(%)

R42 SRA

10mm 
Gravel

6mm 
Limestone

(% by weight of  
binder)

AACM 1
AACM 2
AACM 3

Control PC

25
25
25
20

18
18
18
26

29.3
29.3
29.3
28.9

15.7
15.7
15.7
15.5

0.47
0.47
0.47

0.47(w/c)

0
3.88
7.76

-

0.2
0.2
0.2
-

0.5
0.5
0.5
-

*R42 is the retarder; SRA is the shrinkage reducing admixture 

2.2 Specimen preparation
The concrete specimens were cast in a 0.0625m3 (150kg) capacity Cretangle mixer. AACM and PC concrete 
specimens were cast in plastic cylinders of  50mm diameter X 60mm depth as shown in Fig. 1 in two layers 
and compacted on a vibrating table. Self-adhesive bitumen tape was fixed at the bottom of  the plastic 
cylinder moulds before casting to prevent the concrete from pouring out (Fig. 2). The specimens were cured 
in the laboratory air (20 ± 20C, 65% R.H.) for 24hrs while covered with polythene sheets. They were left in 
the moulds to prevent the ingress of  CO2 through the bottom face and circumference of  the specimens. 
The specimens were wet cured for 27days at a temperature of  20 ± 20C followed by dry curing for 42days 
at 65% R.H. and a temperature of  20 ± 20C until the change in their unit weight was less than 0.2% in a 
24-hour period to reduce its moisture content. The specimens were then placed inside the carbonation 
chamber exposed to 5% CO2 concentration at 65% relative humidity and temperature of  500C for 327days. 
After exposure to 5% CO2 concentration for 327days, the specimens were grouped into two batches. The 
first batch of  AACM and PC concrete specimens were used to determine the depth of  carbonation with 
the phenolphthalein test [9]. Powder samples were collected at the carbonated and non-carbonated zones in 
the second batch for pH analysis. A total of  24 specimens were produced for both AACM and the control 
PC concrete, 6 specimens per each mix in Table 1. 
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Fig. 1: Casting concrete specimens in cylindrical 
plastic moulds

Fig. 2: Self-adhesive tape fixed at the bottom 
of  cylindrical moulds

 

2.3 Test Procedure
The cylindrical specimens were removed from the carbonation chamber after 327days exposure. These 
specimens were removed from their plastic moulds (sleeves) and split into halves vertically along their depths 
as shown by section A-A in Fig. 3. The splitting tensile strength procedure was adopted to break the cylinders 
into two longitudinal halves. The depth of  carbonation was determined by spraying phenolphthalein on the 
exposed (split) surface of  one broken half  of  each cylinder according to standard procedure [9]. However, 
phenolphthalein was not applied to the surface of  the second half  of  each cylinder. 

The depth of  carbonation profile obtained from the first half  cylinder was marked on the second half  of  
the cylinder that was not sprayed with phenolphthalein. This was carefully chiselled out to obtain concrete 
chunks of  the carbonated and non-carbonated zones. This procedure was performed on six specimens 
for each AACM and PC concrete to obtain enough concrete chunks for the test. The chunks were ground 
to powder and passed through a 150 µm sieve to obtain concrete powder for the carbonated and non-
carbonated zones (Fig. 4). 

Fi 4 AACM d OPC / d

Section A-A 

Section A-A

N
on-carbonated PC  

Carbonated PC 

PC Specimen AACM Specimen 

Carbonated A
A

CM

N
on-carbonated A

A
CM

 

 Fig. 3: Demoulded cylinders showing the section A-A of  splitting   Fig. 4: AACM and OPC 
concrete/mortar powder stored in air-proof  plastic vials
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A second set of  powder test samples was similarly obtained by removing the coarse aggregate particles 
from the concrete chunks. The concrete pieces were crushed to separate the coarse aggregate particles from 
the matrix and they were removed by sieving. The remaining mortar material was ground to obtain mortar 
powder for the carbonated and non-carbonated zones. pH analysis was performed on these carbonated and 
non-carbonated powder samples. 

2.3.1 pH Analysis
The ex-situ leaching method of  concrete [20] was adopted to obtain the solution used for the pH analysis 
of  the concrete and mortar samples. This was carried out by dissolving 5grams of  the powder sample in 
distilled water at a liquid/solid ratio of  1:1 in an air-tight plastic vial. The solution was shaken thoroughly 
for 2mins to ensure a homogenous mix of  the powder. The powder solution in an air-tight plastic vial was 
left undisturbed for 5hrs to allow for leaching. The concrete powder solution was then filtered to obtain 
a solution that does not contain powder particles. A double junction electrode connected to a benchtop 
meter 3-in-1 was dipped inside the filtered solution to measure its pH. This device measures pH ranging 
from 0.00 to 14.00 and can measure sample volumes as small as 0.2mL with an accuracy of  ± 0.01. 

3. Results and discussion

3.1 Depth of  carbonation
The carbonation depths of  AACM and PC concrete is shown in Fig. 5. The carbonated and non-carbonated 
zones are marked on the broken faces of  both AACM and PC concrete (Fig. 5).

 

 

Fig. 5: showing the carbonation and non-carbonated zones in AACM and PC concrete 

Fig. 5 shows that the depths of  carbonation front which occurred at the two opposite faces exposed to 
CO2 while the other opposite two faces coated with bitumen paint have insignificant carbonation front. 
This shows that the bitumen paint is an effective barrier to CO2 diffusion in concrete. The presence of  
optimum moisture content and CO2 within the concrete matrix resulted in the decalcification of  the Ca-rich 
gel binder within the concrete matrix.

Increase in the depth of  carbonation is observed in AACM concrete than the control PC concrete as shown 
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in Fig. 5. The average carbonation depth in AACM 1, 2 and 3 are 25.19, 26.75 and 29.25mm respectively 
while it is 14.13mm for PC concrete after 327days exposure. 

Increase in the depth of  carbonation was observed for water-glass activated slag mortar [21]. The author 
[21] observed a much deeper and intense carbonation between 28 and 120 days while moderate increase 
in the carbonation depth was observed between 120 and 240 days.  The specimens were cured in a closed 
chamber containing K2CO3 solution, kept at a relative humidity of  43.2%. The chamber was saturated with 
CO2 twice daily with unknown concentration of  the CO2.

3.2 pH of  carbonated zone
The pH of  the powder solutions extracted from AACM and PC concrete and mortar at the carbonated 
zones is shown in Fig. 6. 

Fig. 6: pH of  AACM and PC powder solutions after 327days exposure to 5% CO2.

The pH of  the concrete powder solutions at the carbonated zones of  AACM 1, 2, 3 and PC concrete are 
above the carbonated threshold of  9 as shown in Fig. 6. The pH values are 10.62, 10.46, 10.37, 10.25 and 
9.56 for AACM 1, 2, 3 and PC concrete respectively. The pH of  the mortar solution is also greater than 
the threshold value of  9 for all AACM mixes whereas the PC mortar has a pH value significantly lower 
than the threshold of  9. The high pH exceeding the carbonation threshold in AACM mortar solution is 
an indication that the phenolphthalein indicator method fails to detect carbonation in AACM concrete 
compared with PC concrete having pH of  8.69. The phenolphthalein indicator method produces no colour 
change when the pH of  the pore solution is about 9 for PC concrete at the carbonated zone. However, in 
the case of  AACM the phenolphthalein indicator method show no colour change when the pH of  pore 
solution is above 10 at the carbonated zone (Fig. 6). The colourless change at the carbonated zone indicates 
the absence of  Ca(OH)2 [16]. Since Ca(OH)2 is absent from the AACM pore solution, an alternative method 
besides using the phenolphthalein indicator method for assessing the carbonation in AACM is required. 

The pH of  mortar solutions at the carbonated zones for both AACM and PC are lower than that of  the 
concrete. The pH of  the mortar solutions of  AACM 1, 2, 3 and PC at the carbonated zones are 10.33, 
10.02, 10.1, 10.05 and 8.69 respectively. The difference in their solution pH is due to the release of  alkaline 
content by the aggregate present in the concrete. PC concrete which had the highest aggregate content of  
70.4% compared with 63% for AACM (Table 1) shows the highest pH difference between the solution 
extracted from concrete powder and mortar powder. The differences in pH between concrete and mortar 
for AACM 1, 2, 3 and PC concrete are 4.2%, 2.6%, 1.95% and 9.1% respectively.
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3.3 Activator Dilution

The influence of  activator dilution on the pH of  powder solution from AACM concrete and mortar at the 
carbonated zones is shown in Fig 7.

 

Fig. 7: Inf luence of  activator on the pH of  AACM concrete and mortar solutions at carbonated 
zones

The difference in the pH of  solutions extracted from AACM concrete and mortar powder at the carbonated 
zones is fairly constant at different activator dilution (Fig. 7). This is because the aggregate content of  
63% is constant in AACM 1, 2 and 3 mixes are the same (Table 1). The release of  alkaline content by 
the aggregate present in the AACM 1, 2 and 3 accounts for the increase in the pH of  solutions extracted 
from the AACM mortar. On the other hand, carbonation reacts chemically with AACM mortar while 
the aggregate in the concrete will influence the diffusion rate of  CO2 and moisture due to the interfacial 
transition zones around the aggregate. 

The pH of  solutions extracted from AACM concrete and mortar powders is highest at the lowest activator 
dilution (Fig. 7). The differences in the pH of  AACM concrete and mortar solutions for different activator 
dilution are attributed to their porosity [3] which affected the rate of  carbonation. AACM with 0% activator 
dilution has the lowest porosity of  4.64%, followed by 3.88% activator dilution  which has 6.67% porosity 
while 7.76% activator dilution has the highest porosity of  7.71% under 3days wet curing (20 ± 20C) following 
24days dry curing (20 ± 20C, 65% R.H) [3]. The corresponding pH values of  AACM concrete are 10.46, 
10.3 and 10.25. The other factor influencing the difference in pH in both AACM concrete and mortar 
solutions is the aggregate content. Yinghong [22] studied the leaching of  alkali content of  an open graded 
recycled coarse aggregate and the adverse effect of  carbonation on the pore solution. The author [22] 
observed an increased pH of  the pore solution due to leaching of  alkali content from the recycled coarse 
aggregate. The alkali content of  the recycled coarse aggregate is consumed during carbonation. However 
the release of  pH-dependent constituents that cause the drop in pH is delayed by the dense structure of  
concrete [22]. AACM represented in Fig 7 is denser at 0% activator dilution than at 7.76% activator dilution, 
which is the reason for the differences between the pH of  concrete solution and mortar solution at higher 
and lower activator dilution. 

3.4 Relationship between carbonation depth and porosity
The relationship between carbonation depth at 327days exposure to 5% CO2 and effective porosity of  
AACM 1, 2 and 3 mixes at 28 days is shown in Fig 8.  Details of  the pore properties and the effective 
porosity of  AACM mortar mixes are reported in the authors’ previous publication [3]. The following linear 
relationship is established between the effective porosity and the depth of  carbonation with a correlation 
of  0.98:
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Fig. 8: The relationship between depth of  carbonation dk and effective porosity of  AACM concrete

dk = 0.5929(P) + 1.2806 with R2 = 0.98. 
where; dk is the depth of  carbonation (mm) and P is the effective porosity (%). 

The depth of  carbonation increases with greater porosity. Concrete diffusivity which is a function of  
porosity is a major controlling factor for carbonation [16]. The ingress of  CO2 and moisture from the 
environment into the concrete is inhibited by decreasing porosity. The carbonation process is complicated 
because it involves the transport of  liquid and gas which cannot be represented simply with Fick’s law [23]. 
Lagerblad [11] stated that it is difficult to apply the Fick’s law equation because of  the simultaneous inward 
and outward diffusions involving carbonate and calcium ions. The pore structure is altered during the inward 
and outward diffusions involving carbonate ions and calcium ions by reacting with the concrete matrix. For 
PC concrete, a dense pore structure evolves as the outward diffusion of  CaCO3 forms precipitates that 
block the concrete pores. In the case of  AACM, the calcium ions from the geopolymerization products 
disintegrate by a process termed decalcification and diffuse outward into the environment. Whilst the 
chemical compound (CaCO3) formed during carbonation in PC concrete blocks the pores, the disintegration 
of  calcium ion due to decalcification in AACM concrete enlarges the pores. 

4. Conclusions

This paper investigates the suitability of  using phenolphthalein indicator method to determine carbonation 
front in alkali activated concrete AACM. Twenty-four AACM and PC concrete were produced and cured in 
water (20 ± 20C) for 27days and then in laboratory air (20 ± 20C, 65% R.H) for 42days. These specimens were 
exposed to 5% CO2 inside a carbonation chamber at 20 ± 20C and 65% R.H for 327days. Phenolphthalein 
indicator method was used to determine carbonation front of  the AACM and PC concrete specimens. 
Powder samples were collected from the carbonated zones and their pH was determined. The following 
conclusions can be drawn from the study.

• The pH of  mortar solutions at the carbonated zones for alkali activated cementitious materials (AACM) 
concrete is greater than the threshold of  9 while the corresponding PC mortar is below 9. For example, 
the pH of  mortar solutions of  AACM 1, 2, 3 and PC at the carbonated zones are 10.33, 10.02, 10.1, 
10.05 and 8.69 respectively. This suggests that the application of  phenolphthalein solution on faces of  
AACM produces pH higher than 9. The phenolphthalein method of  determining the carbonation in 
AACM does not give a true representation and may not be an appropriate method for investigating the 
carbonation depth.

• The release of  alkaline content by the coarse aggregate present in the AACM and PC concrete results 
in higher pH in concrete than the mortar excluding the coarse aggregate particles. The difference is 
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greater with increasing coarse aggregate content.

• Activator dilution with water increases the pH of  carbonated AACMs (mortar and concrete). The 
porosity of  AACMs also increases with activator dilution as they both provides a linear relationship 
between the two parameters. For example, AACM with 0% dilution has the lowest porosity of  4.64%, 
followed by 3.88% activator dilution which has 6.67% porosity while 7.76% activator dilution has the 
highest porosity of  7.71% under 3days wet curing (20 ± 20C) and 24days dry curing (20 ± 20C, 65% 
R.H). The corresponding pHs of  AACM are 10.46, 10.3 and 10.25.

• The relationships between porosity and depth of  carbonation in AACM concrete is as follows: 

dk = 0.5929(P) + 1.2806 with R2 = 0.98. 

where; dk is the depth of  carbonation (mm) and P is the effective porosity (%).
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Abstract

The feasibility of  using red mud as alkali source in alkali-activated fly ash and cement based binary binder 
for controlled low strength material (CLSM) is investigated. The red mud contains NaOH and Na2CO3  
that can be used as the alkali source. The incorporation of  red mud increases the pH of  pore solutions 
in the mixtures by the direct dissolution of  NaOH and the reaction of  Na2CO3 with portlandite released 
from the cement hydration. The increased pH accelerates the hydration of  the fly ash cement binary binder, 
contributing to the strength development. The red mud also act as micro-filler that refines the pore structure, 
reducing the amount of  harmful pores. The mechanical performance is promoted after incorporating red 
mud, which is mainly attributed to the accelerated hydration of  the fly ash cement binary binder and the 
refinement of  red mud on the pore structure.

Keywords: Red mud; alkali source; fly ash-cement blends; controlled low strength materials.
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Sustainability of  Durable Concrete
Reinforced with Aluminum Metal

H. Justnes

SINTEF Building and Infrastructure, Trondheim, Norway. Contact: harald.justnes@sintef.no.

Abstract - Aluminium metal cannot be used to reinforce regular concrete since the high hydroxyl ion 
concentration will attack the metal and evolve hydrogen gas. However, it has been shown the aluminium 
metal rods alloyed with 5% magnesium is stable in concrete where 55% of  the regular cement is replaced 
with calcined, natural clay in the concrete mix. Replacing high fraction of  clinker burnt at 1450°C, and 
with high CO2 emission from decomposition of  limestone in the raw meal, with a clay calcined at 850°C 
obtainable by bio-fuel gives obvious savings in energy and CO2 emissions. Furthermore, since aluminium can 
withstand carbonation and chlorides a cover of  only 20 mm for mechanical interaction with reinforcement 
is needed resulting in a smaller volume of  concrete. The binder with 55% calcined clay has been shown 
to be sulphate resistant, and no chance of  AAR is expected due to lower pH and no remaining calcium 
hydroxide in the system. Hence, the only degradation mechanism left, is freeze-thaw action that can be 
avoided by proper air entrainment. Thus, in theory an infinite service life without maintenance may be at 
hand for aluminium metal reinforced concrete.

Instead of  overshooting strength by making an impermeable concrete to protect steel reinforcement using 
low w/c, and often excess cement, the design criterion can now be the strength itself  with a higher w/c 
enabling fast carbonation of  the concrete guaranteeing a stable reinforcement in the long run. After all, > 
80% of  the concrete market is covered by a design strength of  < 30 MPa in compression.

Aluminium metal is weaker than iron with 1/3 of  the E-modulus and ¼ tensile strength of  the pure metals, 
but density is also 1/3 of  iron. However, the tensile strength level of  steel can be met by alloying (e.g. 10% 
Mg). The E-modulus is of  the same level of  FRP rods used for construction, but the failure is ductile 
unlike FRP rods with a brittle failure. Ductile failure is important for safety with concrete crack warning. 
Aluminium metal rods can be made from scrap metal in an electricity powered screw extrusion without 
heating.

Keywords: Aluminium, calcined clay, durability, reinforcement, sustainability.

1. Introduction

Cement is a key binder component of  concrete production in the building industry. It is a complex hydraulic 
binder, made up of  four main clinker components; alite (Ca3SiO5), belite (Ca2SiO4), tricalcium aluminate 
(Ca3Al2O6) and ferrite (Ca2AlFeO5), which are milled together with gypsum to regulate setting time. In 
recent years, the production of  cement has been identified as the third largest emitters of  carbon dioxide 
(CO2), accounting for approximately 5 to 8% of  the total global anthropogenic emissions, with 60% coming 
from decomposition of  limestone in the raw meal and 40% from fuel to reach clinkerization temperatures 
of  1450°C for a pure Portland clinker. Four main methods are currently in place to mitigate this challenge; 
i) switching from fossil fuels to alternative fuels, ii) increase efficiencies in factories, iii) implementation 
of  supplementary cementitious materials (SCMs) replacing cement clinker [1] and iv) carbon capture and 
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storage (CCS) [2]. Among which, clinker partially replaced by SCMs is the most promising on a short term 
[1], whereby significant reduction in CO2 emission could be expected depending on how much emission 
is associated with the SCM (transport, activation energy etc.). Replacing cement with SCM will also reduce 
the amount of  raw meal needed per unit cement and increase the cement production volume of  a cement 
plant. Most of  the cement produced today has clinker replaced with SCMs with an average global clinker 
factor of  0.65 in 2014 [3], but higher clinker replacement with a greater variety of  SCMs is expected in 
the future. The potential SCMs of  the future include combustion ashes, slag, calcined clay and limestone. 
Fly ash is commonly employed in current cements with replacement of  20% in Norway. Calcined clay and 
marl are new and upcoming SCMs due to their abundance as increased clinker replacement demands large 
volumes of  available SCMs. Additionally, previous studies displayed that calcined marl is a potential SCM 
up to a replacement level of  50% in terms of  equal 28 day strength according to Justnes [1], but generally it 
is limited to < 35% replacement if  sufficient alkalinity is to be maintained to protect steel from corroding 
in the long run.

The most common reinforcement for structural concrete is rebars made of  steel. At the same time the most 
common degradation mechanism of  reinforced concrete is corrosion of  the steel initiated by carbonation 
(i.e. CO2 from the air diffuse in and lower the pH by neutralization) or by chlorides exceeding a critical limit 
in spite of  maintained pH. Thus, there is a need for concrete reinforcement that will not corrode, but at 
the same time being composed of  common chemical elements like aluminium (8.1% of  earth’s crust [4]) 
since a gross volume of  1010 m3 concrete is produced annually world-wide. “Stainless steel” exists that will 
not corrode, but the typical 16-20% chromium (0.014% of  earth’s crust [4]) and 8-14% nickel (0.009% of  
earth’s crust [4]) content makes it rather pricy. Some efforts have been made to make rebars out of  fibre 
reinforced plastic (FRP), but these tend to have a brittle failure unlike metals being ductile and cannot be 
bent in place at site. Karlsson [5] made a review and evaluation of  alternative concrete reinforcement. 
Naturally, aluminium was not a part of  this evaluation since it will be degraded by the high pH of  regular 
concrete and can only function in a sufficiently low pH concrete.

The main durability design of  concrete today is in relation to preventing the steel reinforcement from 
corroding. The major degradation mechanisms; chloride ingress and carbonation, does not jeopardize the 
integrity of  the concrete binder itself. Steel needs the high pH of  conventional concrete to be passive towards 
corrosion while aluminium metal will be corroded by high pH and develop hydrogen gas. Environmentally 
friendly concrete is often designed by either using blended cement where maximum 35% of  the clinker 
is replaced by supplementary cementitious materials (SCMs) to secure the presence of  calcium hydroxide 
over time that will buffer a pH of  12.5 passivating steel, or by replacing cement in concrete mixes with 
corresponding amounts of  SCM. In order to secure long service life for steel reinforced concrete, low w/c 
is used for low permeability often leading to much higher strength and even higher cement content than 
required. Low w/c can also create complications in the construction phase as lower workability is calling for 
use of  super-plasticizing admixtures. Using more cement to attain low w/c can create higher temperature 
and subsequent thermal cracking risk generated by hydration heat as well as chemical shrinkage. The 
required compressive strength for the bulk of  concrete today is still in the range of  25-30 MPa (B25). 

The new concept is to make environmentally friendly concrete with > 50% cement replacement by a 
combination of  SCMs where some are so pozzolanic active that all calcium hydroxide formed by cement 
hydration is consumed and the pH is kept so low that the concrete can be reinforced with aluminium metal 
rods without formation of  hydrogen gas. The w/c can then be so high that it is only determined by required 
compressive strength for construction. Then workability should not be a problem and neither hydration 
generated heat. Permeability is not important as aluminium metal is resilient to atmospheric CO2 and 
chlorides (when alloyed with 5% Mg), and high initial permeability is in fact beneficial for the concrete to 
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carbonate as fast as possible to reduce the carbon footprint further and lower the pH further for the long 
run. The concrete cover over the reinforcement can be made much thinner (20 mm) than today (50-70 mm) 
reducing weight and further improving the carbon footprint by using less concrete. Justnes [6] discussed the 
options of  making a concrete with lower pH than usual ranging from large cement replacement (>50%) to 
calcium sulphoaluminate-belite cement systems with a smaller content of  pozzolana.

2. Methodology

2.1 Materials
The aluminium reinforcement used in the experimental part was alloyed with 5% magnesium. The cement 
was a CEM I with composition of  oxides as listed in Table 1. The cement Blaine value was 388 m2/kg 
and the equivalent sodium oxide content (Na2OEq) was 0.61%. The clay was rich in smectite (53.5%) and 
contained some calcium carbonate (24.7%), mainly in the form coccolith skeletons due to its marine origin. 
Other minerals in the raw clay was 8.4% kaolinite, 4.4% illite, 4.3% quartz, 3.3% siderite and 1.4% pyrite. 
The specific surface of  the calcined clay as measured by BET was 32.1 m2/g.

Table 1 – Chemical composition of  cement and calcined clay as oxides as obtained by XRF

Oxide (%) CEM I Calcined clay
SiO2 21.12 43.34
Al2O3 4.60 15.99
Fe2O3 3.77 8.97
CaO 63.21 10.64
K2O 0.40 2.10
Na2O 0.35 0.85
MgO 1.71 2.39
TiO2 0.31 1.00
P2O5 0.18 0.18

Mn2O3 0.06 0.27
SO3 3.39 -

2.2 Mortar and concrete
The mortar mixing was performed according to EN 196-1, however at w/p = 0.6 or 0.7 instead of  0.5 
(sand/cementitious powder = 3/1). The basic powder mix was 0.45 parts CEM I and 0.55 parts calcined 
clay with compositions as in Table 1. The compressive strength and the flexural strength for the mortar 
prisms were measured according to EN 196-1. A concrete was also made with composition as in Table 2.

Table 2: Concrete composition

Component Mass (kg/m3)

CEM I 143.9

Calcined marl 175.9

Free water 223.9

Adsorbed water 5.7

0-8 mm Granite sand 970.9

8-16 mm Granite gravel 702.4

SIKA Viscocrete RMC-315 1.92

3. Results and discussion

As a proof  of  concept, two paste mixes with w/c = 0.60 were made with 100% ordinary Portland cement 
and 50% calcined marl [7] replacing cement. These pastes were poured into a plastic cup and an aluminium 
plate placed in each of  them as shown in Fig. 1. The paste of  pure cement separated and after a few minutes 
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hydrogen gas started to bubble vigorously along the aluminium plate as seen from the top image of  Fig. 1, 
while for the mix with 50% calcined marl some water was added on top for better visualization, but only a 
few small bubbles were observed. After the pastes had hardened, the samples were split and the imprints 
of  the front and back of  the aluminium plates on the pastes showed clearly much more cavities in the OPC 
sample next to the plate, while only a few small gas voids were seen on the interface for the paste with 50% 
calcined marl. One cannot rule out that these minor gas voids were due to entrained air by the high shear 
mixer, and the only way to find out is to capture and measure the evolved hydrogen gas volume [8]. This was 
done for Al/5%Mg rods placed in paste in plastic cups in confined environment. Fig. 2 shows such rods 
when the hardened paste is split after 28 days. The rod in the OPC paste had reacted completely to gibbsite 
while the rod in the OPC/calcined marl paste showed no sign of  corrosion.

The purpose of  the calcined marl was to consume all calcium hydroxide produced by the cement and 
render all alkalis as aluminate or silicate and to prevent them for regenerating as hydroxides as outlined 
in the alkali cycle for catalytic pozzolanic reaction exemplified principally (i.e. not necessarily correct ratio 
between the different oxides in the compounds) for aluminosilicate (AS) in Eq. 1.

AS (s)         +          2 (N,K)H (aq) → (N,K)SH (aq) + (N,K)AH (aq)

                                      ↑    “alkali cycle”     + ↓      (1)

CSH (s) + CAH (s) + (N,K)H (aq)  ←           CH (aq or s)

where cement chemist’s short hand notation is used; C = CaO, H = H2O, K = K2O, N = Na2O, S = SiO2 
and A = Al2O3. The alkali hydroxides dissolves alumina and silica from the aluminosilicate that react with 
calcium hydroxide (CH) to amorphous calcium silicate hydrate (CSH) gel and crystalline calcium aluminate 
hydrates (CAH) as binder. After reaction with CH the alkali hydroxides are regenerated, and the cycle 
continues until all calcium hydroxide is consumed and they end up as alkali silicate and alkali aluminate that 
in theory should not attack the aluminium metal in the rebars even though they result in a high pH. Justnes 
et al [7] showed that paste where cement is replaced with 50% calcined marl showed no traces of  calcium 
hydroxide after 2 years by XRD.

Aluminium metal forms a dense layer of  Al2O3 in contact with air that prevents further oxidation (or 
corrosion). This layer may dissolve by alkali hydroxides and open up for further corrosion evolving 
hydrogen gas;

Oxidation: Al (s) + 4 OH- = Al(OH)2O
- + H2O + 3 e-           (2) 

Reduction: 2 H2O + 2 e- = H2 (g) + 2 OH-                          (3)

Total: 2Al (s) + 2OH- + 4H2O = 2Al(OH)2O
- + 3H2 (g)         (4)

The standard electrochemical potentials of  Eqs. 2, 3 and 4 are E0 = +2.333 V, E0 = -0.828 V and E0 
= +1.502 V, respectively. According to the total reaction in Eq. 4, there will be a net consumption of  
one hydroxide ion per aluminium oxidized, or none if  gibbsite, Al(OH)3, is precipitated rather than the 
dissolved aluminate anion due to lack of  water as indicated in the top photo of  Fig. 2 with total reaction;

2 Al (s) + 6 H2O = 2 Al(OH)3 (s) + 3 H2 (g)       (5)
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Figure 1: Aluminium metal plate placed in OPC paste (top) evolving gas and in paste where OPC is 
replaced with 50% calcined marl (bottom). 

Figure 2: Al/5% Mg alloy rods placed in OPC paste (top) and totally converted to gibbsite after 28 
days curing in moist condition, while same rod placed in paste where OPC is replaced with 55% 
calcined marl is in pristine condition without any corrosion products in its imprint (bottom).        

Concrete was made with composition as given in Table 2, and a soluble magnesium salt (0.57% Mg2+ of  
binder mass) added to lower the initial pH. The compressive strength, splitting tensile strength and static 
E-modulus of  cylinders (Φ 100 mm ∙ 200 mm) was measured after 28 days curing under wet burlap and 
plastic wrapping to avoid drying, and the results listed in Table 3. The concrete was made in two batches 
and used to cast 18 cylinders and three 150·250·1100 mm beams reinforced with Φ10 mm aluminium bars 
alloyed with 5% magnesium. The beams were tested in a 4-point bending and the crack pattern compared 
to finite element calculations (not reported here). After the bending test, one of  the beams were cut and 
split to inspect the bars for corrosion. As seen from Fig. 3, there was no sign of  corrosion on the bars 
(top image) and the imprint in the concrete (lower image) was clean without corrosion products. Prior 
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to these bigger batches, a smaller trial mix was made, and a number of  10 cm cubes cast in steel moulds. 
The strength evolution for the trial mix versus curing age at 98% RH and 20⁰C is plotted in Fig. 4, and the 
temperature evolution in a 3.5 litre Styrofoam mould (10 mm wall thickness) was measured indicating a 
setting time of  4.5 h (270 min) and giving a maximum temperature increase of  6.5°C from ambient.

Table 3: Mechanical properties of  concrete cylinders

Property No. samples Value

Density (kg/m3) 12 from 2 batches 2328±16

Compressive strength (MPa) 8 from 2 batches 22.3±0.9

Splitting tensile strength (MPa) 4 from 2 batches 2.3±0.2

Dynamic E-modulus (GPa) 4 from 2 batches 20.3±0.9

Note that the concrete target strength was around 25 MPa and that it was deliberately made porous with a 
water-to-binder ratio of  0.7 so it would carbonate quickly and keep pH low over time. It could of  course be 
made stronger by simply lowering the water content and increasing the super-plasticizer dosage a bit from 
the current 0.6% of  binder mass. Justnes et al [9] showed that mortar where cement was replaced with 50% 
calcined marl and the water-to-binder ratio was 0.55 achieved the same compressive strength as mortar with 
100% cement and that the compressive strength continued to increase until the last measurement at 2 years 
age in spite of  no calcium hydroxide present at 28 days age.

The pH evolution of  paste similar to the binder of  the concrete with and without 6% magnesium nitrate 
hexahydrate is plotted in Fig. 5. The idea was that this would convert alkali hydroxides to nitrates when 
precipitating brucite and lower pH to 10.5;

2 NaOH (aq) + Mg(NO3)2 (aq) = 2 NaNO3 (aq) + Mg (OH)2 (s)     (6)

Figure 3: Aluminium alloy round bars and T-bar (top) of  beam after chisell ing it open and their 
imprints (bottom) showing no signs of  corrosion products after 40 days moist curing at 20°C.

However, as seen from Fig. 5, the pH rises back towards the level of  the mix without magnesium nitrate 
after 7 days. The reason is probably that the nitrate ion exchange with the layered double hydroxide AFm 
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phases forming Ca3Al2O6·Ca(NO3)2·11H2O.

Figure 4: Compressive strength evolution versus time of  the concrete cured at 98% RH and 20°C.

Figure 5: pH evolution as a function of  sealed curing age at 20°C. CM = paste with 45% CEM 
I, 55% calcined marl and w/p = 0.70, while CM+MN is added additional 6% Mg(NO3)2·6H2O of  
powder mass.

The compressive strength of  carbonated mortar versus non-carbonated mortar was measured to 20.2±0.2 
and 23.7±0.5, respectively. The mortar composition was 0.45 parts CEM I, 0.55% calcined clay and w/p = 
0.7 cured for 28 days at 90% RH and 20°C for 28 days before one set of  3 prisms were carbonated through 
in a 5% CO2 chamber with 60% RH and the other set just stored at 60% RH in a closed box for same length 
of  time. According to Justnes et al [10] the strength reduction is higher for cements blended with alumina 
containing SCMs than for OPC since the higher amount of  calcium aluminate hydrates formed [11] will 
lead to a porosity increase when they carbonate, unlike calcium hydroxide leading to a volume decrease 
upon carbonation.

The molar volume change (ΔVm) for ettringite carbonating to calcite, gibbsite, gypsum and liquid water; 

Ca3Al2O6∙3CaSO4∙32H2O (s) + 3H2CO3 (aq) = 3CaCO3 (s) + 2Al(OH)3 (s) + 3CaSO4∙2H2O (s) + 26H2O     (7)

ΔVm = 3∙36.93 + 2∙32.22 + 3∙74.50 – 705.91 = -307.18 cm3/mol AFt

For calcium monosulphoaluminate hydrate carbonating to calcite, gibbsite, gypsum and liquid water;

Ca3Al2O6∙CaSO4∙12H2O (s) + 3 H2CO3 (aq) = 3 CaCO3 (s) + 2 Al(OH)3 (s) + CaSO4∙2H2O (s) + 10 H2O   (8)

ΔVm = 3∙36.93 + 2∙32.22 + 74.50 – 308.94 = -59.21 cm3/mol AFm
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For calcium monocarboaluminate hydrate carbonating to calcite, gibbsite and liquid water;

Ca3Al2O6∙CaCO3∙11H2O (s) + 3 H2CO3 (aq) = 4 CaCO3 (s) + 2 Al(OH)3 (s) + 11 H2O    (9)

ΔVm = 4∙36.93 + 2∙32.22– 261.28 = -49.12 cm3/mol monocarboaluminate

For calcium hemicarboaluminate hydrate carbonating to calcite, gibbsite and liquid water;

Ca3Al2O6∙½CaCO3∙½ Ca(OH)2∙11.5H2O (s) + 3.5 H2CO3 (aq) = 3.5 CaCO3 (s) + 2 Al(OH)3 (s) + 12 H2O  (10)

ΔVm = 3.5∙36.93 + 2∙32.22– 284.36 = -90.67 cm3/mol hemicarboaluminate

For mortars with binders based on 30% siliceous fly ash and 5% limestone stabilizing ettringite cured for 
56 days [10], the water vapour diffusion coefficient, kd (10-12 kg/Pa·m·s), increased upon carbonation (from 
0.41±0.09 to 3.06±0.04) unlike mortar based on OPC (changed from 0.76±0.10 to 0.59±0.10). 

The aluminium rebars are produced by an extrusion process. The screw extrusion process is patented by 
Werenskiold et al [12]. A prototype extruder along with fundamental knowledge of  the process have been 
developed to a level that allows industrial implementation. Compared to the traditional process route based 
on re-melting and ram extrusion, direct screw extrusion of  scrap material represents a significant reduction 
in energy consumption according to Duflou et al [13]. Moreover, this process is well suited for utilization 
of  swarf  material from material removal processes such as cutting, milling and turning that is commonly 
of  less value than other scrap types. This is further contributing to the environmental friendliness of  the 
overall concept of  reinforcing with aluminium metal.

The E-modulus of  pure aluminium metal (70 GPa) is 1/3 of  steel (210 GPa), but the density of  aluminium 
(2.70 kg/l) is also about 1/3 of  iron (7.87 kg/l). The ultimate tensile strength of  pure aluminium is 110 
MPa, while it for steel is 400 MPa, but aluminium can be alloyed to approach steel in tensile strength. 
Ram extruded aluminium alloyed with 5 and 10% magnesium have tensile strengths of  274 and 395 MPa, 
respectively, and even higher for screw extruded rods. The challenge is the lower E-modulus, but some of  
this may be alleviated by designing the aluminium rebars differently. On the other hand, FRP rebars made 
with glass, basalt or carbon fibres have E-moduli of  45, 60 and 145 GPa and tensile strength of  700, 800 
and 2000 MPa, respectively, according to Karlsson [5]. In the SEACON project [14] a bridge was built using 
FRP rebars demonstrating the feasibility of  constructing with rebars with such lower E-modulus than steel.

Another issue is the difference in linear thermal expansion coefficient. Concrete has 6-14·10-6 m/m·K, 
while pure iron and pure aluminium exhibits 10 and 22·10-6 m/m·K, respectively. The thermal expansion 
of  aluminium can be reduced by alloying (in particular by silicon). As comparison, glass fibre reinforced 
polyester has a linear thermal expansion coefficient of  25·10-6 m/m·K. The consequence of  difference in 
thermal dilation between reinforcement and concrete will be an issue for further research. 

4. Conclusions

A new concept of  durable and environmentally friendly aluminium reinforced concrete is described where 
cement is replaced by high content (50-55%) of  pozzolanic SCM that might lead to;

• No corrosion induced by carbonation or chloride intrusion

• Tolerable microcracks caused by drying shrinkage etc that will not jeopardize reinforcement durability

• Superior sulphate resistance when alumina containing SCMs like calcined marl is used [6]

• Applicability of  alkali reactive aggregate due to alkali binding [15] or soluble aluminates from clay 
inhibiting silica dissolution [16, 17]
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• Usability of  seawater as mixing water when reinforcement is Al alloyed with e.g. 5% Mg

• Acceptance of  the best strength accelerator, calcium chloride, when reinforcement is aluminium alloyed 
with 5% Mg (sea-water resistant aluminium used for boats)

• Much less need of  cover over rebar (save 30 mm in concrete cover), probably only 20 mm needed for 
proper anchoring of  reinforcement with concrete

• Significant lower unit weight of  Al-reinforced concrete (reduced “dead-weight”)

• Higher w/c allowed giving more permeable concrete leading to

• Easier to cast concrete with less plasticizers or none

• Faster carbonation leading to binding of  CO2 and further reduction of  Carbon-footprint

• Less thermal movements in monolithic concrete

Hence, aluminium metal reinforced concrete may provide a system for extraordinary long service life 
without maintenance.
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Abstract

RC one-way slabs which have been widely used in bridge decks of  bridge structures refer to reinforced 
concrete slabs supported by two pairs of  sides or four sides and having a ratio of  long side to short 
side greater than 3. These kinds of  engineering structures may suffer from blast loads such as accidental 
explosions, explosive terrorist attacks, or military strikes throughout their life cycle. In this paper, four 
RC one-way slabs have been designed and tested under contact explosion, and the effects of  charge mass 
have been investigated. The failure modes and damage parameters of  RC one-way slabs were obtained and 
discussed. The results show that a smaller funneled crater in the front surface of  the tested slabs under 
the contact explosion is observed with cracks around the funneled crater, while a larger funneled crater 
in the rear surface is also observed; as the amount of  charge mass increases, the damage degree of  RC 
one-way slabs also increases; when the amount of  charge mass is 150 g, 225 g and 300 g, the range of  
damage of  the front (rear) surface for the slabs is approximately equal, but the depth and the volume of  
the funneled craters increase; the failure mode of  the above three slabs is found to be the combination 
of  the overpressure damage of  the front surface and the tensile failure of  the rear surface and the slabs is 
collapsed without any penetration. When the amount of  charge mass is 450g, the slab is penetrated under 
the explosion shock wave, and the failure mode of  the slab is found to be punching failure.

Keywords: RC slab, Contact explosion, Failure mode, Funneled crater, Experimental investigation.

1. Introduction

Bridges have strategic significance for the development of  national economic and the security of  social life 
as an important joint of  public transportation, and they may be subjected to blast loading during their life-
cycle as a result of  military strike, terrorist attack and accidental explosion accident. In 2007, the Sarafiya 
Bridge in Baghdad was attacked by a car bomb, causing heavy casualties and leading to panic among the 
locals, as shown in Figure 1(a) [1].  In 2013, a truck loaded with fireworks exploded in the Yichang Bridge 
of  the Lianhuo Expressway, China, and the bridge surface collapsed immediately, as shown in Figure 1(b) 
[2]. The above examples show that the damage caused by blast loading may be serious, and it is especially 
necessary to improve the anti-explosion performance of  the bridge.

RC slabs which refer to reinforced concrete slabs are the basic structures or components in building 
construction and various engineering structures. RC slabs are also widely used in bridge engineering, and a 
lot of  researches were conducted on the explosion of  RC slabs. Low and Hao [3-4] simulated the shear 
failure and bending failure of  RC slab under blast loading and studied the reliability of  the RC slab. Xu and 
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Lu [5] considered the strain rate effect of  materials, and used the erosion technique to simulate the concrete 
cracks under different blast loads and structural conditions.

       
     

1a) The collapsed Sarafiya Bridge     1b) The collapsed Yichang Bridge

Figure 1: Cases of  explosions on bridges

Luccioni et al. [6] conducted experiments and simulations on RC pavement slabs under different blast loads. 
Ngo et al. [7] carried out the anti-explosion test of  high-strength concrete slabs. The results show that the 
anti-explosion performance of  high-strength concrete slabs is better than that of  ordinary concrete slabs, 
but the brittleness is enhanced and the cracking of  the slabs is serious. Zhou et al. [8] used dynamic plastic 
damage model to reproduce the response of  RC slabs under blast loading and numerical simulation analysis 
was also carried out. Schenker et al. [9] studied the dynamic response of  concrete slabs under blast loading 
by field explosion test, and concluded that aluminium foam can effectively reduce the impact load of  
explosion. Wu et al. [10] analyzed the size of  the fragments formed by concrete slabs under blast loading. 
Petro and Lu [11] analyzed the dynamic response and failure modes of  the test-piece by the anti-explosion 
test of  the RC square plate. Pantelides et al. [12] found that RC slabs reinforced with steel fibers have 
better blast resistance than other types of  slabs. Thiagarajan [13] studied the damage behavior and dynamic 
response of  high-strength concrete slabs and ordinary strength concrete slabs under blast loading through 
explosion test. It is concluded that the use of  high-strength materials can improve the protection ability of  
structures under blast loading. Assadi-Lamouki  and Krauthammer [14] used a modified Timoshenko beam 
formula including nonlinear effects of  materials to re-evaluate the damage of  RC slabs under blast loading, 
and the models were validated by 11 tests of  RC slabs under blast loading. Kuang and Tsoi [15] based 
on the rigid plastic model and took the effects of  orthotropic steel bars and asymmetric support bending 
constraints into account; the response and failure modes of  RC slabs under blast loading are studied. Li et 
al. [16] conducted field explosion tests on high-strength self-compacting concrete slabs incorporating steel 
wire mesh. The results show that the incorporation of  steel mesh effectively reduces the propagation of  
shock waves, and the range of  concrete spalling and damage is reduced. Syed et al. [17] studied the effects 
of  explosion pressure distribution and strength on damage and failure modes of  RC slabs by far (near) field 
explosion tests.

In China, Yan et al. [18] used the finite element software ABAQUS to analyze the failure modes of  RC 
slabs under blast loading. The results show that the peak pressure of  the explosion is small, and the bending 
failure mainly occurs when the action time is long; Shear damage occurs mainly when the action time is 
short. Zhang et al. [19] conducted a contact explosion test on finite-thickness RC slabs, and simulated 
the dynamic process of  plate deformation and failure. Sun [20] conducted an independent explosion test 
on two identical RC slabs, and studied the failure modes of  RC slabs in elastic and plastic regions. Li et 
al. [21] used the finite element analysis software to establish the analysis method of  response and failure 
of  RC slab under blast loading, and fitted the P-I curve according to the simulation results, which can be 
used to evaluate the RC slab after explosion. Wang et al. [22] conducted a near-field explosion test on a 
square RC slab under unidirectional support conditions, and used the AUTODYN software to numerically 
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simulate the dynamic response process of  the slab. The results show that with the amount of  charge 
increasess, the failure mode of  the concrete slab changes from bending failure to punching failure. Liu et 
al. [23] conducted a comparative test of  RC two-way slabs under contact blast loading. The results show 
that improving the strength grade of  steel and the reinforcement ratio of  steel can effectively improve the 
anti-explosion performance of  RC slabs. Chen et al. [24] experimentally analyzed the effects of  steel bar 
type, reinforcement ratio, peak value of  explosive load on the anti-explosion performance of  RC slabs.
In summary, most of  the previous studies are focused on the anti-explosion performance of  RC two-
way slabs, while the research on RC one-way slabs under contact explosion is still limited. Set against this 
backgrounds, tests of  RC one-way slabs under contact explosion are conducted, and the damage mechanism 
and failure characteristics of  the RC one-way slabs under different blast loadings are also discussed. The test 
results can not only be used for engineering application of  RC one-way slabs but also provide a reference 
for damage assessment.

2. Specimens design and test methods

2.1 Specimens design
The RC one-way slab was designed according to “Code for Design of  Concrete Structures” (GB50010-
2010) in China[25]. Four specimens have the same materials and dimensions and the dimensions are 
2000mm × 500mm × 100mm. The configurations of  the specimens are shown in Figure 2. During the 
installation, the two short sides were simply supported. Four RC one-way slabs were numbered with P1-P4, 
and the mass of  the charge (Emulsion explosive) was 150g, 225g, 300g and 450g respectively. The design 
concrete cube strength for pouring the RC one-way slab is 50 MPa.

2.2 Material properties
The designed ingredients and mix proportion of  concrete are shown in Table 1. When pouring, the cubic 
specimens with the size of  150mm×150mm×150mm and the prism specimens of  150mm×150mm×300mm 
were reserved. After 28 days of  natural curing, the cube compressive strength of  concrete was measured to 
be 46.3 MPa, and the tensile strength was 4.0 MPa.

Table 1: Ingredients and mix proportion of  concrete (kg/m3) .

Cement Sand Aggregate Water Admixture

440 653 1045 140 142

Using HRB335 steel of  Φ8mm and Φ6mm, the yield strength of  reinforcement with (Φ8 mm) is 554MPa, 
the ultimate strength is 684MPa, and the reinforcement ratio of  RC one-way slab is 0.628%.g , y

Figure 2: RC one-way slab structure diagram(Units:mm)
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2.3 Explosive loading and testing
The explosion test was carried out by means of  electric detonator detonating emulsion explosive. A 
cylindrical charge was 75g and the charge mass of  specimens P1-P4 in the test design is composed of  several 
cylindrical charges, as shown in Figure 3 (a). The explosive was placed at the center of  the top surface of  
the slabs with contact explosion. The detonation direction was the width direction of  the slabs, as shown 
in Figure 3(b). During the test, in order to make the bottom surface of  the slabs in the free surface, the site 
was levelled before the test, and the brick support was fixed firmly. The contact parts of  the specimens and 
the support were padded with oil felt to form a simple support structure, and the installation are shown in 
Figure 3(c). After the test, the macroscopic phenomena such as the failure mode and crack distribution of  
the RC one-way slabs were observed, and the specific parameters such as the size and depth of  the local 
failure feature  were measured to evaluate the damage degree of  the RC one-way slabs under blast loading.

  

    
  3a) Bundled explosive                                 3b) Charge method 

150g       225g         300g        450g

 

 

Explosive RC one-way slab

Brick supportOil felt

                                             3c) Installation diagram
Figure 3: Specimens installation and loading method

3. Test results

According to the specifications of  the specimens designed in Section 2.1 and the test conditions proposed 
in Section 2.3, the anti-explosion tests of  the RC one-way slabs were carried out. Figure 4 shows the failure 
modes of  the top and bottom surface of  the specimen P1-P4. In order to facilitate the observation of  
the extent and shape of  the specimens after test, the concrete of  slabs were divided into 5cm*5cm grids 
by ink cartridges. After the test, the macroscopic damage phenomena of  the blasting concrete on the top 
surfac and bottom surfaces are listed in Table 2. It can be seen from Fig. 4 that the failure modes of  P1, P2 
and P3 are similar, there are a small amount of  concrete caving on the top surface, and concrete cracking 
phenomenon of  the bottom surface is remarkable, a tensile spalling crater appears on the bottom surface 
of  the slab. The amount of  concrete caving increases with the increase of  explosive equivalent, the range 
and depth of  the spalling crater increase, and there is a phenomenon that the steel are bare. The failure 
mode of  P4 is that the concrete spalling crater on the bottom surface and the spalling crater on the top 
surface form a breach, and the bottom surface has the phenomenon of  transverse steel fracture. In addition 
to the concrete caving on the top surface and the spalling crater on the bottom surface, a large number 
of  radial cracks generated near the explosion point and the transverse (longitudinal) cracks away from the 
explosion point are also the failure modes of  the RC one-way slabs. 
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1) The top surface                                   2) the bottom surface
4a) P1

1) The top surface                                    2) the bottom surface
4b) P2

1) The top surface                                   2) the bottom surface
4c) P3

1) The top surface                                  2) the bottom surface
4d) P4

Figure 4: Explosion surface (back explosion surface) damage form

Therefore, the macroscopic characteristics of  the RC one-way slabs are: the top surface (the bottom surface) 
spalling crater + radial cracks at the explosion point + transverse (longitudinal) cracks away from the 
explosion point. The damage of  P4 also includes the collapse of  the side concrete, while the concentrated 
charge and the detonation direction cause the pressure distribution in the concrete to be uneven, furthermore 
the concrete displacement on the side of  the concrete slab is not coordinated, resulting in concrete peeling.

Table 2: RC one-way slab failure mode

Specimens number Test condition The top surface damage The bottom surface damage

P1 150g emulsion 
explosive

A small amount of  concrete 
collapsed, no steel bare

Tensile spalling crater, 2*2 (Longitudinal 
* transverse) bare steel exposed

P2 225g emulsion 
explosive

A small amount of  concrete 
collapsed, no steel bare

Tensile spalling crater, 3*2 (Longitudinal 
* transverse)bare steel exposed

P3 300g emulsion 
explosive

A small amount of  concrete 
collapsed, no steel bare

Tensile spalling crater, 3*2 (Longitudinal 
* transverse)bare steel exposed

P4 450g emulsion 
explosive

Large concrete collapses, 3*1 
(Longitudinal reinforcement * 
transverse reinforcement) steel 

bars are exposed

Tensile spalling crater, forming a break 
with the front funnel pit, 5*4(Longitu-

dinal * transverse) steel bars, 2 steel bars 
broken

4. Analysis and discussion

4.1 Damage parameters
The measurement results of  the spalling crater including the plane size, depth and volume are shown in 
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Table 3, where d1 and d2 are the length of  the damage range along the direction of  the longitudinal and 
transverse reinforcements respectively, h0 and v0 are the depth and the volume of  the spalling crater; or 
the bottom surface, D1 and D2 are the length of  the damage range along the direction of  the longitudinal 
and transverse reinforcements, h0 and v0 are the length of  the damage range along the direction of  the 
longitudinal and transverse reinforcements. The damage parameters are shown in Fig. 5.

Figure 5:  Damage parameter 

Table 3: Main damage parameters of  the specimens

Specimens 
number

Explosive 
mass/g

The top surface surface
   d1/cm   d2/cm   h0/cm    v0/cm3

The bottom surface 
D1/cm  D2/cm   H0/cm   V0/cm3

P1 150 15.38      15.67      1.65       209.24    30.39     37.10       4.54       2400.26

P2 225     12.28       7.08       2.13       273.65    32.76     41.59       6.05       2566.49

P3 300     17.86      12.28      3.04       310.94    32.73     38.94       5.93       3045.79

P4 450     20.18      20.35      3.42       380.32    42.86     53.10       6.58       5676.96

4.2 Influence of  parameters
It can be seen from Fig. 4 and Table 2 that the RC one-way slabs generates spalling craters on the top surface 
and bottom surface under the contact blast loading, and the crater size and depth increase correspondingly 
with the increase of  explosive equivalent. Figure 6 shows the crater volume histogram of  the RC one-way 
slab under different equivalents. It can be seen that with the increase of  explosive mass, the volume of  the 
spalling crater increases; compared with P1, the top surfaces of  P2, P3 and P4 increased by 31.1%, 48.8% 
and 81.8%. For the bottom surface, the volume of  the spalling crater of  P2, P3 and P4 increased by 6.92%, 
26.91% and 136.54% in compared with P1, respectively.

 Figure 6:  Explosion surface, back explosion surface funnel pit volume histogram
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The obvious cracks (width≥0.1mm) are marked with red pen on the top and bottom surfaces. It can be seen 
that there are three types of  cracks in the specimen subjected to the explosion shock: longitudinal crack, 
transverse cracks, and oblique cracks that radiates outward from the center of  the explosion. The oblique 
cracks are concentrated around the fracture, and the transverse cracks and the longitudinal cracks are 
combined into a grid shape, which is more evenly distributed on the top and bottom sides of  the specimens. 
The statistics of  the three types of  cracks are shown in Table 3.

Table 3: Number of  cracks

Specimens 
number

The top surface crack   
Portrait   Landscape    Oblique

The bottom surface crack
Portrait   Landscape    Oblique

P1 2                2                   8           3                 9                  10

P2 2                5                  13           2                 7                  15

P3           3                6                  14   3                 9                  18

P4           3               10                 13  3                9                  16

With the increase of  explosive mass, the number of  oblique cracks and lateral cracks in the top surface 
increased, but the increase of  longitudinal cracks was not obvious; the number of  diagonal cracks on the 
bottom surface increased with the rise of  explosives, while the number of  transverse and longitudinal 
cracks remained almost unchanged. The spacing between two adjacent transverse cracks is about 13~15 
cm, while the spacing between two adjacent longitudinal cracks is 10~13 cm, and the position of  the 
transverse and longitudinal cracks is the location of  the reinforcement. It should be pointed out that the 
amount of  the oblique cracks is less than the amount of  300g explosive when the amount of  explosive is 
450g. This is because the energy is mostly concentrated in the falling concrete when the punching failure 
occurs, causing other parts to be affected. 

The impact wave is less affected and the number of  diagonal cracks is decreased.The RC slab forms a 
compression spalling crater on the top surface under the action of  the blast loading. The concrete of  the 
bottom surface spall to form a tensile spalling crater, the spallation penetrating and the punching failure will 
occur with the increase of  the charge weight. For RC slabs of  finite thickness under the contact explosion 
with a small amount of  explosives, the main performance is the spallation damage. This is because the 
high temperature and high pressure generated in the early stage of  the explosion acts on the RC one-way 
slab, which causes the top surface to form a crushed zone. At this time, the ultra-high pressure of  the 
strong shock wave is mainly applied to the shock wave compression damage effect of  the structure, and 
the crack appears to be “radial”. The crushed zone has a relatively small range, but consumes a large part 
of  the energy, as a result the shock wave is attenuated into a compressive stress wave. At this point, there 
is a small spalling crater on the top surface of  the slab, and the bottom surface has not yet exhibited visible 
macroscopic damage. As stress waves travel through the concrete, the impact compression wave caused by 
the explosion will be reflected at the bottom surface of  the concrete, thus forming a tensile wave. Since the 
tensile strength of  concrete is much lower than its compressive strength, when the tensile wave strength 
causes the concrete to reach a certain yield condition, tensile failure occurs and thereby forming a tensile 
spalling crater on the bottom surface. 

The failure modes of  the P1, P2 and P3 specimens used for the tests belong to this category. In this case, 
the specimens has two modes of  overpressure failure and tensile failure. Increase the amount of  explosives, 
which can cause the spalling crater on the top surface and the tensile spalling crater on the bottom surface 
to form spallation penetrating. Just then, the specimens present mainly overpressure failure and tensile 
failure. As the amount of  explosives continues to increase, the concrete was completely punched out before 
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the material has not been crushed, generating an explosion punching phenomenon. The P4 specimen in the 
test showed such a phenomenon, in which case the concrete member was mainly shear fracture.

5. Conclusions

In this paper, the test of  four RC one-way slabs which have the same material properties under contact 
explosion are conducted. The four RC one-way slabs named P1-P4 and are detonated under 150g, 225g, 
300g and 450g emulsion explosives respectively. The failure modes and damage parameters are analyzed, 
and the failure mechanism is revealed. The results show that when the explosive mass is small, the specimens 
are tend to be tensile failure accompanied by transverse (longitudinal) cracks and radial cracks near the 
explosion point. With the increase of  explosive mass, the failure modes of  the RC one-way slabs transfer 
into punching failure, which is characterized by the concrete spalling near the explosion point and a large 
tensile spalling crater with a large number of  transverse (longitudinal) cracks and radial cracks. The volume 
of  the spalling crater increases accordingly; compared with P1, the top surfaces of  P2, P3 and P4 increased 
by 31.1%, 48.8% and 81.8%. For the bottom surface, the volume of  the spalling crater of  P2, P3 and P4 
increased by 6.92%, 26.91% and 136.54% in compared with P1, respectively. 
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Abstract 

Fly ash from municipal solid waste incineration (MSWI) is classified as hazardous waste, due to high heavy 
metal and salt content. Thus, beneficial use is restricted, and the fly ash hazardousness should be reduced 
before testing reuse options. Electrodialytic treatment can remove heavy metals and soluble salts and be 
used to decontaminate MSWI fly ash. In Greenland, MSWI fly ash is stored at uncontrolled disposal sites, 
and a more sustainable solution for handling fly ash is needed. At the same time, most construction materials 
are imported from Europe to Greenland, and increased use of  local materials would greatly benefit the 
circular economy in the area. In this study, it was investigated if  local Greenlandic resources could have 
potential in brickmaking. Two different clays; a Danish clay (used commercially in brick production) and one 
Greenlandic (not used commercially) and raw and electrodialytically treated MSWI fly ash from Sisimiut, 
Greenland were used. Small clay discs with a 0, 10, 20 and 30 % substitution of  clay by MSWI fly ash were 
fired at 1000ºC for 24h. Substituting clay with fly ash generally resulted in lower technical properties of  the 
clay discs. From this initial screening, the clay discs with electrodialytically treated fly ash and Greenlandic 
clay showed the lowest porosity and water absorption, which could be beneficial for use as construction 
material in cold climates. 

Keywords: heavy metals, circular economy, secondary resources, ceramics, Arctic.

1. Introduction

Incorporation of  waste residues in building materials has been gained increased focus in the past years as 
a waste management practice on the one hand and a way to upgrade construction materials’ properties on 
the other. Industrial wastes, like fly ash from coal combustion, silica fume and blast furnace slag are fine-
grained materials with a high content in CaO, SiO2, Al2O3 and other relative minerals, and this composition 
is compatible with cement-based and clay-based materials. Therefore, several studies investigate the 
application for partly replacement of  cement and clay with these waste materials as secondary raw materials 
for the production of  mortar, concrete and bricks [1, 2]. Ceramic materials made of  clay, like bricks, are 
considered particularly attractive for the incorporation of  wastes due to the heterogeneous composition 
of  clay that can incorporate and stabilize various wastes in the matrix even if  the wastes contain toxic 
substances. Also, there is a need for preservation of  natural clay resources, and thus research on replacing 
part of  clay for more sustainable brick production has been encouraged. It has, also, been demonstrated 
that the use of  wastes as clay supplements in bricks do not affect significantly key properties of  the final 
product [3], while in some cases they can even contribute to the enhancement of  several of  its properties. 

Municipal solid wastes (MSW) account for about 10% of  the total waste production, but due to their 
complex composition, their treatment presents certain difficulties. A common practice for avoiding the 
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landfill disposal of  these solids wastes and thus for minimizing the environmental risk is incineration as it 
greatly reduces the mass and volume of  the wastes. The miscellaneous composition of  MSW depends on 
the sources of  the wastes, which can vary for different countries according to waste management regulations 
and policies. Household and commercial wastes are the most common sources which may include different 
amounts of  food waste, plastic and synthetic materials, even electrical devises and batteries when these are 
not recycled. As a result, MSW has a large content of  organic and inorganic contaminants, such as heavy 
metals and alkaline salts. All these toxic compounds are finally highly concentrated in the residues of  the 
incineration process. Handling of  these residual materials, like fly ash, bottom ash and air pollution control 
residues (APC), can be very challenging. Disposal in landfills is a widely applied solution, but imposes a 
danger on the environment as a result of  the leaching of  the soluble elements which contaminate the soil 
and the water resources in the area. A more sustainable approach suggests the recycling and reusing of  these 
materials. MSWI fly ash is an ultrafine material rich in calcium, silica and aluminium oxides and therefore 
it could be used as a cement and clay substitution for the production of  sustainable building materials. 
However, because it also contains heavy metals, like Pb, Cd, Cr, Mo, Zn and alkali metal salts such as K and 
Na chlorides and sulphates it is classified as a hazardous waste. Thus, proper treatment for reducing the 
hazardousness of  the material in acceptable limits is essential prior considering its possible beneficial uses. 

Various techniques have been proposed for reducing the concentration of  heavy metals and salts in MSWI 
fly ash [4]. Water washing is a simple method, often used as a pre-treatment before other techniques since 
it is more suitable for removing salts and very mobile fractions of  heavy metals. Other techniques which 
stabilizes heavy metals include carbonation, chemical stabilization and thermal and hydrothermal treatment. 
The electrodialytic treatment has been proposed as an alternative method for the removal of  heavy metals 
and soluble salts and has been applied for the decontamination of  MSWI fly ash [5,6]. The method relies 
on the application of  an electric current to the waste material and the subsequent removal of  heavy metal 
ions in the electric field [5]. Untreated and treated MSWI fly ashes have been tested in building materials 
in laboratory stage [7-10].  In [11] untreated Greenlandic MSWI fly and bottom ash were added in mortars 
as cement replacement, and it was concluded that up to 5% of  ashes could be stabilized successfully in 
the mortar. In [3] it was tested if  20 % or 40% MSWI fly ash could replace clay for brick production and 
especially 40 % replacement resulted in deteriorating the properties of  the final product and leaching of  
several heavy metals, especially an increase of  Cr leaching was seen. There is a need to find the optimum 
replacement percentage of  MSWI fly ash in brick products, for this application to be feasible. Removal of  
heavy metals and salts from the MSWI fly ash is also needed, to reduce the toxicity of  the fly ash.  

MSWI fly ash in Greenland is so far stored at uncontrolled disposal sites, before being shipped for end 
disposal abroad. Thus there is a need for a more sustainable and economically feasible solution. At the 
same time, most construction materials are imported from Europe to Greenland, while increased use of  
local materials would greatly benefit the circular economy in the area. Therefore, there is an option of  us-
ing MSWI fly ash as a substitution of  clay in bricks, which should stabilise the heavy metals and conserve 
primary resources. This study investigates the potential of  brick production from Danish and Greenlan-
dic clay that is partly substituted with MSWI fly ash, by screening the production on small clay discs. The 
effect of  electrodialytic treatment of  the fly ash in the final product is evaluated in comparison with that 
of  the untreated waste. 
2. Methodology

2.1 Experimental materials
Two different clays were used for the clay discs; commercially available Teglværksler (denoted T) from 
Wienerberger, Denmark and a clay sediment sampled from Sisimiut, Greenland (denoted S). MSWI fly 
ash was collected from the incineration plant in Sisimiut, Greenland and was used raw (denoted R) or 
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electrodialytically treated in the clay discs. The electrodialytic treatment was performed in both a two- and 
a three-compartment cell (denoted E and D respectively), to remove heavy metals from the fly ash as a 
treatment method. More specific information and details about the electrodialytic treatment experiments can 
be found in [6]. Particle size distribution and mineralogy were determined on the separate electrodialytically 
treated ashes, whereas heavy metal leaching and total content were measured on a mix of  the two ashes 
(denoted ED). All notations of  the experimental materials are shown in Table 1.  

Table 1: Experimental materials

Clay Symbol
Τeglværksler (Danish clay)  T

Sisimiut ler (Greenlandic clay)  S
Fly ashes 

Treated fly ash (2 compartments)  E
Treated fly ash (3 compartments)  D

Mix E and D fly ashes  ED
Untreated (Raw) Sisimiut fly ash  R

2.2 Analytical methods
The Atterberg limits (liquid and plastic limits) were determined for the two clay samples to evaluate the 
plastic properties of  the clays. The plastic limits (Wp) were determined by the rolling method (ISO/TS 
17892-12), and liquid limits (WL) were measured using the Casagrande method (DIN 18122-1). The particle 
size distribution was determined for all samples with a Malvern Mastersizer 2000 laser diffractometer on 
dry samples. Clay and ash mineralogy was studied by X-ray powder diffraction (XRD) for identification 
of  major crystalline phases. The instrument was a PANalytical X’Pert Pro operating at 45 mA and 40 kV 
applying Cu Kα radiation with a 2ΘX’Celerator detector. The samples were scanned within 4–70 2Θ for 2.5 
h. The diffractograms were interpreted using the ICDD PDF-4 database for minerals. Total heavy metal 
concentrations were measured by Inductive Coupled Plasma – Optical Emission Spectrometry (ICP-OES) 
after pre-treatment according to DS 259. Heavy metal leaching was performed in a modified version of  
DS/EN 12457-1 (L/S 2), where 15 g ash was mixed with 30 mL distilled water (instead of  2 kg and 40 
L as described in the standard) and suspended for 24 hours, before pH was measured in the suspension, 
filtration of  the suspension and measurement of  heavy metals in the eluate by ICP-OES.

2.3 Production of  the discs
Twelve different clay mixtures with ash were made and compared to clay without fly ash (Table 2). 

Table 2: Composition of  the clay mixtures with the amount of  f ly ash given in wt%. The sample 
name follows the denotation in Table 1, and the numbers in the names of  the samples refer to the 
percentage by weight of  replaced f ly ash. 

Sample name T S E D R
T0 100

TED10 90 5 5
TED20 80 10 10
TED30 70 15 15
TR10 90 10
TR20 80 20
TR30 70 30

S0 100
SED10 90 5 5
SED20 80 10 10
SED30 70 15 15
TR10 90 10
TR20 80 20
TR30 70 30
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For the study, small brick specimens in the form of  discs were constructed following the method that was 
applied in a previous study [3]. According to this method, the materials were mixed with a total weight 
of  2.3 g material, and distilled water was added to the material to obtain a paste-like texture. The mixture 
then absorbed the moisture for 24h. Next, the clay mixture was pressed into discs mechanically (Instron 
6022), under a maximum load of  10 KN. The produced discs weighted approximately 2 g while their 
diameter and thickness (height) were around 20 mm and 3 mm respectively. Five discs of  each mixture 
were produced, and their exact dimensions and weight was immediately measured with a micrometre scale 
gauge and a precision balance. The discs were then dried at 105ºC for 24h and the dimensions and weight 
of  the dried discs were again measured. Finally, the discs were fired at 1000ºC for 24h and their dimension 
characteristics were again measured. The loss of  mass (ML) and the linear shrinkage (LS) was determined 
between the wet, dry and fired condition, the total mass loss (TML) and total linear shrinkage (TLS) from 
wet to fired condition as described in the following equations. X is the diameter when referring to linear 
shrinkage and the mass when referring to the loss of  mass.

(1)

(2)

(3)

Where:

DLS – dry linear shrinkage 

FLS – fired linear shrinkage

DML – dry mass loss

FML – fired mass loss

TLS- total linear shrinkage

TML- total mass loss

The open porosity, dry density and water absorption were determined according to the procedure Ti-
B-25 by the Danish Technical Institute. The discs were dried at 105ºC, cooled to room temperature in 
a desiccator and weighed (mdry). The discs were placed in a vacuum in the desiccator for 3 h, whereafter 
distilled water was added until the discs were submerged. The vacuum was again added for 1 h, whereafter 
the vacuum was released and the submerged discs were left at atmospheric pressure overnight. The water 
saturated discs were then weighed in water (msw) and air (msa) after being wiped for excess water. The open 
porosity, dry density and water absorption were then calculated as:

(4)

(5)

(6)

Where  is the water density at room temperature.   

Mineralogy (XRD) and heavy metal leaching were also performed on crushed clay discs. 
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3. Results and discussion

3.1 Characteristics of  experimental materials
Geotechnical properties of  the clays are shown in Table 3 and the particle size distribution of  the raw 
materials, clays and treated fly ashes is shown in Figure 1. The plasticity index (IP) can be used to evaluate 
the span between the plastic and liquid limits. Both clays used in this study present low plasticity, especially 
Sisimiut clay, which has a very low plastic index (<10). This agrees with results found by [3]) and indicate 
that their moulding range is very limited. Belmonte et al. [3] found higher plasticity index for mixtures of  
clay with fly ash than the clay itself, and the moulding of  the clay discs with fly ash was not more difficult 
in practice than the clay itself. The two treated fly ashes, E and D, have similar particle size distribution as 
it is shown in the graph above. Also, their particles’ size presents similar distribution with the one of  the 
Sisimiut clay, although this the Sisimiut clay to have a slightly higher fraction of  finer particles. Teglværks 
clay (T), on the other hand, has a larger volume percentage of  coarse particles than the fly ashes and the 
Sisimiut clay. According to the Unified Soil Classification System (USCS) (ASTM D2487-17) both clays 
are classified as fine-grained soils (silt and clay) as more than 50% of  their volume contains particles with 
fraction d<75 μm. For both clays, the clay fraction (<2 μm) was about 10% of  their total volume, while 
approximately 45% of  the volume of  Teglværks and 65% of  Sisimiut clay consisted of  silt. The rest of  
their volume consisted of  sand, 45% and 25% for Teglværks and Sisimiut clay, respectively. Finally, the raw 
untreated fly ash (R) consisted of  finer particles than the treated fly ashes (E and D) and the two clays (T 
and S).

Taking into consideration the liquid limit (WL) and plasticity index (IP) of  the clays as well as their particle 
size distribution according to the Casagrande plasticity chart [12], Teglværks clay is characterized as sandy 
lean clay, while Sisimiut clay as lean clay with sand. 

Table 3: Geotechnical properties of  the clays. Plasticity Index IP= WL - Wp.

Clays Plastic Limit Liquid Limit Plasticity Index

Wp (%) WL (%) IP (%)

Τ 15.2 28.5 13.3
S 14.2 22.5 8.3

Figure 1: Particle Size Distribution of  Teglværksler (T), Sisimiut clay (S), treated f ly ashes (E&D) 
and raw f ly ash (R)

IC
SBM

 2019
ID

 005



431

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 0

05

431

IC
SBM

 2019
ID

 005

The XRD diffractograms of  clays and fly ashes are shown in Figure 2. 

Figure 2: X-ray diffractograms of  the experimental materials Teglværksler (T), Sisimiut clay (S), 
treated f ly ashes (E&D) and raw f ly ash (R)

As shown in the diffractogram, of  Τeglværks clay (Τ), this clay sample was dominated by quartz (SiO2) and 
calcite (CaCO3), and it also consisted of  feldspars (albite (NaAlSi3O8) and microcline (KAlSi3O8) as well 
as micas (muscovite (KAl2(AlSi3O10)). Sisimiut clay (S), on the other hand, mainly consisted of  quartz and 
did not contain calcite. Instead, the second most dominant mineral phase in the Sisimiut clay was feldspars 
(albite, microcline and anorthite (CaAl2Si2O8)), followed by amphibole (magnesiohornblende) and Fe – rich 
mica (phlogopite). This explains the light grey colour of  Danish clay due to calcite, in comparison with 
the dark grey of  the Greenlandic clay (photos of  clays not shown). As for the fly ashes, the untreated raw 
fly ash (R) was dominated by salts: halite (NaCl) and sylvite (KCl). It also contained calcite and anhydrite 
(CaSO4) as minor mineral phases. The two electrodialytically treated fly ashes (D and E) present identical 
mineralogy. As shown from their diffractograms they were calcareous but, unlike the untreated fly ash, they 
did not contain salts. Also, the phase of  anhydrite (basanite) intensified in the electrodialytically treated 
ashes compared to the raw fly ash and traces of  melilite mineral phases (gehlenite) were identified. It shows 
that the electrodialytic treatment is responsible for the removal of  the salts in fly ashes D and E. Based on 
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the similar particle size distribution and mineralogy, it was determined to mix the two electrodialytically 
treated ashes in for the further experiments.  

Total heavy metal concentration and leaching of  heavy metals, chloride and sulphate were measured for 
raw fly ash (R) and the mixture of  the two treated fly ashes (ED). The results are shown in Table 4, in 
which the pH of  the fly ashes is also given. The values are compared to the limits given by the Danish 
Ministry of  Environment for use in geotechnical applications [13], as no limits exist for the use of  waste in 
construction materials. The total metal concentrations show a significant reduction in the total content of  
heavy metals due to the electrodialytic treatment, but the leaching of  As, Cr, Ni and Zn increased, also to 
above the Category 3 limit. There was a significant reduction in the chloride and sulphate leaching, linked 
to the removal of  chloride and sulphate containing mineral during the electrodialytic treatment. 

Table 4: Total heavy metal concentration and leaching of  the f ly ashes.

Raw ash ED ash Category 3

Total concentration 
(mg/kg) Average Average

As 277 29 >20
Cd 162 132 >0.5
Cr 109 71 >500
Cu 1,350 667 >500
Ni 32 73 >30
Pb 8,770 2,170 >40
 Zn 21,600 8,680 >500

Leaching (μg/l)
As 91 600 8-50
Cd 1560 2 2-40
Cr 550 1190 10-500
Cu 120 33 45-2000
Ni 46 125 10-70
Pb 397 35 10-100
Zn 109 340 100-1500
Cl 155∙106 1.7 ∙106 1.5∙106 - 3.0 ∙106

SO4 3.04∙106 0.75∙106 2.5 – 3.0 ∙106

pH 10.3 9.8

3.2 Characteristics of  the clay discs
The produced discs are shown in Figure 3, in the left the Τeglværks clay discs and in the right the Sisimiut 
clay discs, both containing different amounts of  substitution with fly ashes, treated (ED) and raw (R). It 
is seen in Figure 3 that as the amount of  the fly ashes increases the colour of  the discs gets lighter, both 
for the Danish (Τeglværksler) and the Greenlandic (Sisimiut) clay mixtures. The stronger red colour of  the 
Sisimiut S0 disc is probably linked to the Fe-minerals that were identified in this clay. There was a difference 
in the colour of  the discs with raw fly ash and electrodialytically treated fly ash. This was more dependent 
on the clay used than the ash since the disc with electrodialytically treated fly ash in Τeglværksler were 
darker than with raw fly ash, but the discs with Sisimiut clay were darkerst with raw fly ash. 
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Figure 3: Colours of  discs with substitution of  clay with different amounts (0%, 10%, 20%, 30%)  
f ly ash (R – raw, ED – treated. a) Τeglværks (T) clay discs, b) Sisimiut (S) clay discs

The total loss of  mass, total linear shrinkage, total volume change, porosity, dry density and water absorption 
of  the produced discs are given in Figure 4. The total volume change of  the discs containing raw fly ash 
(R) was negative for both types of  clays, meaning that these discs expanded instead of  shrinking as the 
other discs did, and their expansion was larger as the amount of  fly ash increased. This can be attributed 
to a bloating effect due to gas from the decomposition of  sulphates or carbonate [3]. On the contrary, the 
addition of  more treated fly ash (ED) resulted in lower volume change for both clay discs, since sulphates 
are removed by electrodialytic treatment [5]. 

A lower mass loss but a higher linear shrinkage were seen for the Sisimiut clay discs compared to Τeglværksler 
discs and increasing the amount of  electrodialytically treated fly ash increased the volume change. This is 
clearly linked to the results of  porosity, dry density and water absorption show in Figure 4. The porosity 
and water absorption increased by the addition of  fly ash for both clay and fly ash types. Τeglværks clay 
discs showed the highest porosity for substitution with raw fly ash, which is also linked to the higher mass 
loss for these clay discs compared to the Sisimiut clay discs. For the Sisimiut clays discs, the porosity was 
highest when treated fly ash was added, with corresponding lower densities of  the discs and a higher water 
absorption, even if  bloating occurred for the Sisimiut clay discs with raw ash. 

The water absorption was lower for all Sisimiut clay discs than for the Τeglværksler clay discs, also linked to 
the porosity. In bricks used in the building industry, typical ranges are: dry densities 1610-2120 kg/m3 [14, 
15]; open porosities 18.8-39 % [15] and water absorption 22-37 % [16]. Only the water absorption is lower 
for some of  the samples in this study, especially for the discs with Sisimiut clay and raw fly ash.  

For the discs with electrodialytically treated fly ash, there was a difference when using Teglværksler or 
Sisimiut clay. The performance of  the discs was lower with Teglværksler than the Sisimiut clay, which is also 
linked to the properties of  the clays themselves. The low porosity, high density and low water absorption 
for the Sisimiut clay discs indicate good performance in cold climates. However, the pore size should be 
studied further to evaluate the possibility of  resisting frost/thaw cycles. 

b)
a)
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Figure 4: Physical properties of  the clay discs: a) total mass loss, b) total l inear shrinkage, c) total 
volume change, d) porosity, e) dry density, e) water absorption 

The diffractograms of  discs made of  Τeglværks (T) clay and treated fly ash (ED) in different proportions 

e) f)

d)c)

b)a)
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is shown in Figure 5 and for discs made of  Sisimiut clay in Figure 6.

Figure 5: Diffractogram of  Τeglværks (T) clay discs with treated f ly ash substitution of  clay at 0%, 
10%, 20% and 30%.

The reference discs with Teglværks clay, without the addition of  fly ash, mainly contained quartz and 
feldspars (albite, microcline) as well as traces of  melilite. As the amount of  treated fly ash increases in the 
Teglværksler discs, the peak of  quartz decreased significantly while that of  melilite becomes more intense. 
In the discs with Sisimiut clay quartz was also the dominant mineral but feldspars (albite and microcline) 
were also abundant. Moreover, pyroxene was found in the control sample and increased by the addition of  
fly ash. 

On the other hand, hematite that appeared in the control sample showed decreased peaks as the amount of  
fly ash increased. The occurrence of  hematite in the Sisimiut discs, especially the control sample, justifies 
the red colour of  the Sisimiut clay discs, unlike the yellowish colour of  the Τeglværks clay discs where there 
was no presence of  an iron-based mineral. 
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Figure 6: Diffractogram of  Sisimiut (S) clay discs with treated f ly ash substitution of  clay at 0%, 
10%, 20% and 30%.

Table 5 shows the leaching properties of  the brick discs. There is no clear pattern in increased metal 
leaching with increasing addition of  fly ash. However, these leaching results are from only one replicate, 
and there could be large uncertainties in the leaching values because of  this. As leaching from most of  the 
clay discs and Cr leaching from the TED10 sample was above the Category 3 guideline. The mobility of  the 
metals was calculated, showing the extent of  the immobilization of  the metals when added in the bricks in 
comparison with the metals’ leaching from the fly ashes. Belmonte et al. [3] observed increased mobility of  
As and Cr in clay discs containing 20 % and 40 % pre-treated MSWI fly ash by washing and electrodialytic 
treatment. The contrary was observed in this study, were all samples showed immobilization in the clay 
matrix, except for the sample TED10, where Cr leaching increased compared to the initial leaching of  the 
ED fly ash. Wan et al. [10] studied the incorporation of  MSWI fly ash in 5×5×5 cm3 bricks and found that 
leaching of  heavy metals both in batch leaching (determined by DS/EN 12457-1) and total leachability 
(determined by the Dutch leaching test at pH 4) was below the regulatory standards for these tests. This 
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could indicate that producing such a small number of  the specimen as in this study should be used with care 
for conclusive studies of  leaching properties and also that the leaching properties should be investigated 
further.    

Table 5: Leaching of  Τeglværks and Sisimiut clay discs 

Sample pH As (µg/l) Cd (µg/l) Cr (µg/l) Cu (µg/l) Ni (µg/l) Pb (µg/l) Zn (µg/l)

T0 115 <20 354 51 <20 <20 53

TR10 10.1 <20 <20 53 <20 <20 <20 <20

TR20 9.9 <20 <20 46 <20 <20 <20 <20

TR30 9.8 47 <20 74 <20 <20 <20 <20

TED10 11.2 50 <20 3240 33 <20 <20 31

TED20 10.7 75 <20 102 23 <20 <20 40

TED30 9.9 80 <20 <20 <20 <20 <20 80

S0 64 <20 <20 <20 <20 <20 39

SR10 10.1 <20 <20 <20 <20 <20 <20 <20

SR20 9.7 279 <20 <20 <20 <20 <20 <20

SR30 9.4 52 <20 <20 <20 <20 <20 <20

SED10 9.9 100 <20 <20 <20 <20 <20 33

SED20 9.7 64 <20 <20 <20 <20 <20 36

SED30 9.6 94 <20 <20 <20 <20 <20 38

4. Conclusions

The commercial clay consisted mainly of  the minerals quartz, calcite, feldspars and mica, whereas the 
Sisimiut clay consisted of  quartz, feldspars, amphibole and mica. The MSWI fly ashes consisted mainly of  
calcite and anhydrite and the raw fly ash also of  halite and sylvite. The clay discs with Sisimiut clay presented 
a reddish colour compared to commercial clay, which gave white/greyish colour. Hematite was detected 
in the clay discs with Sisimiut clay, although increasing the fly ash proportion resulted in lighter colours. 
Leaching of  Cr of  untreated and treated fly ash exceeded the limits of  Danish regulation for wastes in 
construction but was lower than for disposal at non-hazardous waste disposal sites. Apart from this, treated 
fly ash presented much lower heavy metal concentration than the untreated fly ash. Most heavy metals 
were incorporated into the clay disc matrix, and the mobility of  metals decreased after firing. Expansion 
of  the discs occurred for the samples containing raw fly ash, caused by bloating due to gas formation from 
the decomposition of  minerals during firing. The expansion increased with the increased amount of  fly 
ash in the clay discs. The porosity and water absorption increased with the addition of  more fly ash while 
dry density decreased. The clay discs with Sisimiut clay showed the lowest porosity and water absorption, 
which will be beneficial for use in the cold climates. As the electrodialytically treated MSWI fly ash showed 
better environmental performance than raw fly ash in the clay discs, there is a potential for using these 
Greenlandic raw materials in bricks, to support local production of  construction materials.
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Abstract 

This study aimed to examine the performance of  fly ash gypsum slurry in relation to the properties of  its 
ingredients. Experiments were carried out to arrive at an optimum proportion of  various ingredients for 
Fly ash-Gypsum slurry (F-G) mixtures having 150 mm, 300 mm, 375 mm, 425 mm and 500 mm flows. The 
designed mixtures were tested for flowability, density and compressive strength. The results show that even 
a small variation in water content drastically affected the flowablity of  F-G slurry. While flowablity is mainly 
governed by water, observations indicated that flowablity depends on the composition of  the mixture 
ingredients and its properties. It is understood that the minimum volume of  water required for the slurry 
having higher flows of  more than 300 mm flow is 50%. Also, it is found that almost all FG mixtures show 
considerable compressive strength suitable for backfilling and structural filling applications. 

Key words: Fly ash, Gypsum, flowablity, Flowable Slurry, backfilling, structural filling

1. Introduction

 Generally, soil backfilling is adopted to strengthen and support the foundation of  a structure. 
Proper compaction is required more to ensure uniform and rigid filling than original soil. However, in 
many cases, the material is dumped into the trench, leading to poor compaction. This made the researchers 
use a low strength flowable material which does not require compaction. Flowable slurry or Controlled 
Low Strength Material (CLSM), an alternative to compacted soil fill, has been used increasingly in the 
construction industry as it has numerous advantages such as easy to place, strong, durable, free from 
settlement, free from compaction, excavatability and allows fast return to traffic. Flowable slurry is a self  
compacting cementitious material and it has a compressive strength of  8.3 MPa or less at the age of  28 
days. Flowable slurry is mainly used in the areas of  backfilling, structural filling, mining and underground 
construction, erosion control and pavement base. The chief  benefit is that it makes use of  industrial by-
products [1]. The properties of  flowable slurry lie between soil and concrete. The materials used, production and 
placing is similar to concrete. In service properties exhibits the characteristics of  soil. Both fresh and 
hardened properties need to be considered to use flowable slurry for various applications.

 In 1964, the U.S. Bureau of  Reclamation documented the first known use of  controlled low-
strength material. It is perhaps the most novel material which found one of  its earliest applications in the 
year 1964 as the bedding material for the 515 km long pipe line in the Canadian River Aqueduct project by 
the US Bureau of  Reclamation. The use of  CLSM reduced the project cost by 40% compared to that of  
conventional soil fill (Brewer 1994).  
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Flowablity is the exclusive property of  flowable slurry, which facilitates the materials to be self-leveling - to 
flow into and fill a void and be self-compacting without the need of  compacting equipment. Flowablity 
can be varied from stiff  to fluid, depending upon the requirements. The flowable slurry is quantitatively 
described by its spread of  flow. Similar to concrete/mortar, flowable slurry is a composite material. But 
it flows like a liquid. Flowablity of  flowable slurry mixtures is influenced by its ingredients, quantity, and 
the properties of  the ingredients. When flowable slurry mixtures were developed with foundry sand and 
fly ash, proper amount of  fly ash was required to obtain desired flowablity [2-3]. Gandham indicated that 
flowablity mainly depends on fly ash and water content in the mixture and phospho gypsum alone does 
not contribute to a satisfactory flowablity [4]. Another study carried out by Nataraja et al showed that the 
mixture containing fly ash achieved the desired flowablity with a lower w/c ratio, compared to mixture 
containing rice husk ash [5]. The mixture containing quarry dust achieved the desired flowablity with lower 
w/c ratio compared to the mix containing sand. Use of  cement kiln dust increased the water demand of  
flowable slurry to achieve a specific flowablity [6-7]. 

Jason et al. carried out an experimental study using recycled crumb rubber and native silty sand to produce 
lightweight, soil-based, rubberized flowable slurry for a bridge approach repair. A Fluidizing agent was 
added to the mixtures to improve flowablity and control bleeding. For the backfilling of  a small bridge 
abutment, 200 mm flow was recommended, as it does not require to flow a significant distance [8]. Pierce 
et al pointed out that  mixtures that flowed for more than 600 mm are considered unacceptable for flowable 
fill because the crumb rubber was segregated during the test. Rubberized flowable slurry is not flowable 
without the addition of  sand. Fully rubberized CLSM provided poor work ability [9]. 

 FHWA (Federal Highway Administration) specifies that the density of  high fly ash is in the range 
of  1460 kg/m3 to 1945 kg/m3 [10]. Charles et al reported that density of  less than 800 kg/m3 can be 
obtained with the use of  a foaming agent for flowable fly ash slurry [11]. It has been observed that the 
compressive strength depends on the quantity of  the cement and its water content. A cement content of  
about 90 kg/m3 was required to produce a compressive strength greater than 0.345 N/mm2 at the age of  28 
days. As the water content increased compressive strength probably got reduced [11-15].  It could be said 
that flowablity of  flowable slurry, not only depends on the amount of  water but also on the composition 
of  ingredients.

 Generally, 5% of  OPC and 95% of  fly ash is used as a binder in flowable slurry. Amitava Roy et al 
and Poon et al have mentioned that ordinary Portland cement can be completely replaced by alkalies and 
sulphates (industrial by-product/reagent grade) to obtain a binder with similar properties. The activated fly 
ash by industrial by-products as a binder in CLSM will boost the large-scale utilization of  both fly ash and 
industrial wastes [16-17]. 

 Phosphogypsum (PG) is a by-product obtained from the phosphoric acid process in fertilizer 
manufacturing. Only 15% of  PG is being utilized by the cement and gypsum industries as a setting 
moderator for cement and for making gypsum plaster. The remaining 85% of  PG creates an environmental 
problem. Around 6 million tons of  phosphogypsum, available annually in India, can be used as a resource 
to activate fly ash so as to conserve natural resources, protect the environment and save energy([18-19].

 In this context, the present work aims to develop flowable slurry using industrial waste by-products 
such as fly ash and gypsum. The study examined the performance of  fly ash gypsum slurry in relation to 
the properties of  ingredients which had not been addressed in the earlier work.
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2. Methodology

2.1 Materials

2.1.1 Fly Ash
Fly ash obtained from Neyveli Lignite Corporation (NLC) was used in this study. The physical and chemical 
properties of the fly ash were carried out using the procedure prescribed by IS 1727-1967 (R2004) and the 
results are presented in Tables 1 and 2. 

Table 1: Physical properties of  f ly ash

Sl. No. Test Conducted Observed Values
Required As Per

IS 3812 - 2003

1 Specific Gravity 2.47 -
2 Initial Setting Time (min) 45 -
3 Final Setting Time (min) 280 -
4 Consistency (%) 35 -
5 Blain’s Fineness (cm2/gm) 3550 3200 min
6 Lime Reactivity (MPa) 7.1 4.5 min

Table 2:  Chemical properties of  f ly ash

Sl.
No. Test Conducted Observed Values (%) Required As Per

IS 3812 - 2003

1 Loss on Ignition LOI 3.74 5 % max
2 Silica as SiO2 35.87 25 % min
3 Iron as Fe2O3 4.00 --
4 Alumina as Al2O3 + SiO2 34.14 50 min
5 Calcium as CaO 14.25 --
6 Magnesium as MgO 3.64 5 % max
7 Sulphate as SO3 3.4 3 % max
8 Sodium as Na2O 0.90 1.5 % max
9 Potassium as K2O 0.06 --
10 Chloride -- 0.05 % max

2.1.2 Gypsum
The Phospho-gypsum used in this study was obtained from TANFAC (a fluoride industry), Cuddalore. Its 
specific gravity was found to be 2.70. The chemical properties of  gypsum are shown in Table 3.

Table 3: Chemical properties of  gypsum

Sl.No. Chemical Composition Observed Values (%)
1 Loss on Ignition 1.63

2 Insoluble Residue 0.5

3 Alumina as Al2O3 0.75

4 Iron as Fe2O3 0.82

5 Calcium as CaO 44.99

6 Magnesium as MgO 1.02

7 Sulphate as SO3 48.84

8 Purity 99.4

2.2 Mixture Proportion for Flowable F-G Slurry 
For the experimental investigation, five different flow series of  flowable slurry mixtures were considered. 
The mixtures were proportioned for the flow of  150 ± 50 mm, 300 ± 50 mm, 375 ± 25 mm, 425 ± 
25mm and 500 ± 25 mm. All the mixtures were proportioned to obtain flowable slurry as defined by ACI 
Committee 229R (2005). The gypsum content in the binder was 10% by mass of  fly ash. The water content 
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was arrived at by trial and error method in order to obtain the desired flowablity. The details of  mixtures 
are presented in Table 4. The F-G mixtures are designated as A, B, C, D and E. 

Table 4: Mixture proportions of  F-G slurry and fresh slurry properties

Sl.
No

Flow Range 
(mm)

Mixture 
Designation

Mixture Ingredients Flow/
Spread
(mm)

Fly ash  
(kg/m3)

Gypsum  
(kg/m3)

Water (kg/
m3)

W/ (FA+ G)

1
500 ± 25 

flow
A 898.1 89.8 642.0 0.65 481.0

2
425 ± 25 

flow
B 941.3 94.2 621.2 0.60 420.0

3
375 ± 25 

flow
C 1053.4 105.3 579.4 0.50 391.0

4
300 ± 50 

flow
D 1188.2 118.8 522.8 0.40 274.0

5
150 ± 50 

flow
E 1366.6 136.7 451.0 0.30 185.0

2.3 Preparation and Testing 
The calculated quantity of  fly ash and gypsum were mixed in dry condition for about five minutes. The 
required quantity of  water was slowly added and mixing was continued for another five minutes. Flow test 
as per ASTM D 6103 was carried out and fresh slurry density determined. The freshly prepared F-G slurry 
was tested for wet density. Cube specimen of  50 mm was used for determining the density of  hardened 
F-G slurry. Cubes were de-moulded after 24 hours and humidity cured, until testing. Twelve specimens were 
prepared, cured and tested for each mixture. The test was carried out using 2000 kN compression testing 
machine. The load was applied on each specimen till its failure. The Ultimate load applied over a specimen 
that caused failure was noticed and recorded.  The compressive strength was estimated using the equation

Compressive strength = P/A          (1)

where,   P = Ultimate load in kN;  

A = Cross sectional area of  cube in mm2

3. Results and discussion

Fly ash gypsum slurry is characterized by its properties like flow, density and compressive strength. This 
part presents the results of  the laboratory investigations and the observations made thereof.

3.1  Flow Test of  F-G Slurry Mixtures 
Flow of  fly ash gypsum (F-G) slurry is an important property. Therefore, it is essential to understand the 
influence of  F-G slurry ingredients on flow behaviour. Water is the predominant ingredient which influences 
the spread of  the slurry. The quantity of  water required to obtain a desired flow depends primarily on the 
quantity of  fly ash, and gypsum in the mixture. The attempt made to understand the relationship between 
volume of  solids and flowablity is presented below. 

  F-G slurry consists of  fly ash, gypsum and water. It is considered as a system consisting of  only two 
prominent phases, namely, solids and liquid. Totally, five mixtures were made with flowability values of       
150 mm, 300 mm, 375 mm, 425 mm and 500 mm. Experiments were carried out to arrive at the optimum 
proportions of  ingredients for each mixture. The quantity of  water required, relative ratios (RR) as well as 
successive relative ratio (SRR) of  each flow are presented in Table 5. It is evident from the Table that the 
RR value of  flow varies in the range of  1 to 1.42. However, the RR value of  water varies from 1 to 1.42. It 
is evident that the RR value of  F-G slurry with 500 mm flow increased three fold while the relative ratios 
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(RR) of  water increased only 42%. This indicates that the flow of  slurry is highly sensitive even to the 
little variations in water content. Also, it has been substantiated with computed successive relative ratios of  
flow and water. The SRR of  flow varies in the range of  1.13 to 2.0, while corresponding values for water 
requirement varies in the range of  1.03 to 1.16. It is also observed that mixtures with higher flow are more 
sensitive to even marginal variation in water content than mixtures with low flow.

Also, for better understanding rheology of  slurry, quantities of  ingredients such as fly ash, gypsum and 
water are converted from mass to volume and presented in Table 6. It is inferred that the minimum volume 
of  water required for the slurry having higher flows (more than 300 mm flow) is 50%. It is obvious that 
the water requirement increases with increase in flowability and thereby the content of  solids gets reduced 
in the mixture. 

Table 5: Water requirement of  F-G slurry mixtures

Sl.
No

Mixture Desig-
nation

Flow Range 
(mm) (x1)

Flow Variation                Water Requirements
Relative 

Ratio
(x1/150)

Successive Rel-
ative Ratio

lit / m3

(y1)
Relative Ra-

tio (RR)*
Successive Rel-
ative Ratio**

1 A 500 3.33 642 1.42
2 B 425 2.83 1.17 621 1.37 1.03
3 C 375 2.5 1.13 579 1.28 1.07
4 D 300 2 1.25 523 1.16 1.1
5 E 150 1 2 451 1 1.16

* RR = y1 / water requirements of  corresponding filler having 150 mm flow 

**SRR- 1.42/1.37=1.03 and so on..

Table 6: Phase system in F-G slurry mixtures

Sl.No Mixture Designation Flow Range 
(mm)

Volume of  
Fly Ash (%)

Volume of  
Gypsum (%)

Volume of  To-
tal Solids (%)

Volume of  
Water (%)

1 A 500 35 3.2 38.2 61.8
2 B 425 36.8 3.3 40.1 59.9
3 C 375 40.8 3.6 44.4 55.6
4 D 300 45.9 4.1 50 50
5 E 150 52.4 4.7 57.1 42.9

3.2  Density of  F-G Slurry 
The density of  slurry depends on the type of  ingredients present and their proportions. Generally, it will 
have a bearing on the yield, strength, durability and also shrinkage. Density of  fresh slurry (wet density) 
and hardened slurry of  all mixtures were determined and presented in Table 7. The wet density of  F-G 
slurry is varying from 1620 kg/m3 to 1920 kg/m3., whereas, the dry density is in the range of  1600 kg/m3 to  
1900 kg/m3. It is obvious that density increases both in fresh as well as hardened slurry with the increase in 
the volume of  solids. A marginal reduction in density of  wet slurry is noticed, on hardening. It is due to the 
evaporation of  water from slurry during the hardening process. However, the loss of  water has resulted in 
only a marginal reduction in yield of  slurry. The yield of  slurry is the hardened unit mass of  the flowable 
slurry that could be obtained after the slurry settles and hardens at the ambient temperature. The results 
are in conformity with the reported density of  slurry [10-14]. The reported density is in the range of  1460 
kg/m3 to 1945 kg/m3. 

IC
SBM

 2019
ID

 015



445

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 0

15

445

IC
SBM

 2019
ID

 015

Table 7: Density of  fresh and hardened F-G slurry mixtures

Sl. No
Mixture Designa-

tion

Flow 
Range 
(mm)

Volume of  Total 
Solids (%)

Wet Slurry Densi-
ty (kg/m3) (x)

Hardened Slurry 
Density (kg/m3)  (y)

Yield of  the Slurry, 
(y/x) * 100

1 A 500 38.2 1620 1600 98.8
2 B 425 40.1 1730 1700 98.3
3 C 375 44.4 1850 1800 97.3
4 D 300 50 1900 1890 99.5
5 E 150 57.1 1920 1900 99

x - Wet Slurry Density (kg/m3);  y - Hardened Slurry Density (kg/m3)  

Also, an attempt has been made to compare the observed and the computed density of  FG. The Density 
of  the slurry in the hardened state is essential to compute the quantity of  the materials required for a 
particular application. In order to compute optimum quantity of  water required for the slurry for a specific 
application, an attempt has been made to arrive at an expression. Generally, dry density is computed using 
the following expression (1).

         (2)

where γd – dry density in kg/m3

 γ – wet density in kg/m3 

 w–water content (ratio of  the weight of  water to the weight of  solids)

The above expression has been modified based on several laboratory trials to obtain the computed hardened 
density. The modified expression is presented below (2):

      (3)

where  γcd – dry density in kg/m3

 γ – wet density in kg/m3

 w–water binder ratio (ratio of  the weight of  water to the weight of  binder)

The computed and observed densities are presented in Table 8. It is observed that the computed density 
of  hardened slurry is in agreement with the measured densities. The maximum deviation of  computed 
density from measured density is only 2%. The above expression can be used effectively to arrive at the optimum 
quantities of  materials to obtain the required hardened density.

Table 8: Comparison between the observed and the computed hardened density of  F-G slurry 
mixtures

Sl. 
No

Mixture Desig-
nation

Flow 
Range 
(mm)

Wet Slurry 
Density (kg/

m3)

Observed 
Hardened Slurry 

Density (kg/
m3) (x)

Water/ Binder 
Ratio

W/(FA+ G)

Computed
Hardened
Density

(y)

Computed 
/ Observed 
Hardened 
Density

(y/x)
1 A 500 1620 1600 0.65 1609.5 1.01
2 B 425 1730 1700 0.6 1719.7 1.01
3 C 375 1850 1800 0.5 1840.8 1.02
4 D 300 1900 1890 0.4 1892.4 1.00
5 E 150 1920 1900 0.3 1914.3 1.01

x - Wet Slurry Density (kg/m3);  y - Hardened Slurry Density (kg/m3)  

3.3  Compressive Strength of  F-G Slurry 
The cured specimens of  various F-G slurry mixtures were tested for compressive strength at the age of  
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3, 7, 28 and 56 days. The test results are furnished in Table 9. The compressive strength mainly depends 
on the type of  binder and the mixture proportion of  ingredients used in slurry. ACI 229 R 2005 specified 
a compressive strength of  maximum 8.3 MPa or less at the age of  28 days for controlled low strength 
material (CLSM). However, it has been reported in the literature that fly ash gypsum flowable slurry was 
made even with 10 MPa compressive strength (Gandham et al 1996).  At the same time, fly ash slurry was 
also made with a compressive strength as low as 0.34 MPa (Naik et al 1990). The minimum compressive 
strength of  0.34 MPa can be used when later age excavatabilty of  the flowable slurry is predicted.  It shows 
that fly ash slurry can be produced with a wide range of  strengths depending on requirements. 

The compressive strength of  F-G slurry is varying from 1.7 MPa to 5.61 MPa at the age of  28 days. Hence, 
the F-G slurry produced in the present study can be considered as controlled low strength material. It is 
noticed that the compressive strength at all ages improved with an increase in the volume of  solids. It is 
obvious that the increased volume of  solids reduced the volume of  water in slurry. This in turn improved 
the compressive strength of  hardened slurry. The compressive strength gradually decreased with increase in 
the flow of  slurry from 150 mm to 500 mm. Similar observations were made on flowable slurry by FHWA 
(1998), Krell.(1989), and Naik et al (1990,  2003). However, significant reduction in strength is noticed in 
the slurry having flowability greater than 375 mm. It must be due to the addition of  much more water than 
the optimum quantity of  water required for the hydration of  the binder. 

Table 9: Compressive strength of  F-G slurry mixtures

Sl.
No

Mixture Desig-
nation

Flow 
Range
(mm)

Volume of               
Solids (%)

Compressive Strength at Various   Ages (MPa)

3 days 7 days 28 days 56 days

1 A 500 38.2 1.43 2.01 2.36 2.72
2 B 425 40.1 0.36 1.41 1.70 3.10
3 C 375 44.4 2.62 3.72 5.00 5.70
4 D 300 50 2.96 4.19 5.41 5.90
5 E 150 57.1 3.20 5.60 5.61 6.50

 
4. Conclusions

This article presents a study carried out to evaluate the behaviour of  F-G slurry. From the results and 
discussion the following conclusions are drawn:

The relative ratios and successive relative ratios of  flow are significantly higher than the water requirement 
for F-G slurry. It shows that even a small variation in the water content drastically affects the flowability of  
slurry. Also, the mixtures with higher flow are much more sensitive to even marginal variation in the water 
content than the mixtures with low flowability. Further, it is noticed that a minimum of  50% volume of  
water is required for F-G slurry having flowability higher than 300 mm. 

The wet and hardened density of  FG slurry is in the range of  1620 to 1920 kg/m3 and 1600 to 1900 kg/
m3, depending on the respective quantity of  solids. The marginal reduction in the density of  wet slurry is 
noticed, on hardening, in F-G slurry. It is due to the evaporation of  water from slurry during hardening 
process. FG slurry mixes considered in the present study can be classified as regular flowable slurry, based 
on their density, as the density of  all of  the mixtures is more than 800 kg/m3. 

The compressive strength at all ages improved with the increase in the volume of  solids and reduction 
in flowability. Also, it is found that almost all FG slurry mixtures have shown compressive strength varies 
varying from 1.7 MPa to 5.61 MPa, at the age of  28 days, depending on the flow of  mixtures. However, the 
considerable reduction in strength is noticed in the slurry having flowability greater than 375 mm. It must 
be due to the addition of  much more water than the optimum quantity of  water required for the hydration 
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of  the binder. 

The strength obtained for all the mixes are below 8.3 MPa, as specified by ACI 229 R. Therefore, it 
satisfies the strength requirement of  flowable slurry. Also, all the mixes can be used as structural fills as  the 
strengths of  the mixes are between 0.69 to 8.3 MPa.
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Abstract

The cement industry is responsible for the release of  5% of  worldwide anthropogenic emissions of  the 
greenhouse gas carbon dioxide. One approach to reduce CO2 emissions by cement plants is to feed CO2 
to biocatalysts for the production of  valuable chemical products such as biofuels. Ideally, CO2-based 
bioproduction should be powered by a ubiquitous energy source that is easy to access, free and renewable 
such as solar energy. 

Massive research efforts have been deployed to develop productive and energy-efficient CO2 bioprocesses 
relying on natural photosynthesis such as ethanol production by sugarcane or oil production by algae or 
cyanobacteria. Until now, one major hurdle with these processes is that natural photosynthesis has a low solar 
energy-to-specific product conversion efficiency, which limits productivity and increases space required for 
implementation. A possible response to this challenge is the development of  hybrid photosynthesis systems 
where sunlight is harvested by more efficient inorganic devices, which then generate energy that can be 
used by microbial catalysts for the production of  useful chemicals. 

In this project, inorganic photocatalysts were used to drive the production of  polyhydroxybyturate (PHB) 
from CO2 or organic carbon molecules by Cupriavidus necator. PHB is an industrially-relevant and 
biodegradable bioplastic generated by C. necator for energy and carbon storage purposes. Its synthesis 
required reducing power under the form of  NADPH. 

In our system, photocatalysts such as graphitic C3N4 and CdS harvest light energy to generate reducing 
equivalents that are used by C. necator for CO2 reduction via the Calvin-Benson-Bassham pathway as well 
as in the conversion of  the central metabolite acetyl-CoA into PHB. Our results indicate that solar energy-
to-specific product conversion efficiencies obtained by coupling inorganic photocatalysts with C. necator 
could easily surpass the efficiency of  natural photosynthesis-based bioproduction processes.
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stone-sawing mud
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Abstract

Stone-sawing mud is a by-product of  the stone processing industry, which is difficult to be used. Testing 
results show that: in the stone-sawing mud, the SiO2 content is more than 70%, particles sizes are small, 
specific surface area is about 375 m2/ kg and the moisture content is about 22%. It implies that the stone-
sawing mud could be directly used as siliceous raw material for preparation of  the autoclaved aerated 
concrete (AAC) without drying-grinding, meanwhile alleviating the surrounding environmental pollution. 
This study mainly discusses the effect of  the water materials ratio, mixing water temperature, aluminium 
powder content, cement content, stone-sawing mud and lime + gypsum content on the AAC properties. 
Experimental results show that with an increase of  stone-sawing mud content and a decrease of  lime 
content, the bulk density of  AAC increases gradually, while its compressive strength firstly increases and 
then decreases. The maximum compressive strength of  3.60MPa and the bulk density of  606 kg/m3 can be 
obtained when the water-binder ratio is 0.60, the mixing water temperature is 45°C, the aluminium powder 
content is 0.12%，the stone-sawing mud content is 71% and the lime + gypsum content is 21% as well the 
mass ratio of  them is about 4:1. The XRD and SEM results show that the crystallization of  tobermorite 
crystals in the AAC with the stone-sawing mud grows into a leaf  shape, and interleaves with each other to 
form a dense structure net, which makes the AAC with improved mechanical properties. 

Keywords: stone-sawing mud; autoclaved aerated concrete; bulk density; strength.

1. Introduction

Stone-sawing mud is a by-product of  the stone processing industry, which is difficult to be used. It 
can produce a lot of  stone powder containing lots of  water during the stone cutting processing. After 
precipitation, it forms the stone-sawing mud. It was reported that the processing of  each ton of  rock 
produced about 0.1m3 of  sawing mud [1]. In order to protect the saw blade, a small amount of  cutting fluid 
was usually added to the cooling water during the process of  cutting stone, which caused the stone-sawing 
mud paste to be weak acid and contain a small amount of  phosphate and organic material, this could 
pollute the environment. Therefore, how to effectively utilize stone-sawing mud is an issue that relates to 
the protection of  environment and groundwater. 

The autoclaved aerated concrete (AAC) is an effective and scientific way to use the solid waste [2]. It can not 
only greatly reduce the cost of  manufacturing new wall materials, but also consume a lot of  solid waste and 
has high utilization rate. AAC is a kind of  lightweight, porous new building material with good performance 
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of  light weight, good thermal insulation, machinability and non-combustion. It can be made into different 
specifications of  the block, plate and insulation products widely used in industrial and enclosure filling 
structure of  bearing or embosom filling structure, which makes it get much attention around the world and 
become the building materials vigorously promoted by many countries [3].

The AAC, whose main raw materials are the siliceous materials (river sand, fly ash and tailings containing 
silicon, etc.) and calcium materials (lime, cement), by adding gas agent [4] (aluminium powder) and adding 
water mixing, then a series of  independent holes being formed by chemical reactions, is a porous silicate 
product prepared by the processes of  pouring shape, cutting, autoclaved curing and so on [5]. Through many 
years of  research, production and application, people have basically mastered the production process of  
using fly ash or river sand to prepare the AAC[6][7]. Matsushita F [8] studied the durability of  AAC (degree 
of  carbonation). Narayanan N [9], Alexanderson J [10] and others also thorough researched the structure and 
performance of  AAC. Chen YL [11] used recycled desulfurization slag to produce AAC. Huang X [12] et al 
used low silicon copper tailings-cement clinker-wind-accretion sand-slag powder system to prepare no lime 
AAC. A large number of  research results have accumulated rich experience in the scale production of  AAC.

This research systematically studied the effects of  preparation process parameters and material compositions 
on the performance of  AAC based on raw materials of  more than 70% of  the stone-sawing mud and small 
amounts of  lime and desulfurization gypsum and technology by adding stabilized foam agent to improve 
gas progress. The outcome of  this study can be used to guide massively using the stone-sawing mud in the 
AAC production. It is meaningful to save the resources and protect the environment. 

2. Experiment 

2.1 Materials

2.1.1 Stone-sawing mud
The stone-sawing mud used in this study was from the stone processing factory in Hubei mountain area. 
Due to the geological reasons, the type of  stone was mainly granite in this area, and its stone resources were 
extremely rich. As a result, the stone processing factory in this area had generated at least 6 million stone-
sawing mud every year, which caused serious damage to the surrounding environment. The test showed 
that the powder of  processing granite stone with higher SiO2 content and small particle size, high water 
content. When used for preparing the raw materials of  AAC, it doesn’t need drying and grinding. The pH 
value of  stone-sawing mud was 6.5, which was weak acidic. The moisture content of  stone-sawing mud was 
about 22%, and sieving residue alone 80 microns was less than 15%, with an apparent density of  2.72g/cm3 

and a surface area of  375m2/kg. The chemical compositions of  stone-sawing mud were shown in Table 1, 
and its XRD analysis was shown in Figure1.

Table 1 Chemical composition of  raw materials

Chemical composition (%) SiO2 CaO Al2O3 Fe2O3 MgO SO3 K2O Na2O LOI

Stone-sawing mud 72.66 1.56 15.09 1.15 0.38 - 3.58 4.54 0.42

P.O42.5 cement 20.49 61.02 5.01 3.50 2.23 2.58 0.64 0.15 3.07

Desulfurization gypsum 2.61 30.5 0.66 - 0.92 43.40 - - 20.12
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Figure 1. XRD analysis of  stone-sawing mud.

2.1.2 Cement 
The cement used in this study was P.O 42.5 ordinary Portland cement. Its physical properties and chemical 
compositions were shown in Table 1 and Table 2 respectively. 

Table 2:   Physical properties of  Portland cement

Specific surface 
area (m2/kg)

Setting time
(min) Flexural strength  (MPa) Compressive strength 

(MPa)

Cement   
stability Initial 

setting 
time

Final 
setting 
time 3d 28d  3d 28d

348 165 220 7.8 8.6   26.3 49.9 qualified

2.1.3 Lime 
The active CaO content in the lime used in this study was more than 80%, while the content of  MgO was 
less than 5%. The digestion time was 14 min, with the sieve residue alone 80 microns less than 10%.

 2.1.4 Desulfurization gypsum 
Desulphurization gypsum used in this study was discharged from coal-fired power plants. Its chemical 
compositions were shown in Table 1.

2.1.5 Aluminium powder and foam stabilizer 
Aluminium powder used in this study was mainly used for air-making. 

2.2 Sample preparation and testing
According to Yingliang Chen’s study [13], the mass ratio of  lime to gypsum was about 4:1, in which case it 
can ensure the coagulation time of  the slurry and the lime digestion speed more appropriate. Then, this 
ratio was adopted in this study, the materials composition and proportion of  the base AAC were presented 
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in Table 3.

Table 3. Materials composition and proportion of  the base AAC (wt %). 

Cement Sawing mud Lime + gypsum Aluminum powder Stable foam agent

8 70 22 0.12 0.01

The whole processes to make the AAC sample were shown as follows: firstly, mix the slurry with 
the temperature during 40~45 °C; next, control the block-static stop time during 2~2.5h and the 
temperature during 55~60 °C. Then, make it under the conditions of  the vacuum for 0.5h and 
increase pressure of  1.3MPa for 1.5h, and keep the pressure at 1.3MPa for 8h; finally, release 
pressure and cooling for 2h.

According to GB/T11969-2008 Test method for the performance of  autoclaved aerated concrete, the 100mm x 100mm 
x 100mm standard specimen was prepared and then put it into the autoclave. The DRM-，concrete thermal 
conductivity detector (Xiangtan Xiang Yi Instrument Co., Ltd.) was used to test the coefficient of  thermal 
conductivity of  AAC. X-ray diffraction (D/MACX-RB Japan RIGAKU) and scanning electron microscope 
(JSM-5610LV Japanese electronics co, LTD.) were employed to analyse the composition and microstructure 
of  the samples.

3. Results and discussion   

3.1 Effect of  water-binder ratio on the slurry performance
The water-binder ratio was an important technological parameter in the preparation and production of  
AAC. Water-binder ratio directly impacted the coordination of  water slurry thickening velocity and gas 
velocity of  co-ordination, suitable water-binder ratio would keep the volume of  slurry stability in the 
process of  casting and made gas fully generate in the process of  gassing, slurry expansion properly, which 
could ensure uniform of  pore structure inside the AAC.

Figure 2. The relation curve of  water-binder ratio with expansion height

Figure 2 was the result of  the test of  the water-binder ratio of  0.58, 0.60 and 0.62 respectively. The smaller 
the water materials ratio was, the greater the consistency of  the slurry was, leading to the more difficulty 
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the gas phase became, and then, the smaller the swelling height was. When the water materials ratio was 
too large, the consistency of  the slurry was low and the time of  thickening would take longer. According 
to the Laplace equation:

                                            (1) 

Where:        —the pressure in the air bubble, Pa. 

                 —the atmospheric pressure, Pa.

                 —slurry consistency, Pa •cm. 

                  —bubble radius, cm.

It could be seen from the Equation (1) that the pressure of  the stomata was related to the bubble radius and 
viscosity of  the slurry. With water-binder ratio increasing, the viscosity of  the slurry dropped, it was easy 
to cause the stomata to accumulate and produce the large stomata, and the gas reaction was intense. The 
excessive accumulation of  large stomata and the unstable gas state could easily lead to the collapse mode. 
When the water-binder ratio was too low, increasing speed of  slurry viscosity and the block hardening time 
was quick and short respectively. When the block was hardened and gas process was still going on, it could 
cause the block to crack. Both of  these conditions would lead to the decrease of  the strength of  the block.

On the premise of  ensuring the fluidity and thickening of  the slurry and the consistency of  the gas velocity, 
the improvement of  the water content could significantly improve the airflow effect of  the slurry. The 
water materials ratio would change the flow degree of  the slurry, and the appropriate flow degree could 
ensure that the bubbles were uniform and avoided the deviation of  bulk density in the slurry tank. The 
experimental results showed that when the water materials ratio was 0.60, the flow of  the slurry was good, 
and the embryonic body was full of  gas, the volume stability was fine, and there was no collapse mode 
phenomenon. 

3.2 Influence of  temperature on the properties of  slurry 
The progress of  the aluminium powder gas was closely related to the temperature of  the materials. The 
slurry was higher in temperature, the raw materials were more active, and the solubility in the solution was 
more, the reaction speed was faster and the reaction degree was higher. On the contrary, when the slurry 
temperature was low, reaction speed dropped, the whole process of  aluminium gas was extended, and it was 
not only causing the AAC bulk density big, but also leading the phenomenon of  “holding gas”, which had 
a certain effect on the structure of  pores. 

But when the temperature of  the slurry was too high, the early reaction speed would be too fast and the 
aluminium powder gas would violently react, which made it was easy to form irregular shape large pores and 
damaged to the porosity of  pore wall around it, even produced crack when it was serious. 

The temperature of  different slurry had obvious influence on the process of  slurry gas and thickening. The 
slurry temperature was affected by mixing water temperature and lime digestion temperature, while lime 
digestion temperature was restricted by raw materials, and it was usually controlled by changing the mixing 
water temperature to control the slurry temperature. As shown in Figure 3, when mixing water temperature 
was higher than 50°C, the amount of  gas was large, but the slurry setting speed was quick and the fluidity 
loss was high, which had a certain influence on gas progress. 

When the mixing water temperature was below 40°C, gas generation rate was slow and the inflation rate 
was low, which made its bulk density larger. Comprehensively considering the bulk density and compressive 
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strength, choosing the mixing water temperature of  45°C was more appropriate.

Figure 3. Mixing water temperatures and expansion height curve.

3.3 Influence of  aluminium powder content on block performance 
The aluminium powder was the gas agent which was most widely used. Its hair gas effect was good, and it 
was easy to control. The aluminium powder was made from the grinding particle produced by compressed 
air in a melting state. In order to prevent dust explosion and surface oxidation, the surface of  aluminium 
powder usually had a layer of  grease or a paste. Because of  the slurry was highly alkaline, no degreasing 
was needed before using. But the aluminium powder particles were small and the surface was coated with 
grease, causing it was easy for particles reuniting. 

So pre-distributed processing was required before using and then it could be mixed in the paste. In the 
slurry, the aluminium powder reacted with the Ca(OH)2 formed by lime digestion or the cement hydration, 
produced the hydrogen and the reaction equation was:

↑+→++ −−
222

2
3 HAlOOHOHAl                          (2)

Figure 4 showed when the water materials ratio was 0.60, the curve of  the aluminium powder content 
and the bulk density of  the block. It could be seen from the Figure 4 that with the content of  aluminium 
powder increasing, the bulk density of  the block and the compressive strength of  the block gradually 
reduced. Study [14]had shown that increasing the content of  aluminium powder in a certain range had little 
influence on the pore diameter of  AAC, but as the aluminium content continued to increase, a big pore 
percentage of  AAC would increase correspondingly and the block compressive strength would decrease 
obviously. 

Considering that this test was the preparation of  the AAC at the B06 level, which was the product of  the 
bulk density of  600kg/m3, so it was more appropriate that the aluminium powder content was 0.12%. 
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Figure 4. The relationship of  aluminium powder content with masonry bulk density.

3.4 Effect of  cement content on block performance
Cement in the AAC played a major role, which was to make the block had early compressive strength and 
easily to be cut. In the whole AAC reaction process, the cement only provided a small part of  the calcium 
raw materials and made contribution to the strength due to the formation of  hydrated calcium silicate gel. 
But in the AAC system, the main contribution of  the strength was produced by the tobermorite crystals 
that were generated by the silica and calcium hydroxide in the autoclaved curing conditions. The later 
compressive strength of  the block was not derived from the cement. 

Table 4. Effect of  cement content on AAC performance. 

Number Cement
(wt%)

Sawing 
mud

(wt%) 

Lime + gypsum 
(wt%)

Aluminium 
powder
(wt%) 

Foam stabilizer
(wt%) 

Bulk       density 
(kg/m3)

Compressive 
strength 
(MPa)

A1 6 70 24 0.12 0.01 598 3.31

A2 7 70 23 0.12 0.01 601 3.38

A3 8 70 22 0.12 0.01 604 3.44

A4 9 70 21 0.12 0.01 617 3.26

A5 10 70 20 0.12 0.01 615 3.35

*The mass ratio of  lime to gypsum was 4: 1; and the water-binder ratio was 0.60.

  Table 4 was the impact of  cement content on the bulk density and compressive strength of  AAC. When the 
cement content increased, the compressive strength of  AAC increased, when the cement content reached 
8%, the strength reached the maximum. Then the compressive strength reduced with the increasing content 
of  the cement. Besides making the body has early strength, cement mainly influenced on slurry thickening. 
The appropriate cement content could coordinate the slurry thickening speed and the gas making speed 
of  aluminium powder to ensure a good stomatal structure, which was the key to improve the mechanical 
properties of  products. In addition, the cement in the anti-carbonation and shrinkage performance were 
better than lime. However, the incorporation of  excess cement would increase the cost of  producing AAC, 
so the cement content of  8% was more appropriate.

3.5 Effect of  siliceous and calcium raw materials contents on block performance
After determining appropriate water materials ratio, gas temperature, aluminium powder content and 
cement content, the test scheme of  Table 5 was also designed in order to determine the best ratio of  stone-
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sawing mud, lime and gypsum, which made the performance of  AAC better.

Stone-sawing mud and lime were the main siliceous materials and calcareous materials in AAC production 
process. The calcium hydroxide produced by lime and the SiO2 in the stone-sawing mud were reacted 
under the conditions of  autoclaved and generated the tobermorite and calcium silicate, which were the 
main source of  the strength, while the gypsum was to inhibit the lime digestion and adjust the speed of  
the important role of  slurry paste. The experimental results showed that when the mass ratio of  lime to 
gypsum was about 4: 1, the mechanical properties of  the block were better.

Table 5. Effect of  stone-sawing mud, l ime + gypsum on AAC performance.

Number Cement
(wt%)

Sawing 
mud  (wt%)

Lime + gypsum 
(wt%) 

Aluminium 
powder (wt%) 

Foam stabilizer 
(wt%) 

Bulk density
(kg/m3)

Compressive 
strength (MPa)

B1 8 69 23 0.12 0.01 602 3.13

B2 8 70 22 0.12 0.01 604  3.44

B3 8 71 21 0.12 0.01 606 3.60

B4 8 72 20 0.12 0.01 612 3.51

B5 8 73 19 0.12 0.01 619 3.34

*The mass ratio of  lime to gypsum was 4: 1; and the water-binder ratio was 0.60.

It could be seen from Table 7, with the stone-sawing mud content gradually increasing and lime + gypsum 
content correspondingly reducing, the prepared block bulk density and compressive strength gradually 
increased. When the content of  sawing mud was 71%, the content of  lime + gypsum was 21% and the 
mass ratio of  lime to gypsum was about 4: 1 (sample B3) and the bulk density of  block was 606 kg/m3, 
the compressive strength reached the maximum of  3.60MPa. When the content of  sawing mud continued 
increasing and the lime + gypsum content decreased, although the bulk density increased, the compressive 
strength of  the block showed a downward trend, which was indicated that the system of  stone-sawing mud 
(siliceous material) was surplus, Lime gypsum (calcium material) content was insufficient and the number 
of  hydrated products in the hydrothermal synthesis reaction was not as good as that of  sample B3. On 
the other hand, the more or less content of  lime + gypsum in system would affect the thickening rate of  
slurry and gas velocity, thus affecting the size and distribution of  the pores in the block and ultimately the 
compressive strength of  the block would be affected. 

3.6 Hydration products and microscopic analysis
The XRD analysis (Figure 5) showed that the main product of  AAC was the calcium silicate hydrate (C-S-H) 
which mainly consisted of  tobermorite (5CaO•6SiO2•5H2O)[15][16]. In addition, there was some quartz that 
partly participated in the reaction. The more the amount of  tobermorite and C-S-H gel was produced, 
the higher the strength of  AAC was. The quartz crystal in the sample was complete, had high crystallinity, 
played a skeleton role in the solid phase, and was also conducive to the strength of  the structure.
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 Figure 5. XRD analysis of AAC sample B3.

Figur

 

 

  (a)X50    (b) X5000

Figure 6. SEM images of  AAC sample B3.

The SEM images of  the AAC sample B3 were shown in Figure 6. Besides to the macroscopic 
pores in the AAC, there were also many microspores at the pore wall (Figure 6a). The formation 
of  pore had two main reasons: one was the water evaporation; the other was the chemical reaction. 
The macroscopic pores were uniformly distributed with a maximum size of  around 10mm.In 
Figure 6 (b), there were also the tobermorite with a crystallized structure. The length of  the 
blade was 2-3μm and the width around 1μm. The hydration products of  the micro capillary in 
the AAC were the leaf  shape tobermorite crystals with the double chain silicate structure and the 
tobermorite had good stability because they constituted net structure, which made AAC have good 
compressive strength.

3.7 The hydration reaction mechanism of  AAC 
At the initial reaction stage of  AAC system, lime reacted with water in the slurry by digesting and forming 
calcium hydroxide to dissolve. The OH- in calcium hydroxide provided enough alkalinity for the slurry, and 
the heat released from lime digestion improved the reaction speed. At the same time, the C3S, C3A and 
other minerals in the cement began to hydrate and formed hydrated calcium silicate, calcium hydroxide 
and calcium aluminate hydrate. Then, the system of  liquid phase had certain alkalinity and SiO2 began to 
dissolve in the liquid phase. The initial strength of  the block was derived from the hydration products of  
C3S, C3A and other minerals in the cement[17] .
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Under the conditions of  alkali, environment, high temperature and high pressure for autoclaved curing, 
the system first produced a complete crystal of  hydrogarnet (C3ASnH6-2n)

 [18][19]. With the increase of  the 
autoclave time, the solubility of  Si4+ and Al3+ in the liquid phase got improved, which changed the alkaline 
environment of  hydrogarnet and can make it broken down. Then, hydrated calcium silicate was generated 

[20][21][22]. Because the solubility of  hydrated calcium silicate in the liquid phase is very low, when it reaches 
saturation will precipitate grain, the newly formed grain specific surface area is large, through the adsorption 
and water molecules connected to form a condensed state. During this period, more calcium-rich hydrated 
calcium silicate, such as C2SH (A) and C2SH2, was produced in the system. With the increase of  the 
concentration of  SiO2 in the liquid phase, the calcium-rich C2SH (A), C2SH2 cannot be stable, and gradually 
converted to CSH (B) type hydrated calcium silicate and tobermorite [23] Tobermorite crystals grow into 
leaves and flake, and interlace each other, forming the network skeleton structure of  AAC gradually, which 
is beneficial to improve its mechanical properties. The stone-sawing mud contained not only quartz but also 
a small amount of  soda feldspar (Na2O•Al2O3•6SiO2) and potassium feldspar (K2O•Al2O3•6SiO2), which 
may provide active Al2O3 and SiO2 for the reaction. Further studies are needed on how the soda feldspar 
and potassium feldspar are involved in the hydration reaction of  the AAC.

4. Conclusions

1. 1. Stone-sawing mud has high SiO2 content, small size and high water content. When used for preparing 
AAC, it doesn’t need to be dried or ground, which are the good disposal pathways.

2. 2. With an increase of  the stone-sawing mud content and a decrease of  the lime content, the bulk 
density of  AAC increases gradually. The compressive strength of  AAC firstly increases and then 
decreases and the maximum value 3.60 MPa can be obtained when the stone-sawing mud content is 
71% and the lime content is 21%.

3. 3. The hydration products of  the micro capillary in the AAC based on stone-sawing mud are the 
leaf  shape tobermorite crystals with the double chain silicate structure and the tobermorite have 
good stability because they constitute net structure, which makes the AAC with improved mechanical 
properties. 
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Abstract 

High-temperature requirements, emission of  hazardous substances from cement kilns and the significant 
CO2 footprint in the calcination step are factors requiring special attention in the cement industry. Local and 
commonly occurring clays can be a sustainable alternative for producing cementitious binders. Structural 
disorder in natural clay minerals can be induced through mechanochemical activation (MCA), by which 
the material develops an enhanced reactivity. The treatment of  a Swedish natural clay through intensive 
grinding is carried out in order to assess its potential as a sustainable cementitious binder. Several grinding 
parameters influence a MCA product. The filling ratio of  the jar, the rotation speed, the time of  grinding, 
as well as wet and dry environment, are variated to optimize the MCA process. The MCA process does 
not require high temperatures or added chemicals and shorter processing times can avoid high-energy 
requirements during fine grinding. The structural changes of  the clay were analysed by X-Ray Diffraction 
(XRD). Analysis of  the particle size distribution of  the raw and processed clay suggested a correlation with 
the grinding duration. An increased ratio of  grinding media versus the amount of  ground material, while 
longer grinding duration increased the overall efficiency of  the MCA process. The strength activity index 
(SAI) indicated an enhanced pozzolanic activity for the mechanochemically processed clay. Compressive 
strength tests have shown a strong correlation between an enhanced amorphization rate and increased 
compressive strength values.

Keywords: alternative cementitious binders, mechanochemical activation, sustainable building materials, 
mechanochemistry, clay.

1. Introduction

The building materials industry is facing several challenges for reducing the environmental impact coming 
from their production. The high amount of  CO2 emissions, the required high temperature, the volatile 
hazardous substances, the consumption of  primary resources, etc., are some of  the critical problems 
industries and researchers are tacking in order to increase the sustainability of  building materials. Increasing 
the energy efficiency during clinker production, use of  alternative fuels and alternative raw materials, and 
use of  secondary cementitious materials (SCM) are some of  the countermeasures to decrease the negative 
impact on the environment [1–3]. 

Different SCM, as blast furnace slag, silica fume, fly ash, calcined clays, etc., are largely used as partial 
replacement of  cement. Use of  calcined (highly kaolinitic) clays as a replacement of  cement has shown 
very good pozzolanic reactivity, cost efficiency and good performance; moreover clay is a natural and 
widely available raw material [4]. Calcined highly kaolinitic clays are a dehydroxylated form of  the 1:1 layer 
structure, called also metakaolinite [5]. Dehydroxylation of  kaolin and other clay minerals can be achieved 
by mechanochemical activation (MCA) [6,7]. 
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MCA is a process able to impose structural and chemical changes in the treated material through high-energy 
grinding, meanwhile avoiding the use of  chemicals or high temperature requirements [8]. Amorphization 
of  the clay minerals structure can be achieved in reasonable times with optimized process parameters. 
MCA can also amorphize and enhance the reactivity of  such raw clay minerals as montmorillonite, illite and 
pyrophyllite [9–11]. 

The efficiency of  MCA depends on several process parameters, as time of  grinding, ball to processed material 
ratio, use of  grinding aids, velocity, etc. Optimization of  these parameters can give higher amorphization 
rates of  the clay minerals structure in shorter time [12]. 

This study focused on the efficiency of  the MCA in the amorphization of  the structure and on the pozzolanic 
activity of  a raw clay from Sweden. The process parameters as ball to powder ratio and time of  grinding 
are varied in order to assess their influence on the processed material. Differently mechanochemically 
activated samples were investigated through indirect methods, as the so-called strength activity index (SAI), 
to evaluate their pozzolanic activity. 

2. Methodology 

2.1 Materials 
The raw clay used in this study was collected in the Sollentuna municipality in Stockholm County in east 
central Sweden. Atterberg limits were used in order to characterize the geotechnical properties of  the raw 
material, classifying it as clay. The chemical composition of  the raw material is shown in Table 1:

Table 1: Chemical composition of  the raw clay used in the study.

Component Content

wt.%

SiO2 52,6
Al2O3 15,1
Fe2O3 6,9
CaO 6,41
K2O 3,78
MgO 2,51
Na2O 1,68
TiO2 0,696

Dry grinding was carried out using a planetary ball mill, type Retsch PM 100, with a stainless steel jar of  500 
mL  volume. Twelve stainless steel balls with the same diameter of  20 mm were used. Two different regimes 
of  ball to powder (B/P) and time of  grinding were applied. The speed was set to 500 rotation per minute 
(rpm). Sample D0 was prepared by hand grinding for 1 minute. 

Table 2: Process parameters of  mechanochemically treated clay .

Sample Ball/Powder Time of  grinding

wt.ratio (g/g) min

D0 - -
D35 3 5
D320 3 20
D255 25 5
D2520 25 20
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2.2 Methods

2.2.1 X-Ray diffraction
Changes of  the crystallinity due to the MCA process were determined by X-ray diffractometer, (type 
Empyrean from PANalytical, using Cu-Kα radiation with a wavelength of  1,54060 Å, generated at 45 kV 
and 40 mA. The step size was 0.0260 [°2θ] and the scan step size 87.4650 seconds. The temperature during 
the measurement was kept at 25 ℃. The samples for the XRD analysis were prepared in a backload holder. 

2.2.2 Particle size distribution
The particle size distribution was measured by Dynamic Light Scattering (DLS). A Malvern Zetasizer 
equipped with a back-scattering detector was used for testing the processed clay. The samples were prepared 
as a suspension in distilled water and three measurements per sample were made.

2.2.3 Strength Activity Index (SAI)
The ASTM C125 standard defines pozzolan as ‘‘a siliceous and aluminous material which, in itself, possesses 
little or no cementitious value but which will, in finely divided form in the presence of  moisture, react 
chemically with calcium hydroxide at ordinary temperature to form compounds possessing cementitious 
properties” [13]. Assessment of  pozzolanic activity can be done by different direct and indirect methods. 
The strength activity index (SAI) is an indirect method to evaluate the pozzolanic reactivity through 
comparative compressive strength tests [14]. Mortar beams were produced using cement as a binder and 
replacing 20% of  the cement with the processed clay. The mortar mixes were prepared in a Hobart mixer 
with a mixing time of  5 min. The mix design of  the mortar beams is shown in the table below:

Table 3: Mix design of  the mortar beams prepared for the SAI test 

Sample Cement Sand Processed clay Processed clay Water

g g Sample ID g ml

M0 450 1350 - - 225
MD35 360 1350 D35 90 225
MD320 360 1350 D320 90 225
MD255 360 1350 D255 90 225
MD2520 360 1350 D2520 90 225

After demoulding at 24 hours, the beams were stored in a water bath. Compressive strength tests after 7 and 
28 days were done on all the samples. The SAI result is a percentage of  the strength value of  the control 
mortar beam to the strength value of  the mortar beam prepared with 20% of  cement replacement:

          (1)
where A is the compressive strength value for the beam with 20% of  cement replacement and B is the 
compressive strength value of  the control mortar sample. To assess pozzolanic activity of  the tested sample, 
ASTM C618 requires a SAI greater than 0.75 after 7 and 28 days for FA and natural pozzolans at a cement 
replacement of  20% [14].

3. Results and discussion

Minerals as kaolinite (Kln), illite (Il), montmorillonite (Mnt), muscovite (Ms), quartz (Qz) and calcite 
(Ca) were identified from the XRD analysis of  the untreated samples. The MCA process has induced 
amorphization of  the structure of  the processed clay. Higher ball-to-powder ratio and longer time of  
grinding has caused substantial structural changes. XRD graphs in figure 1 indicated decreased intensities 
of  the main peaks. Peaks related to clay minerals, as kaolinite or muscovite, were altered easier than quartz, 
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which peaks are almost not changed. This phenomenon can be associated to the different hardness that the 
two substances have [15]. Analysis of  the FWHM of  the kaolinite peak [001] were done by using Lorentz 
fitting in order to better evaluate the changes on the structural order, figure 2. Increased values of  the 
FWHM indexes were determined for samples D35, D320 and D255, implying gradual degradation of  the 
kaolinite lattice for longer time of  grinding and higher ball-to-powder ratio. Only the sample D2520 has 
indicated values of  FWHM higher than 0.4, suggesting an amorphized structure [16,17]. 

Figure 1: XRD diffraction patterns for different B/P ratio and grinding time of  a Swedish raw clay.

Figure 2: FWHM of  the kaolinite peak [001] for the treated samples with different process 
parameters. 

Particle size distribution has shown a direct correlation to the time of  grinding and the ball-to-powder ratio 
values. Longer time of  grinding and higher ball-to-powder ratio have led to an increased volume of  smaller 
particles. The most amorphized sample, D2520, has also a higher volume of  smaller particles as shown in 
figure 3.
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Figure 3: Particle size distribution of  MCA clay with different process parameters.

Compressive strength tests results after 7 and 28 days are shown below in figure 4a) and 4b). The mechanical 
properties (after 7 days) of  the mortar beams prepared with 20 % of  replacement slightly decreased for the 
clay treated with lower ball-to-powder ratio (MD35, MD320) and with shorter time of  grinding (MD35 and 
MD255). Sample MD2520 prepared with 20% of  cement replaced by the processed clay, which has achieved 
higher amorphization of  the structure through MCA, showed high compressive strength values after 7 
days. After 28 days, the compressive strength of  the samples prepared with 20% of  cement replacement 
has reached higher values than the reference mortar sample prepared only with cement as a binder (M0). 
The replacement of  cement by MCA clay indicated increased mechanical properties for all the analysed 
samples besides MD255. Sample MD255 has shown a slightly lower value of  the compressive strength, 
while presenting a SAI index value (95%) higher than the minimum required (75%). 

Figure 4: Compressive strength test results of  reference mortar sample (M0) and mortar samples 
prepared with 20% of  cement replaced by MCA clay, a) after 7 days, b) after 28 days

Calculation of  the SAI index is done for the tested samples and the results are shown in figure 5. After 7 
days the SAI indexes for all the samples prepared with 20% of  cement replacement by the treated clay were 
higher than the required minimum of  75%. The maximum SAI index was registered for sample MD2520 
with a value equal to 103%. Increased SAI index values were reported also for all the samples tested after 
28 days. The minimum required value (75%) was exceeded for all samples. Sample MD2520 has reached a 
value of  120 % after 28 days, suggesting a direct relationship between the increased reactivity by MCA and 
the pozzolanic activity. 
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Figure 5: Strength activity index of  mortar samples prepared with 20% of  cement replaced by MCA 
clay, a) after 7 days, b) after 28 days

A more precise evaluation of  the pozzolanic activity has to consider further direct tests on the studied 
samples. Frattini and Chapelle tests can give a clearer understanding of  the increased pozzolanic activity of  
the ground clay. The filler effect, originated by the decreased particle size distribution, is another factor that 
can influence the mechanical properties of  the material. 

4. Conclusions

• MCA can be considered an environmentally friendly process able to increase the chemical reactivity 
of  clay. 

• Higher ball-to-powder ratios and longer time of  grinding showed a better efficiency in the amorphization 
of  the clay minerals structure.

• The particle size distribution is influenced by the process parameters of  the mechanochemical 
activation. Higher amounts of  smaller particles are achieved for longer time of  grinding and for higher 
ball-to-powder ratios.

• MCA-treated clay showed good mechanochemical properties when used as a cement replacement. 
Compressive strength values measured after 7 and 28 days were increased  for the mortar samples 
prepared with 20% of  cement replacement by the MCA clay.

• SAI indexes, after 7 and 28 days, overpassed the minimum required value of  75%. Mortar prepared 
with the treated clay D2520 showed the best values of  compressive strength and SAI indexes.

• Increased amorphization indicated an enhanced pozzolanic activity of  the processed clay.
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Abstract

 Phosphate geopolymers are part of  chemically bonded phosphate cements obtained from an aluminosilicate 
and phosphate solution. Their structure consisting of  phosphate bonds make them suitable for use as 
refractory material. This study deals with the influence of  phosphoric acid concentration (6, 8 and 10 
mol/L) on the stability of  volcanic ash-based phosphate geopolymers exposed to 100, 600 and 1000°C. The 
results reveal that the onset of  crystallization is about 600oC with the formation of  aluminium phosphate 
(V) and tridymite, then crystallisation of  iron (III) phosphate (V) and hematite at 1000°C. The degree of  
crystallisation of  these phases increases with phosphoric acid concentration. The geopolymers obtained 
with 8 mol/L of  phosphoric acid showed the best thermal stability at 1000°C in term compressive strength 
change. The maximum thermal linear shrinkage recorded was 3%. The major phases of  all geopolymers 
remain stable up to 1000°C, after which melting of  phases happens. 

Keywords. Volcanic ash; phosphate geopolymers; thermal stability.

1. Introduction

Geopolymers are known as 3D network inorganic polymer obtained by chemical reaction of  a solid precursor 
(aluminosilicate) and a hardener in a liquid state. The latter may be potassium or sodium silicate solution, 
or phosphoric acid [1]. The geopolymer gained its popularity because of  the potential low CO2 emission 
and energy efficiency during its manufacturing compared to conventional cement. Moreover, the superior 
thermal stability of  geopolymer compared to Portland cement has also increased the interest toward that 
material for high-temperature applications. However, this characteristic is closely related to the type of  
aluminosilicate used as well as the synthesis conditions [2–4]. For example, an addition of  calcium sources 
to Metakaolin (MK) improves the thermal resistance of  geopolymers in term of  compressive strength 
compared to solely MK-based geopolymers when exposed at 1000oC [5]. It was reported a loss of  40% 
of  initial strength after a cycle of  heating-cooling of  geopolymer from volcanic ash at 1000oC [6]. When 
prepared in alkaline medium, the phases of  volcanic ash-based geopolymers are not stable beyond 1000oC 
as they start melting contrary to MK-based ones. It was also shown that volcanic ash based-geopolymers 
obtained with potassium silicate as alkaline solution develops superior stability at elevated temperatures 
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with thermal shrinkage less than 3% compared to the ones with sodium silicate [7]. In general, when 
exposed to elevated temperatures the physical properties of  geopolymers obtained in alkaline solution are 
significantly deteriorated in the range of  750-900 oC [8,9]. The latter constitutes the highest temperature 
range of  application of  geopolymer obtained in alkaline medium in the field of  heat resistance materials. 
This is due to cations present in the alkaline solution which lower the temperature of  glass transition, hence 
induce sintering with decrease of  the mechanical strength along with severe thermal shrinkage [4,7]. Up to 
now, few studies deal with the phase stability or physical properties of  geopolymers obtained in an acidic 
medium after exposure at elevated temperatures.

 The phases of  MK-based geopolymers obtained with phosphoric acid were reported to be thermally 
stable, with linear shrinkage of  5.3% after exposure at 1450oC [10]. Also, phosphoric acid activation of  
synthetic Al2O3–2SiO2 powders showed extremely high thermal stability of  phases with no sign of  melting 
up to 1550oC [11]. Recent work reported that the structural evolution of  phases with temperature and their 
stability depend on the phosphate content of  the matrix [12]. However, MK-based phosphate geopolymers 
have low thermal stability in term of  compressive strength evolution. Bewa et al. reported a decrease of  
more than 75% of  the compressive strength development only after exposure at 200oC [13]. While, Celerier 
et al. [14] showed the complete destruction and/or extensive cracks apparition with a significant decrease of  
the compressive strength of  MK-based phosphate geopolymer after heating to 1000oC. These behaviours 
at elevated temperature were reported to depend on the Al/P ratio of  the matrix, the reactivity of  the MK 
used and its wettability. Moreover, the high-water content of  the MK-based phosphate geopolymer was 
also responsible of  the destruction of  the binding phase because of  the dehydroxylation that happens after 
heating. Since MK particles have a high specific surface area, thus high-water demand and high liquid to 
solid mass ratio are required for reaching good workability. 

 The investigation of  geopolymers from volcanic ash and phosphoric acid has never been reported 
yet. Since the improved thermal stability of  phases of  MK-phosphate geopolymer was due to the high 
stability of  the phosphate bond, the low thermal stability of  phases of  volcanic ash based geopolymer in 
alkaline solution could also be improved when synthesized in acidic medium. Moreover, volcanic ash has 
lower specific surface area compared to MK and generally low liquid to solid mass ratio is required for 
achieving good workability [15]. This work aims to investigate the influence of  phosphoric acid concentration 
on thermal stability of  volcanic ash-based phosphate geopolymers for high temperature application. These 
include the study of  the transformation and transition of  phases, the thermal shrinkage as well as porosity 
and compressive strength of  geopolymers exposed to high temperatures. The thermal transformation and 
transition of  phases were investigated by X-Ray diffractometry (XRD), Fourrier transformed infrared 
spectroscopy (FTIR), Thermogravimetry analysis coupled with Differential Scanning Calorimetry (TGA-
DSC) and Dilatometry analysis. The porosity was determined using mercury intrusion porosimeter (MIP).

2. Materials and methods

2.1 Materials 
Volcanic ash (VA) was collected along “the Line of  Cameroon” and ground in a ball mill to get a powder 
with particles size <200μm. The chemical analysis carried out by X-ray fluorescence is reported in Table 1. 
The particle size distribution carried out using laser particle size analyser (MASTERSIZER S, Malvern, UK) 
is depicted in Fig. 1. It shows a trimodal distribution with characteristic diameters as follows: d10= 0.26 μm 
d50= 3.7 μm and d 90= 57 μm. Orthophosphoric acid (H3PO4, 85wt.-%) was used to prepare the hardeners. 
The latter were obtained by diluting the as received orthophosphoric acid with water to get concentrations 
of  phosphoric acid solution 6, 8 and 10 mol /L.

Table 1: Chemical composition of  volcanic ash from Cameroon
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Oxides SiO2 Al2O3 Fe2O3 CaO MgO Na2O TiO2 K2O MnO P2O5 LOI Total

Wt. -% 40.41 15.90 13.46 8.87 8.45 1.75 3.08 0.91 0.21 0.88 4.25 98.17

Fig. 1. Particles size distribution of  milled volcanic ash

2.2 Experimental methods
The geopolymer pastes were prepared by mixing for 3 min volcanic ash and the hardeners according to 
liquid to solid mass ratios of  0.32, 0.36 and 0.4 respectively. These different ratios were chosen according 
to the workability of  the pastes with each concentration of  acid. The pastes obtained were poured in 40 
mm cubic moulds, vibrated for 3 min and covered with a plastic foil to avoid cracks or pores due to rapid 
water evaporation. The specimens were kept at 27±3oC for 24h before demolding, then stored in the same 
curing condition for 28d. Afterwards, the geopolymer specimens were heated to a temperature of  100, 600 
and 1000oC at a heating rate of  5oC/min in a programmable electrical furnace and kept at this temperature 
for 4h. 

The analysis of  the mineralogical composition of  the geopolymers before and after exposure to elevated 
temperatures was carried out using X-ray diffractometry (Bruker X-ray diffractometer (D8 Discovery, US)). 
The changes on the chemical bonds of  unheated and heated geopolymers were investigated by FTIR 
spectroscopy (Nicolet 5700 spectrometer using KBr method). The porosity and pore size distribution of  
unheated geopolymers were investigated by mercury intrusion porosimeter (Auto pore IV 9500 scanning 
mercury porosimeter with pore size range between 0.005 and 360 μm). 

The compressive strength of  geopolymers before and after exposure to elevated temperatures was 
measured thanks to an Impact Test Equipment Limited. Thermal transformation and transition phases 
were monitored using Thermogravimetry analysis coupled with Differential Scanning Calorimetry (Linseis, 
Model STA PT1000). An optical dilatometer (ESS MISURA HSM ODHT Model 1600/80) was used to 
assess changes of  length of  specimens shaped 5 x 5 x 15 mm3.

3. Results and discussion

3.1 Influence of  phosphoric acid concentration on mineralogy at 27 and 1000oC
 The phase compositions of  raw volcanic ash and geopolymers before and after exposure to 1000oC 
are depicted in Figs 2 and 3 respectively. The main minerals identified in volcanic ash using X’Pert High 
Score Plus software are as follows: augite (PDF# 98-005-6926); albite high (PDF# 98-010-0499); jadeite-
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diopside (PDF# 98-006-9709); forsterite, ferroan (PDF# 98-003-9795) and magnetite (PDF# 98-008-
5807). In the unheated geopolymers, no new crystalline phases were identified (Fig. 2), but a significant 
decrease of  peaks intensity of  major minerals is visible. This behaviour is like what happens with volcanic 
ash-based geopolymers obtained in alkaline solution [16,17]. 

The intensities of  the peaks of  augite (Al0.1Ca0.83Fe0.34Mg0.77Na0.02O6Si1.92Ti0.02) at 29.80º (2.99Å), 
35.53º(2.52Å) and 35.74º (2.51Å) respectively decrease by 38, 27 and 28% respectively after reaction of  
volcanic ash with 6 mol/L acid solution. Also, intensities of  the main peaks of  albite (NaAlSi3O8) at 2θ= 
27.73º (3.21Å), 23.57º (3.77Å) and 21.87º (4.05Å) respectively are reduced by 26, 22 and 17% respectively. 
These data show that augite is more dissolved than albite. 

This is likely due to the preferential dissolution of  augite (Pyroxene group) in low pH (below 3-4) in 
comparison with albite (Feldspar group) [18,19]. However, the extent of  dissolution of  those minerals is 
not proportional to the acid concentration, though it remains low in volcanic ash. A tentative explanation 
to this behaviour might be the rapid dissolution of  amorphous phase and fast setting as observed during 
mixing, which would have delayed the further dissolution of  unreacted particles with time. Nevertheless, a 
deep investigation to understand the dissolution behaviour of  volcanic ash in an acidic medium is requires 
and this will be carried out in our upcoming studies.  

Fig. 2. X-ray patterns of  volcanic ash and resulting geopolymers at 27 oC

 
The X-ray patterns of  heated geopolymers at 1000oC (Fig. 3) show several changes in the phase compositions 
compared to unheated ones. The main diffraction peaks of  minerals like Jadeite-Diopside (PDF# 98-
006-9709); Forsterite, ferroan (PDF# 98-003-9795) and Magnetite (PDF# 98-008-5807) are no longer 
identifiable, which means that they were transformed into other phases. It can also be seen the significant 
decrease of  intensities of  peaks at 2θ=29.80º (2.99Å) and 27.74º (3.21Å) corresponding to the main peak 
of  augite and albite respectively with acid concentration. This happens along with the change in the profile 
of  the broad peak at 2θ=35.74 (2.51Å) on the X-ray pattern of  volcanic ash which becomes narrow. 

The extent of  the decrease of  the main peak intensity of  these major minerals shows that in addition to acid 
concentration, the stability of  augite is more sensitive to temperature than albite. The new crystalline phases 
are aluminium phosphate (V) (PDF# 98-028-0307), tridymite (PDF# 98-009-4090), hematite (PDF# 98-
008-8418) and iron (III) phosphate (V) (PDF# 98-009-8063). Their main peaks are as follows: 2θ = 20.46º 
(4.33Å), 21.52º (4.12Å) and 23.15º (3.84Å) for aluminium phosphate (V); 2θ = 20.32º (4.36Å), 21.62º 
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(4.10Å) and 23.08º (3.85Å) for tridymite); 2θ = 25.68º (3.46Å), 37.63º (2.38Å) and 20.33º (4.36Å) for 
iron(III) phosphate(V); 2θ= 33.25º (2.69Å), 35.72º (2.51Å) and 54.23º (1.70Å) for hematite. Iron phosphate 
minerals have the similar structure like the SiO2-based minerals [20]. It can be noticed an increase of  these 
main peak intensities with the increase of  phosphoric acid concentration. 

The formation of  aluminium phosphate(V) and silica-based minerals such as tridymite are common in 
phosphate geopolymers treated at 1000oC [11,13,21–23]. The formation of  these two minerals is due to the 
crystallization of  amorphous AlPO4-SiO2 solid solution constituting the binding phase of  the phosphoric 
acid-based geopolymer [23]. Thus, the increase of  the amount of  these minerals demonstrates the extent of  
dissolution of  reactive phases that happens with the increase of  phosphoric acid concentration. Moreover, 
the formation of  hematite and iron phosphate is totally new in high-temperature heating of  phosphate 
geopolymers. Their presence is a proof  that in addition to AlPO4-SiO2 solid solution as binder in phosphate 
geopolymer there is also FePO4 in the case of  ferro-aluminosilicate materials like volcanic ash. Moreover, 
similarly to aluminium phosphate and trydimite, the presence hematite and iron phosphate come from the 
partly breakdown of  the Fe-O-P bonds of  the amorphous phase of  the geopolymer binder.

Fig. 3. X-ray patterns of  geopolymer after heating at 1000oC

Structural bond changes in geopolymer with varying phosphoric acid concentration before and after 
exposure to elevated temperatures are highlighted in Figs 4 and 5 respectively. 

The vibration band appearing at 1650 and 3420 cm-1 in all IR spectra are respectively characteristic of  
bending and stretching vibrations of  H-O-H and H-O bonds of  water molecules. In Fig. 4, the band on 
VA at 1020 cm-1 is characteristic of  stretching vibrations of  Si-O bonds of  silicate chain. With 6 mol/L 
of  phosphoric acid used as a hardener, that band has shifted by about 52 cm-1 to a higher value after 
geopolymerization. It further shifted by 11cm-1 when the acid concentration rises respectively to 8 and 10 
mol/L. Such increase of  wavenumber is also noticeable on the band at 750 cm-1 of  volcanic ash, which 
is characteristic of  stretching vibration of  Si-O bonds of  the silicate network, that shifted to 792 cm-1 
on geopolymer. This observation indicates that there is formation of  new stronger bonds as a result of  
reaction occurring [17,24]. Such a phenomenon can be attributed to the formation of  new bonds among 
tetrahedra [AlO4]

5-, [FeO4]
5-and [PO4]

5-. 

The changes observed in that main vibration band also ascertain that increasing the concentration of  
phosphoric acid improves the extent of  dissolution of  reactive phases as stated by XRD patterns. The 
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bands appearing at 630, 578 and 541cm-1 are respectively related to the various vibrating modes of  the Si-O 
bonds in the silicate chains of  volcanic ash [25]. Fig. 5. shows the IR spectra of  geopolymer with varying 
acid concentration after heating at1000oC. 

After heating geopolymer, there is the significant decrease in the intensity of  bands at 3420 and 1650 cm-1 

which are characteristic of  vibration modes of  water molecules. Compared to the IR spectra of  geopolymer 
cured at 27oC (Fig 4.) it can also be observed a shift of  the wavenumber of  the main band characteristic of  
Si-O vibration (1072-1083cm-1) to a higher value (1112 cm-1) and the apparition of  new bands at 1029 and 
1064 cm-1 respectively. 

Fig. 4. IR spectra of  volcanic ash and resulting geopolymers at 27 oC

Other changes are the disappearance of  the vibration band at 541cm-1 and the appearance of  the band at 
713cm-1 after heating. Similar changes were observed in previous work [12,13]. In this study, these changes 
are attributed to the crystallization of  tridymite and phosphate minerals as shown in XRD patterns of  
geopolymer after heating at 1000oC.

Fig. 5. IR spectra of  geopolymer after heating at 1000oC
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3.2 Influence of  heating temperature on the mineralogy of  phosphate geopolymer 
obtained with 10 mol/L acid concentration     

Fig 6 shows the X-ray patterns of  volcanic ash-based geopolymers obtained with 10 mol/L of  phosphoric 
acid after exposure to various temperatures. As it can be seen, the crystalline phases initially present in 
unheated geopolymers remain stable up to 600oC, where the onset of  crystallisation is observed. The latter 
phenomenon is however characterised by the formation of  new minerals, aluminium phosphate (V) (PDF# 
98-028-0307) and tridymite (PDF# 98-009-4090). 

 

Fig. 6. X-ray patterns of  geopolymer obtained with 10 mol/L acid concentration after heating at 
various temperatures 

Although the initial minerals remain up to 600°C, their peak intensities somewhat diminish with increasing 
temperature. This is more prominent at 1000oC where other new minerals (hematite and iron (III) phosphate 
(V)) are formed along with the disappearance of  some of  the initial ones (jadeite-diopside; forsterite, 
ferroan and magnetite). There is also a significant increase of  the peak intensities of  aluminium phosphate 
(V) and tridymite at 1000oC. 

It arises from these results that, the stability of  minerals of  the studied system are temperature sensitive and 
the onset of  crystallization is at around 600 oC. The IR spectra of  geopolymers obtained with 10 mol/L of  
phosphoric acid and heated at various temperatures are shown in (Fig. 7). 

The effect of  heating is highlighted by the main changes between 600 and 1000 oC. The latter include the 
shift of  the main vibration band from 1093 to 1122 cm-1, the disappearance of  the bands at 541cm-1 and 
the appearance of  the bands at 713, 1029 and 1064 cm-1. These results confirm the fact that the onset of  
crystallisation of  phosphate geopolymers is around 600 oC and are in accordance with the XRD data (Fig. 
6).
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Fig. 7. IR spectra of  geopolymer obtained with 10 mol/L acid concentration after heating at various 
temperatures.

3.3 Physical characteristics

3.3.1 Visual aspect
After maintaining geopolymers at various temperatures, changes in colour and the formation of  cracks 
on the surfaces of  some specimens were observed (Fig. 8). The specimens obtained with 6 mol/L of  
phosphoric acid show no sign of  surface deterioration when exposed to 100oC, whilst other specimens 
show some cracks. The latter seem to be more prominent and larger on the specimen obtained with 10 
mol/L of  phosphoric acid than the one obtained with the concentration of  8 mol/L. The presence of  these 
cracks can be due to the evaporation of  free water present in the pores network or to the dehydroxylation 
of  geopolymer binder. Thus, the extent of  cracks demonstrates that the geopolymer obtained with 10 
mol/L of  phosphoric acid undergoes more damages at 100 °C compared to other specimens. At 600 oC, 
the geopolymer specimens obtained with 6 and 8 mol/L of  phosphoric acid display minor microcracks and 
there are changes of  initial colours from black to light and dark brown. 

When heated to 1000oC all the specimens do not show any sign of  external damage except the colour which 
is now light red and becomes dark with increasing phosphoric acid concentration. Based on a correlation 
between the change of  colours and the mineral evolution with temperature, it can be concluded that the 
change of  colour observed at 600 oC results from the crystallisation of  aluminium phosphate(V) and 
tridymite, whereas those observed at 1000 oC corresponds to crystallisation of  iron (III) phosphate and 
hematite. 

3.3.2 Porosity
The total porosity and pore size distribution of  unheated geopolymers are shown in Figs 9 and 10 
respectively. Total porosity (Fig. 9) of  geopolymers obtained with 6 or 8 mol/L of  phosphoric acid are 22 
and 21vol.-% respectively. The porosity significantly decreases to 10.7vol-% when the acid concentration 
rises to 10 mol/L, which means that the latter has fewer pores compared to the formers. However, it is 
clearly shown in Fig.10a that the specimen obtained with 10 mol/L of  phosphoric acid exhibits larger pore 
diameters than those obtained with 6 and 8 mol/L respectively. The pore size ranges (Fig.10b) are 0.01-
5µm, 0.01-1µm and 0.027-5 µm for specimens with 6, 8 and 10 mol/L of  phosphoric acid respectively. 
Within these pore diameter ranges, the geopolymers obtained with 6 and 10 mol/L of  phosphoric acid have 
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a unimodal pore diameter distribution with maxima at 0.09 and 0.55 µm respectively. Whereas specimens 
obtained with 8 mol/L of  phosphoric acid show a bimodal distribution with maxima at 0.04 and 0.06 µm 
respectively. This difference in pore size distribution indicates the heterogeneity of  the microstructure, 
which is related to geopolymerization [23,26]. The effect of  pore size distribution on the thermal stability 
of  geopolymers will be well discussed in the next section.

Fig. 8. Physical appearance of  geopolymers before and after exposure to various temperatures

3.3.3 Compressive strength
Fig 11 depicts the 28d compressive strength evolution of  geopolymer before and after heating at various 
temperatures for 4h. At room temperature, compressive strength increases with acid concentration. After 
heating at 100oC, the strength of  geopolymer obtained with 6 mol/L of  phosphoric acid increases by 
about 84% (49MPa) while that at the other temperatures decreases. For geopolymers obtained with 8 and 
10 mol/L of  phosphoric acid, the decrease of  compressive strength is 14.7% (43MPa) and 17% (60MPa) 
respectively.

This trend correlates well with the observation made on (Fig 8) where major cracks were observed only on 
geopolymers obtained respectively with 8 and 10 mol/L of  phosphoric acid. These observations allow to 
surmise that although high dissolution of  reactive phase using hardener of  6 mol/L of  phosphoric acid 
was observed in XRD patterns, the reaction of  volcanic ash with 6 mol/L acid concentration remains low. 
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Fig. 9. Total porosity of  geopolymers

Fig. 10. Pores size distribution of  geopolymers: (a) Cumulative pores volume, (b) Differential 
volume of  intruded mercury.

Thus, when exposed at 100oC, the heat supplied rather improves the geopolymerization leading to a more 
condensed and stronger polymer chain. This seems to be the contrary for geopolymerization with 8 and 
10 mol/L acid concentration. In these latter cases, the reactions that take place are faster and lead directly 
to the formation of  strong geopolymer structures at room temperature. Thus, the heat supplied has rather 
triggered the dehydroxylation of  the binding phase, leading to the formation of  cracks, hence weakening 
of  the structure. 

The strength of  geopolymer obtained with 10 mol/L of  phosphoric acid continues to decrease till the 
temperature 1000oC (26.5MPa), whereas the strength of  geopolymer obtained with 8 mol/L of  phosphoric 
acid (56.5MPa) remains high compared to the one before heating. This difference of  behaviour might 
be due to the pores size distribution of  the geopolymers. In fact, the microstructure of  the geopolymer 
obtained with 8 mol/L of  phosphoric has high number of  pores with various diameters, which allows 
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easy evaporation of  water during the dehydroxylation stage of  the binder with less impact on compressive 
strength. 

Fig. 11. Compressive strength evolution of  geopolymers with temperature

3.4 Phases and dimensional stability

3.4.1 Mass loss and phase stability
The monitoring of  the mass change, the phases transformation and transition of  the geopolymer with 
temperature were carried out by TGA-DSC (Fig 12). The TGA curves are characterized by a single mass 
loss of  13-14wt% which starts nearly at room temperature and ends at around 600oC. That mass loss is 
accompanied by an endothermic peak at 86oC. These changes correspond to the removal of  free water 
contained in the pores network and the dehydroxylation of  polymer chains of  the geopolymer binder 
[26,27]. Between 600 and 1000 oC, there is not any significant mass change.

The DSC curves show respectively a succession of  three small exothermic peaks at 634-657 oC, 690 and 
820oC, and an endothermic peak at 805 oC. The first one (634-657 oC) corresponds to the crystallization 
of  ferrous/ferric phosphate minerals from the amorphous phase. In the crystallization process of  iron 
phosphate glasses, that first peak is generally followed by a second exothermic peak at 820 oC related to the 
crystallization of  ferric phosphate minerals (FePO4) [28,29]. The latter obviously confirms the crystallization 
of  iron (III) phosphate identified only in the XRD patterns of  geopolymer maintained at 1000oC. 

The endothermic peak at 805 oC  corresponds to the decomposition of  remaining amorphous iron phosphate 
FePO4 to crystallized Fe2O3  [28]. This confirms the crystallization of  hematite observed in XRD patterns. 
Noteworthy that during the phase transition of  iron phosphate there is sometime a competition between 
decomposition FePO4 into Fe2O3 and the crystallization of  new form of  FePO4 [30]. The temperature of  
the apparition of  the first exothermic peak (634-657 oC) shifts to lower value with increasing phosphoric 
acid concentration. This is due to the increase of  the content of  Fe2+/Fe3+ ions in the bulk composition 
[28]. The exothermic peak appearing at 690oC corresponds to the crystallization of  aluminium phosphate 
and /or tridymite [23].
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Fig. 12. TGA (solid lines) and DSC (dotted lines) curves of  geopolymers with varying phosphoric 
acid concentrations

3.4.2 Dimensional stability 
The dilatometry curves (Fig. 13a) show that up to 1000 oC, thermal linear shrinkage of  geopolymers are 
195, 2.9 and 3.1% respectively. These shrinkages are mainly observed in two temperature ranges (110-
140 oC and 630-665 oC). It is worth pointing out that beyond 1000 oC the higher sintering of  volcanic ash 
particles induces the beginning of  melting of  mineral phases [6,7]. This can explain the higher shrinkage 
beyond 1000oC. Hence, this shrinkage was not included in the total shrinkage calculation because the 
material melts and does not withstand. 

The first shrinkage occurs between 25 to 600oC and reaches the maximum at 110-140 oC. This shrinkage 
is of  about 1.6, 2.3 and 2.4% for geopolymer specimens obtained respectively with 6 8 and 10 mol/L of  
phosphoric acid. The increase of  the first shrinkage with phosphoric acid concentration correlates with the 
extent of  cracks as observed on the surface of  specimens after exposure at 100 oC (Fig. 8). This shrinkage 
is linked to the mass loss recorded in TGA and which corresponds to evaporation of  water. 

The second shrinkage begins at around 600 °C and ends before 1000 oC, and is about 0.2, 0.6 and 0.7% 
for geopolymer specimens obtained respectively with 6, 8 and 10mol/L of  phosphoric acid. This second 
shrinkage, which does not correspond to any mass loss, is due to the crystallization of  ferrous / ferric 
phosphate minerals. The shift of  the maximum temperature related to this second shrinkage (Fig. 13b) 
agrees with the similar phenomenon observed in the DSC curves (Fig.12), and which was ascribed to the 
increase of  the amount of  Fe2+/ Fe3+ ions in the bulk composition. 

The latter arising from the increased dissolution of  the reactive phase of  volcanic ash with the increase of  
phosphoric acid concentration. Most interesting in the differential curve of  the percentage of  expansion 
beyond 1000 oC is the delay of  the temperature at which maximum shrinkage due to melting occurs (Fig. 
13b). Such a behaviour means that the increase of  dosage of  phosphate bonds in the geopolymer binder 
prevent the early melting of  phases.
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Fig. 13. Dimension change with temperature (a) % of  expansion; (b) differential of  the % of  the 
expansion

4. Conclusion

The influence of  phosphoric acid concentration on the thermal stability of  volcanic ash-based phosphate 
geopolymers was reported. It appears that changes occurring in mineralogical phases are highly sensitive 
to temperature and phosphoric acid concentration. The major phases including geopolymer binder remain 
stable up to 1000 oC and beyond the latter temperature, the melting of  geopolymers becomes predominant. 
The geopolymer binder is based on ferro-silico-aluminophosphate (AlPO4-SiO2-FePO4) chains. The total 
porosity of  unheated geopolymers decreases from 22 to 10% with increasing phosphoric acid concentration. 
The heterogeneity of  pore diameter distribution enhances the thermal stability of  geopolymers in term of  
strength loss and thermal shrinkage. 

The maximum strength loss was 63 % and the highest thermal shrinkage 3% after heating geopolymers 
up to 1000 °C. The geopolymers produced with phosphoric acid concentration of  8 mol/L demonstrated 
superior thermal stability. Thus, that phosphate geopolymer is suitable for high temperature application up 
to 1000 °C.
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Abstract 

Aggregate is a non-renewable material that takes up a large portion of  a concrete mixture. Replacing this 
material with artificial lightweight aggregate (LWA) that is generated from an industrial by-product such as 
fly ash, will significantly reduce the impact on the environment. Alkali-activation is a promising technique to 
generate LWA as it proofed to provide better properties to the LWA in comparison to the use of  a Portland 
cement – fly ash binder. However, only limited studies can be found on applying this technique to produce 
LWA. Furthermore, the concentration of  alkali activators such as NaOH, is an important parameter that 
needs to be investigated in order to produce LWA with excellent properties. Thus, in this research the 
NaOH concentration was varied (4 M, 6 M or 8 M) in order to obtain the optimum for producing LWA. 
Later on, the produced LWA with a diameter of  2-4 mm was used to replace the fine aggregates in the 
mortar. The mechanical and physical properties of  the produced LWA were investigated, such as water 
absorption, density, particle size distribution, crushing resistance, and mineralogy and the compressive 
strength of  the resulting mortar. The results showed that a maximum compressive strength of  64 N/mm2 
at 28 days could be achieved by mortar containing  LWA 8M. Increasing the concentration of  NaOH up 
to 8M had no significant effect on the water absorption value, particle distribution, density and crushing 
resistance of  LWA. The result from Quantitative X-Ray Diffraction (QXRD) revealed that there is also 
no significant difference in the quantity of  amorphous phase formed in the LWA with increasing NaOH 
concentration. This finding suggests that alkali-activated fly ash LWA can in the future be synthesized with 
a lower concentration of  NaOH starting from 4M.

Keywords: lightweight aggregate, fly ash, alkali-activated, NaOH concentration
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1. Introduction

The global consumption of  construction aggregate exceeded 48.3 billion tons per year in 2015 and is 
expected to increase by 5.2% annually [1]. On the other hand, by 2010 the global production of  fly ash 
around the world was around 780 million metric ton and is expected to increase with 1.6% annually [2]. 
Based on the same report, around 53% of  this ash is  already used as supplementary material in cement 
production. Furthermore, as around 70% of  the concrete mixture is the aggregate, reducing natural 
aggregate consumption by replacing it with artificial aggregate generated from waste material such fly ash 
will be an effective way to reduce the amount of  non-renewable material consumption as the concrete 
mixture.

Several efforts on employing fly ash as raw material to produce pelletized lightweight aggregate (LWA) with 
cement, glass powder or clay as a binder have already been conducted by researchers [3–5]. Researchers also 
reported that several aspects such as hardening method, curing method, and pelletizing procedure affected 
the properties of  pelletized LWA [4, 6, 7]. However, almost all the reports are focused on optimizing the 
properties of  LWA which used clay or cement as a binder [3-7]. Only limited studies can be found on using 
alkali activation of  fly ash in producing LWA, although this technique proved to improve the mechanical 
and physical properties of  pelletized aggregate [8-9].

Based on the literature study, the alkali activator solution plays an important role in geopolymerization 
as silica and alumina dissolvent [10]. The type of  alkali solution [10], the concentration of  alkali activator 
[11], [12], the ratio between binder and solution [13], and the curing regime [11] significantly affect the 
geopolymerization. Based on the literature, NaOH with the concentration range of  8-12 Molars gives 
optimal mechanical properties in concrete and mortar application [11, 12, 14]. In the literature, Geetha 
et al found that the lower concentration of  NaOH needed to synthesize geopolymer LWA is 8 molar [9]. 
Increasing the molarity of  NaOH proofed to reduce water absorption and increase the strength of  LWA. 
However, a higher concentration of  NaOH caused workability issues of  fresh concrete that lead to a 
decrease in the mechanical properties of  concrete [12, 15]. On the other hand, Gorhan et al. found different 
behaviour of  geopolymer paste in mortar application. They found that the optimum NaOH concentration 
for fly ash based geopolymer is 6 molar [14]. In artificial aggregate application, the ratio between liquid/
solid needed is not as high as in mortar or in concrete, a high concentration of  NaOH will significantly 
decrease the workability of  wet LWA. Hence,  the effect of  different concentrations of  NaOH for alkali-
activated LWA production is studied, as lower concentrations will also decrease the LWA production cost.

Summarizing, the aim of  this study is to find a suitable NaOH concentration that gives a positive effect 
on the properties of  alkali-activated fly ash LWA. In order to avoid the workability issue from the high 
concentration of  NaOH, a low concentration of  NaOH in the range of  4 to 8 molars was chosen in this 
study. The properties of  LWA such as water absorption, specific density, particle size distribution, crushing 
value and its mineralogy were investigated. Furthermore, the LWA with the fraction of  2-4 mm was applied 
into mortar as a natural fine aggregate replacement to investigate its effect on the mechanical properties of  
the resulted mortar.

2. Methodology

2.1 Materials
Fly ash (FA) from a thermal power plant in the Netherlands was used as a precursor to produce lightweight 
aggregate (LWA). The fly ash was sieved until passing the sieve of  125 micron. The chemical composition 
of  FA is presented in Table 1. Based on the data in Table 1, it can be seen that the fly ash used in this 
research is rich in silica and alumina. Therefore, this material meets the requirement to become an alkali-
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activated binder.

A liquid form of  sodium silicate (Na2SiO3) which contains 26.3% silica, 7.9% sodium oxide, and 65.8% 
water and a powder form of  sodium hydroxide (NaOH) with a purity of  97-98% was used as the alkali 
activator (AA).  In order to obtain varied desired NaOH concentration, the NaOH was dissolved in the 
demineralized water until reaching the concentrations of  4, 6, and 8 Molar, respectively. Later on, sodium 
silicate and sodium hydroxide were mixed with a weight ratio of  1.5. Subsequently, the mixed alkali activator 
was left in  room temperature conditions for at least 24 hours before use.

For mortar application, cement type I 52.5 N from Holcim was used as a binder while river sand with a 
fraction of  0/2 mm was used as the fine aggregate. 

Table 1. Chemical Composition of  f ly ash 

Compound CaO SiO2 Al2O3 Fe2O3 K2O MgO CuO ZnO SO3 P2O5 TiO2 LOI

% by Mass 3.790 57.400 26.167 5.987 1.877 1.433 0.015 0.023 0.982 0.881 1.127 0.319

2.2 Methods

2.2.1 Pelletizing Method
LWA was produced by agglomeration technique using a stainless steel pan granulator with a diameter of  
500 mm and a depth of  95 mm. The pan granulator parameters that were chosen based on research by 
Baykal, et al. (2000), which are a speed of  60 rpm, a slope of  48° and pelletizing time of  20 minutes [7]. The 
weight ratio between fly ash and alkali activator of  0.25 was used based on  previous research [8, 16, 17]. 
Firstly, fly ash was added into the pan, followed by adding alkali activator by means of  spraying for about 
10 minutes. During the pelletizing process, the powder form of  fly ash turned into granules after being 
bonded with alkali activator liquid. Finally, due to gravity and the movement of  the pan, the granules that 
had reached a stable form fell out from the pan. After that, wet granules were dried  in curing room which 
have temperature of  28ºC and relative humidity 95 ±5 % for 24 hours. Dried LWA were sieved using sieve 
2 mm in order to get LWA with particle size < 2 mm. Later on, the sieved LWA that have particle size < 2 
mm  were stored in sealed plastic bag in the curing room for 28 days before being used.

Fig 1. Pan granulator

2.2.2 Physical Properties Testing of  LWA
• Mass Density and Water Absorption Test

Water absorption over 24 hours (WA24) of  all LWA was performed by following the guidelines of  NBN EN 
1097-6. The apparent particle density ρa (kg/m3), the saturated surface dry (SSD) density ρSSD (kg/m3) and 
the relative oven dried density ρrd (kg/m3) were measured according to the same standard. 

• Particle Size Distribution Test
Particle size distribution of  all LWA was determined according to Belgian standard NBN EN 12620. The 
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standardized sieves column with the size of  : 63, 45, 40, 31.5, 22.4, 20, 16, 14, 12.5, 10, 8, 6.3, 4, 2, 1, 0.5, 
0.25, 0.125 and 0.063 mm were used. The data obtained from the cumulative percentage of  material passing 
through each sieve were analyzed and plotted to a particle size distribution curve.

• Crushing Resistance Value
The strength of  aggregates can be measured from its crushing resistance value. This test was performed 
by following Belgian standard NBN B11-205. Firstly, the dried aggregate sample was added into a metal 
cylinder mold with an inner diameter of  150 mm. After that, the no-friction plunger was put into the mold 
which was then loaded with 400 kN in 4 min and the load was maintained for 2 minutes before unloaded. 
Finally, the crushed aggregates were sieved with sieve number 2 mm in order to get data of  aggregates that 
have a fraction < 2 mm. The crushing resistance value of  aggregate was the mass ratio between the crushed 
aggregate that have a fraction <2 mm over the initial sample before loading. 

• Mineralogy of  LWA
X-ray diffraction (XRD)  was used to determine the mineralogy of  LWA while quantitative XRD (QXRD) 
was performed using Rietveld analysis. Firstly, around 10 wt% internal standard, in this case, ZnO was 
added into aggregate samples. Later on the mixed aggregate and ZnO were ground in a Mc Crone mill 
(Retsch) to a size of  around 50 microns. The measurement was done with a D4 (Bruker) using a Co-Tube 
and equipped with a Lynx Eye detector. The settings were fixed divergence slits (0.5°), 0.04 rad Soller slits 
and a step size of  0.02. 

2.2.3 Mortar Application

• Mortar Mix Design and Production
Mortar specimens were produced according to EN NBN 196 standard. The material needed for producing 
three mortar prisms with the size of  40x40x160 mm3 is presented in Table 2. In this research, LWA with 
the fraction of  2/4 was used as a natural fine aggregate replacement in producing mortar. 16 % of  the 
total volume of  fine aggregate was replaced with LWA, while water to cement ratio of  0.5 was used. This 
aggregate replacement percentage was chosen as river sand has the same fraction composition.  

As LWA has high water absorption, LWA were treated to achieve SSD condition before use in order to limit 
the water absorption during mixing. Hence, the mass of  LWA in oven dried condition (OD) and entrained 
water needed to achieve SSD condition of  LWA are presented in Table 2.

Table 2. Mix design of  prisms mortar sample

Type
LWA OD 
2/4 (g)

Entrained 
Water (g)

Sand 2/4 
(g)

Sand 
(g)

Cement (g)
Water 

(g)

Reference 0 0 220 1130 450 225

FA 4M 120 34 0 1196 450 225

FA 6M 122 32 0 1196 450 225

FA 8M 125 29 0 1196 450 225

• Compressive Strength 
The fresh mortar samples were cured in curing room which has temperature of  28ºC and relative humidity 
(RH) of  95 ±5% for 24 hours before being demolded. The compressive strength of  the mortar prisms was 
determined according to EN NBN 196 standard. This test was conducted after 7, 14 and 28 days of  the 
samples that were cured in the curing room which has temperature of  28ºC and RH of  95±5%. The value 
of  this test was determined by averaging the value of  3 replicated samples.
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3. Results and discussion

3.1 Mass Density and Water Absorption
The mass, density and water absorption of  all LWA are presented in Table 3. Based on Table 3, it can be 
seen that FA 8M has the highest apparent, oven dried and SSD density following by FA 6M and FA 4M. The 
apparent density of  LWA was in the range of  2.2-2.3, oven dried density was in the range of  1.4 to 1.5 and 
SSD density of  all specimens are 1.8. To be noted, artificial aggregate in the literature that uses cement as 
a binder has an apparent density in the range of  2.0-2.3, and 1.6-1.7 for sintered fly ash based geopolymer 
LWA [8, 17]. 

The relationship between apparent density and is oven dried density indicated the porosity of  the material. 
The open porosity of  all samples is in the range of  33-34 %; this result is similar with the research by Baykal 
et al. which reports open porosity in the range of  31-34 % for cold bonded fly ash LWA [7]. 

The water absorption of  all samples is in the range of  22-23 %. This result is similar to previous literature 
that uses cement as a binder which has a water absorption in the range of  18.3-46.8 % [7, 18, 19]. However, 
the water absorption value obtained from this research is still quite high compared to geopolymer bottom 
ash LWA that has water absorption in the range of  10-12% [9]. This is due to a different size of  LWA that 
have been tested, Geeta et al. only used aggregate with the size of  10-12.5 mm for water absorption tests [9]. 
The size of  the aggregates is directly proportional to its strength and density [19]. In addition, LWA with a 
denser structure normally contains less pores which leads to lower water absorption [16]. 

Based on the results of  the density and water absorption test of  LWA, it can be concluded that increasing 
NaOH concentration proved to slightly reduce the water absorption and the open porosity of  LWA and 
increase its density. The alkali solution acts as silica and alumina dissolvent of  fly ash in geopolymer reaction, 
thus with a higher amount of  OH- in the highly concentrated NaOH, the more stable geopolymer formed 
[10]. 

Table 3. Mass Density and Water Absorption

Test FA 4M FA 6M FA 8M

Apparent particle density ρa (kg/m3) 2.2 ±0.05 2.2±0.01 2.3±0.01

Oven Dried Density ρrd (kg/m3) 1.4±0.04 1.5±0.01 1.5±0.01

SSD particle density ρssd (kg/m3) 1.8±0.01 1.8±0.01 1.8±0.07

(ρa-ρrd)/ρa x 100% 34.7 ±2.1 34.1±0.7 33.4±0.2

Water absorption (%) 23.9±1.8 23.2±1.1 22.1±0.3

3.2 Particle Size Distribution
Based on particle size distribution data that are displayed in Figure 2, FA 6M has more fine particles 
compared to the others. The FA 6M sample has approximately 9% pellets that have a diameter less than 2 
mm, while FA 8M has 6% and FA 4M has 2%. For all samples, there is only less than 5% of  pellets that have 
a particle size bigger than 10 mm. These big pellets usually have irregular shape due to not being perfectly 
compacted or sticking to each other during the pelletizing process. This result is quite similar with previous 
research by Tang et al. which has approximately  7% of  pellets with a diameter less than 2 mm and 5% 
pellets with a diameter bigger than 10 mm for cold bonded bottom ash aggregate [16]. 

There is only a slight difference between the curve of  FA 6M and 8M samples. However, according to 
NBN EN 12620 about the definition of  minimum and maximum aggregate size, FA 8M and FA 4M meet 
the requirements of  an aggregate 2/10, while FA 6M is classified as aggregate 2/8. Moreover, it can also 
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be noted that all of  the LWA have less big particles compare to natural aggregate with the fraction of  2/8.

From the result above, it can be concluded that NaOH concentration has a slight effect on the pellets size 
according to the similarity of  the particle size distribution of  all LWA. This result has a good agreement 
with previous research by Shivaprasad et al. who found that the formation of  geopolymer pellets depends 
more on liquid content rather than the Na2O content [8].  

Fig.2 Particle size distribution of  LWA

3.3 Crushing Resistance Value
Based on the result presented in Table 4, it can be concluded that increasing the molarity of  NaOH up to 
6 Molars brought a positive impact to aggregate strength. However, there is only a less than 5% difference 
in crushing resistance value among all samples. This result is entirely unexpected, as a higher concentration 
of  NaOH was expected to give a higher crushing value. This slight difference was presumably due to a 
difference in the particle size of  LWA. Furthermore, as some of  the LWA were compacted after being 
tested, it is quite difficult to determine its crushed part.  

Based on the literature, it can be noted that the crushing strength of  LWA increases with the increase 
of  particle size [19]. However, LWA in this research has quite a small fraction compared to LWA in the 
literature which mostly has a fraction of  4/16. Hence, it is quite difficult to find a suitable method to 
determine its crushing value [3, 4]. 

Compared to bottom ash and limestone aggregate, the crushing resistance value of  this LWA is almost 
equal to limestone aggregate which has a particle size of  2/6 and a crushing strength of  63.8% [20]. Due 
to the different standard method that has been used to determine the strength of  aggregates, it is quite 
difficult to compare the result obtained in this research with another LWA in the literature. 

Table 4. Crushing Resistance (CR) value of  LWA

Type CR Value (%)

FA 4M 61.4 ±0.2

FA 6M 62.8 ±0.7

FA 8M 60.0 ±0.9

3.4 Mineralogy of  LWA
Based on Quantitative X-Ray Diffraction (QXRD) analysis results displayed in Figure 4, the main phases 
in LWA are Amorphous (82-83%), Quartz (3.6-4%), Mullite (6.2-6.9%), Magnesioferrite (2.1-2.2%), 
Gaylussite (1-2.2%), and Hematite (1-1.2%). It can also be seen in Figure 4, that geopolymerization proved 
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to significantly dissolve Quartz and Mullite in fly ash into Amorphous gel. This phenomenon is indicated by 
the decreasing quantity of  Quartz and Mullite and increasing quantity of  amorphous phase in the resulting 
LWAs sample. However, the Rietveld method that has been used in this study cannot determine which part 
of  the amorphous content is the alumino-silicate (N-A-S-H) gel or the unreacted glassy fly ash.

There is no significant difference in the quantities of  amorphous and crystalline phases among all of  the 
LWA samples. This result is not in accordance with the initial expectation that increasing the concentration 
of  NaOH in the mixture will lead to increase the amorphous phase in LWA as there will be more OH- 
to dissolve Quartz and Mullite in fly ash into alumina-silica gel [10]. However, a similar result was also 
obtained in the literature which investigated the microstructural properties of  dry mixed geopolymer with 
low alkali activator concentration that obtained similar total amount of  non-crystalline phase [21]. 

Based on previous research on QXRD of  alkali activated low calcium fly ash, increasing the amount of  
amorphous product will lead to increase the strength of  the geopolymer paste [22]. However, in this study, 
there is no trend occurring between the NaOH concentration and the strength of  LWA, and there is no 
significant difference in amount of  amorphous among all the samples. Therefore, it is quite difficult to draw 
conclusions in describing the correlation between the amorphous phase and the strength of  LWA in this 
study.

As higher concentrations of  NaOH probably only change the composition of  the N-A-S-H gel, tests with 
lower concentration of  NaOH (2M or less) will allow to obtain the best NaOH concentration to activate 
fly ash-based LWA.

Fig. 4 QXRD analysis of  LWA

3.5 Mortar Application

3.5.1 Compressive Strength
Based on mortar compressive strength data displayed in Figure 5, FA 8M provided the highest compressive 
strength at an age of  28 days followed by FA 6M and FA 4M. Until the age of  14 days, the FA 8M sample 
did not show high compressive strength.

Replacing 16% by volume of  fine natural aggregate with fly ash LWA caused a reduction in compressive 
strength of  the resulting mortar. The sample containing FA 8M LWA had the lowest compressive strength 
reduction. It has less than 5% reduction of  strength with 16% replacement ratio. Compared to cold bonded 
and geopolymer LWA in the literature, this aggregate gives better mechanical properties. For example, cold 
bonded bottom ash aggregates have a reduction in the strength of  25% with a 50% replacement ratio [16]. 
Compared to geopolymer sintered aggregate with a NaOH concentration of  10 molars which caused a 
16% strength reduction with 50% replacement rate, this LWA still had acceptable strength reduction [23].
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Fig. 5.  Compressive Strength of  mortar

4. Conclusions

This paper presents the effect of  NaOH concentration on mechanical and physical properties of  fly ash-
based alkali activated LWA. From the results obtained  in this study, the following conclusions can be drawn 
:

1. The mass density of  LWA increased along with the increasing NaOH concentration while increasing 
NaOH concentration proved to slightly reduce the water absorption of  LWA. 

2. The concentration of  NaOH has a slight effect on the particle size distribution of  LWA.

3. There is some unexpected trend occurring in crushing resistance strength, FA 6M has a higher CR 
value than FA 8M. The difficulties to determine the real crushed part of  LWA after CR test might cause 
this irregular trend.

4. Based on QXRD analysis, increasing the NaOH concentration have no significant effect on the quantity 
of  the Amorphous phase formed. 

5. The maximum compressive strength of  64 N/mm2 and the strength reduction less than 5% could be 
achieved by mortar containing LWA 8M.
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Abstract 

Alkali activated slag-fly ash lightweight composites with moderate densities between around 1200 and 
1500 kg/m3 are prepared and characterized in this study. An eco-olivine nano-silica is applied to prepare 
sustainable silicate based activators to replace commercial sodium silicates. Na2O contents of  2.0, 3.5 and 5.0 
wt.% are investigated in order to reach a suitable balance between performance, costs and application. The 
results show the positive effect of  density and Na2O content on strength, while strength increment between 
Na2O dosage of  3.5% and 5.0% are limited. The reduction of  Na2O content shows a dramatic delay of  the 
reaction process up to around 3 d. The thermal conductivity and acoustical absorption properties of  the 
lightweight products are characterized. A calculation on the carbon footprint shows an evident advantage 
of  using alkali activated materials to replace Portland cement, also the utilization of  olivine nano-silica 
further reduces the carbon emission of  the activator by around 25%. 

Keywords: alkali activation; eco-nano-silica; thermal properties; acoustic absorption; carbon emission.

1. Introduction

Lightweight concrete has been widely applied as both structural and non-structural components in a 
wide range of  weights and strengths for various applications, due to its properties such as low density, 
good thermal insulation and fire resistance. In addition, Portland cement is commonly used as binding 
material for lightweight concrete, but its production is responsible for around 7% of  the global carbon 
emissions and high energy costs. In order to reduce the negative environmental impacts, the development 
of  sustainable alternatives such as alkali activated materials has been investigated because of  the excellent 
mechanical properties, durability and thermal resistance together with low energy and carbon costs. Some 
efforts have also been spent on applying alkali activated materials in producing lightweight products; 
including for instance the study of  design methodologies of  ultra-lightweight geopolymers by applying 
the particle packing approach, the effect of  key factors such as suitable ratios between binder, activator 
and aggregates [1]; the development of  lightweight geopolymers with foaming agent especially for thermal 
insulating properties [2]; investigating the relations between density, mechanical properties and thermal 
conductivity of  geopolymers with medium to low densities [3-5]; the utilization of  different alkali binders 
and unconventional aggregates [6-8]. 

In alkali activated materials, the activator plays an important role on the activation process by providing 
necessary alkalinities for the decomposition of  raw materials and formation of  reaction products. The 
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commonly used activators are alkali hydroxides, silicates, carbonates, sulfates, aluminates or oxides; and 
it is widely accepted that silicate based ones usually result in ideal mechanical properties and relatively 
low porosity [9]. The silicate based activator exhibits advantages by providing the alkaline environment 
continuously and moderately, also the additionally provided silicates from the activator will participate 
into the reaction products and lead to a refined microstructure, and sufficient content of  M2O promotes 
the activation efficiency while exceeding dosage show limited further contribution. However, the primary 
drawback of  silicate based activators is its negative environmental impact. The commercial process of  
sodium silicate production includes the melting of  sodium carbonate and quartz sand around 1400 to 1500 
°C with carbon release of  above 400 kg/ton [10]. In order to achieve a more eco-friendly binder system, 
a green olivine nano-silica is applied as alternative silica source to prepare activator solutions in this study. 
The olivine nano-silica is produced by dissolving olivine stone in acid under temperatures lower than 95 °C, 
and this process shows advantages in carbon emission, energy consumption and total costs [11]. Therefore 
an alkali activated product with further reduced overall environmental impacts can be expected. 

The objective of  this study is to evaluate an eco-silicate source based alkali activator in designing lightweight 
composites, using blended alkali activated binder. The lightweight composites are designed with the aim 
to have moderate densities together with excellent mechanical, thermal and acoustic properties. The effect 
of  activator dosages, addition of  lightweight aggregates on early age reaction is investigated by using 
isothermal calorimeter. The mechanical properties, thermal conductivity and sound absorption properties 
are evaluated and the effect of  the alkali content on these properties is investigated.

2. Methodology

2.1 Materials
The powder raw materials used in this work are blast furnace slag and Class F fly ash, their major chemical 
compositions are shown in Table 1. Commercial lightweight aggregates produced from natural expanded 
silicate with three particle sizes are applied: 0.5-1 mm, 1-2 mm and 2-4 mm, with particle densities of  600, 550 
and 500 kg/m3, respectively. CEN standard sand is also used as fine aggregate. Analytical sodium hydroxide 
and laboratory prepared olivine nano-silica (19.04% SiO2 and 80.96% H2O by mass) were used to produce 
alkali activators. The olivine nano-silica was produced by dissolving olivine in acid at low temperatures, 
followed by a washing and filtering process [12,13]. Desired activator parameters were obtained by mixing 
calculated dosage of  sodium hydroxide, olivine nano-silica and distilled water. 

Table 1 Mix proportions of  alkali-activated slag-fly ash composites (kg/m3)

Sample
Precursors Activator Sand Lightweight aggregates

Slag Fly ash Nano-s NaOH H2O 0-2 2-4 1-2 0.5-1

D15-5.0 384 96 170.8 30.9 77.7 370 200 150 30

D15-3.5 384 96 119.6 21.7 119.1 380 200 150 30

D15-2.0 384 96 68.3 12.4 170.7 390 200 150 30

D12-5.0 384 96 170.8 30.9 77.7 0 240 180 30

D12-3.5 384 96 119.6 21.7 119.1 10 240 180 30

D12-2.0 384 96 68.3 12.4 170.7 20 240 180 30

D14-3.5 384 96 119.6 21.7 119.1 260 230 140 30

D13-3.5 384 96 119.6 21.7 119.1 135 245 150 30
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2.2 Sample preparation and testing methods
Three levels of  equivalent Na2O content were used in this study: 2.0%, 3.5% and 5.0% (by mass of  the 
binder). A fixed activator modulus of  1.4 and a slag/fly ash mass ratio of  8/2 were used based on the 
previous experiences. Mixtures are designed to have oven dry densities between 1200 and 1500 kg/m3 
according to EN 206-1. The detailed mix proportions are presented in Table 2, for instance, sample with 
the label of  D15-5.0 means it was designed to have a density level of  1500 kg/m3 and a Na2O content of  
5.0%. Specimens were prepared and poured into molds of  40 x 40 x 160 mm3, then covered with a plastic 
film to prevent the moisture loss. All specimens were demolded after 24h of  curing and cured at room 
temperature and a relative humidity of  95% until testing age.

The compressive strength was determined according to EN 196-1. Samples were tested at the ages of  7 and 
28 d, respectively. The early age hydration heat release was investigated by an isothermal calorimeter with 
TAM Air, Thermometric. Measurements were carried out for 72 h under a constant temperature of  20 °C. 
The thermal conductivity (k) and the mass heat capacity (c) were measured by using a heat transfer analyser 
(ISOMET 2104). The acoustic absorption coefficient was measured according to EN 10534-2. 

3. Results and discussion

3.1 Compressive strength
The 7 and 28 d compressive strength of  samples with different density levels and a Na2O content of  3.5% 
are shown in Figure 1. The relations between the oven dry density and strength are briefly depicted. It can 
be seen that as the density decreases, there is an obvious reduction in strength at both 7 and 28 d. The 
highest 28 d strength reaches 30.7 MPa in mixtures with a density of  1471 kg/m3, and it gradually reduces to 
20.6 MPa in samples with a density of  1163 kg/m3. Considering the fact that those mixtures are having the 
same binder content, the reduced compressive strength is mainly attributed to the replacement of  normal 
sand by lightweight aggregates, and a less overall capacity of  the aggregates against compressive loading is 
resulted. The 7 d strengths share a similar tendency with the 28 d’s. The 7 d compressive strengths shown in 
Figure 1 are all above 88% of  the 28 d strength. This is because of  the nature of  the alkali activated binder 
system and the ceiling effect of  the lightweight aggregates, which presents a relatively fast reaction process 
and exhibits large percent of  the strength at early ages [14]. 

Fig. 1 Compressive strength of  l ightweight composites with different densities

Figure 2 depicts the effect of  the equivalent Na2O content on 28 d compressive strength of  mixtures with 
two density levels: 1500 and 1200 kg/m3, represented with sample label of  D-15 and D-12 in the figure. As 
can be seen in Figure 2 that there is an obvious increment of  strength when increasing the Na2O content 
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from 2.0% to 3.5%, and the increase of  strength exhibits a limited scale when further increasing the Na2O 
content to 5.0%. 

This phenomenon reveals that both Na2O content and density show an important influence on strength. 
On the one hand, increasing the alkalinity (Na2O %) will promote the activation of  the binder that 
consequently leads to a higher strength from the aspect of  the binder matrix; while on the other hand, the 
usage of  lightweight aggregate limits the strength development by the relatively low crushing strength of  
the aggregate. 

Fig. 2 Compressive strength of  l ightweight composites with different Na2O contents

3.2 Reaction kinetics
The isothermal calorimeter test was performed on mixtures with the Na2O content of  2.0%, 3.5% and 
5.0%, respectively, and lightweight aggregates were added with an aggregate/binder ratio of  0.8, in order to 
evaluate their effect on the early age reaction. Figure 3 illustrates the normalized heat flows of  samples with 
and without lightweight aggregates during the first 6 d; and shows that the mixtures with a Na2O content 
of  5% exhibit a main reaction peak at around 16 h, with a peak intensity of  1.35 mW/g. The induction 
stage shows an induction period between around 6 and 10 h, followed by an evident increase of  heat flow 
representing the intensive chemical reaction. 

When reducing the Na2O content to 3.5%, a significantly retarded reaction process can be observed. The 
induction period appears at around 9 to 22 h, the beginning of  this stage is 3 h later than the one in sample 
with a Na2O content of  5%, also the duration of  this stage is more than 3 times longer. The location of  
the main reaction peak is also delayed to 37 h, which is 21 h later than the 5% Na2O mixtures. Besides, the 
peak intensity is reduced to 0.63 mW/g and the deceleration period exhibits a more moderate reduction of  
heat release. A further lowered Na2O dosage of  2.0% results in a dramatic delay of  the reaction process. 
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Fig. 3 Normalized heat releases of  AA slag-f ly ash lightweight composites

3.3 Thermal conductivity
In terms of  the building materials, a low thermal conductivity contributes to an enhanced indoor thermal 
comfort, saving the energy cost and preventing the fire caused collapses; while lightweight concrete products 
based on alkali activated materials are capable of  achieving those requirements with a further lowered 
environmental impact. Figure 4 shows the thermal conductivity of  samples with a Na2O content of  3.5% 
and different density levels used in this study, and a comparison with the available literature. 

Fig. 4 Thermal conductivity of  l ightweight composites with different densities

A reduction of  thermal conductivity with the decrease of  the density can be observed in general. This is 
because that besides the density, the differences in matrix composition, type of  binder and aggregates also 
show an influence on the property of  thermal insulation [15-16]. The thermal conductivity reduces to 0.29 
W/(m∙k) in samples with a density level of  1400 kg/m3, with a reduction rate of  21.6%. The reduction of  
density from around 1500 to 1400 kg/m3 results in a decreased standard sand dosage of  31.6% by mass, 
indicating its negative influence on thermal insulation. Further reduction of  the density to around 1300 
and 1200 kg/m3 leads to further reduced thermal conductivities of  0.22 and 0.16 W/(m∙k), respectively. It 
should be noticed that the thermal conductivity of  0.2 W/(m∙k) can be classified to the T2 level of  thermal 
insulation products based on the standard of  EN 998-1. It can be seen from Figure 4 that the thermal 
conductivity values from this study are lower than that from the literature, which may indicate the advantage 
of  using the alternative binder system together with the lightweight aggregate in this case. 
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3.4 Acoustical absorption
Owing to the massive addition of  the porous lightweight aggregates, the resulting alkali activated lightweight 
concrete is expected to exhibit good sound absorption behaviours. Figure 5 exhibits the sound absorption 
coefficient as a function of  frequency, four mixtures with a Na2O content of  3.5% with different density 
levels were tested. For instance, the mixture with label of  D-15 refers to the sample with a density around 
1500 kg/m3. Generally speaking, the absorption coefficient is significantly increased with the decrease 
of  density, in another word with the increase of  lightweight aggregate content within the matrix; and all 
mixtures mainly show absorption of  sound with medium frequencies between around 300 to 1700 Hz. 
Specifically, mixtures with a density of  round 1500 kg/m3 present a peak absorption coefficient of  0.2, 
between 800 and 1000 Hz. The peak absorption coefficient increases to around 0.35 and 0.52 in samples 
with a density about 1400 and 1300 kg/m3 respectively, while the main absorption frequency range remains 
similar. A further reduction of  density to around 1200 kg/m3 results in an increased absorption coefficient 
to above 0.7, with shifted main absorption frequency to higher values. In terms of  the low frequency 
and high frequency ranges, this lightweight product shows limited sound absorption effect. It should be 
mentioned that the medium frequency usually refers to the sound from humans and daily life. 

Fig. 5 Acoustic absorption of  lightweight composites with different densities

3.5 Advantages in carbon footprint
Applying alkali activated materials shows an advantage in carbon emission towards Portland cement. While 
within the alkali binder systems, the Na2O content is directly linked to the environmental issues. Moreover, 
the replacement of  olivine nano-silica to commercial waterglass will further reduce the overall carbon 
emission. A calculation on the CO2 footprint of  the mixtures used in this study is shown in Table 2. The 
carbon footprint is usually calculated as the total CO2 emissions in unit volume of  concrete. The carbon 
footprint used in this calculation is 1.915 tCO2/t for NaOH, 1.514 tCO2/t for commercial waterglass, 0.82 
tCO2/t for Portland cement, 0.143 tCO2/t for slag and 0.027 tCO2/t for fly ash. Concerning the olivine 
nano-silica, a CO2 footprint of  0.461 tCO2/t is taken from the LCA analysis in VTT (EU F7th project, 
ProMine internal report), based on an average European industrial case scenario. The values shown above 
are based on the effective solids contents excluding water. It can be observed that the carbon emission of  
Portland cement is few times higher than alkali activated materials; the contribution of  CO2 is all from the 
cement clinkers. In terms of  the alkali activated materials, the carbon emission from the binder accounts 
for around 37% to 69% of  the overall emissions. When reducing the Na2O contents from 5.0% to 2.0%, 
the carbon emission from the commercial sodium silicate based activator can be reduced by 60%, such a 
big reduction of  carbon footprint may bring attentions on using suitable Na2O dosages and reaching a 
balance between performances and environmental impact. Moreover, when olivine nano-silica is applied as 
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commercial waterglass replacement, the carbon emission in terms of  activator can be further reduced by 
around 25%. In overall, those reduced carbon emissions from Na2O content and alternative silica source 
provide great potentials for the future mix design and applications. 

Table 2 Calculation on the carbon footprint (kg/m3)

Sample Precursors

Activator
(exclude H2O) CO2 emissions

from
activator

CO2 emis-
sions
from

binder

Total 
CO2 emis-

sions
Oli-

vine-na-
no-s

Water
glass NaOH

D15-5.0-NS

384 Slag
+

96 Fly ash

32.5 0 30.9 74.2

57.5

131.7

D15-5.0-WG 0 42.3 18.3 99.1 156.6

D15-3.5-NS 22.7 0 21.7 52.0 109.5

D15-3.5-WG 0 29.6 12.8 69.3 126.8

D15-2.0-NS 13.0 0 12.4 29.7 87.2

D15-2.0-WG 0 16.9 7.3 39.6 97.1

Ref-OPC 480 OPC 0 0 0 0 393.6 393.6

4. Conclusions

This paper evaluates the mechanical properties, thermal property, acoustical absorption of  eco-friendly 
alkali activated slag-fly ash lightweight composites (LWC) with different density classes. The effect of  Na2O 
contents and the utilization of  alternative silica source on early age reaction and carbon footprints on the 
designed LWC are assessed. Mixtures with 28 d compressive strength up to 32.5 MPa and densities between 
1200 and 1500 kg/m3 are resulted, and a direct correlation between strength and density is observed. The 
reduction of  Na2O content from 5% to 2% significantly prolongs the reaction process, but shows negligible 
effect on the silicate structure. Compared to the commercial waterglass, the utilization of  olivine nano-
silica reduces the carbon footprint from activator by around 25%. The lightweight concretes exhibit very 
low thermal conductivity between 0.16 and 0.37 W/(m∙k), as well as good sound absorption coefficient up 
to 0.7 for medium frequencies. The application of  alkali activated binders and applying this activator to 
lightweight concrete suggests an additional approach of  preparing construction and building materials with 
multi-functional properties and greatly reduced environmental impacts. 
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Abstract 

 In this study, the effects of  incorporating different expansive agent on the workability, mechanical properties 
and auto shrinkage behavior of  self-compacting concretes (SCCs) have been investigated. UHA, MgO 
and Liquid expansive agent are added at 15%, 5% and 1% by cement weight. Academy of  Construction 
Sciences (1986) and GL2000 model are utilized to calculate the shrinkage model of  SCC with different 
expansive agent. Results show that at the compressive strength of  SCCs at early ages is lower than those 
of  the reference concrete, although while in the long term their strength increases as a result of  pozzolanic 
reactivity by supplementary cementitious materials. Adding different expansive agents to mixtures impart a 
significant change in the measured autogenous shrinkage. Moreover, comparing the results calculated from 
the model and obtained from experiment, it is found that they were very similar. That is, the calculation 
model has fine accuracy and can predict the long-term performance of  SCC.

 Keywords: Self-compacting concrete, expansive agent, workability, autogenous shrinkage, long-term 
performance.

1. Introduction

Self-compacting concrete is characterized by excellent workability, which can be spread to a long distance 
without any vibration in complicated formwork, congested structure, and the areas which are hard to 
reach. The main benefit by using SCC in building structures is shortening the construction period, and it 
is widely applied in many construction industries due to its excellent workability. In order to obtain good 
performance, the amount of  cementitious materials and water reducers in SCC is usually higher, which will 
have influence on the volume stability of  SCC [1,2]. This is not to be neglected, especially for mass concrete 
engineering. Improving the volume stability of  self-compacting concrete is becoming a subject of  great 
concern [3-5].

Supplementary cementitious materials (SCMs) such as fly ash (FA), blast furnace slag (BFS) and silica fume 
(SF) are widely used in the preparation of  SCC [6-8]. As proper amount of  SCMs can improve the fluidity 
and stability of  SCC, meanwhile, they can reduce the shrinkage of  SCC and improve the volume stability. 
However, this effect of  SCMs on shrinkage is limited [9]. A lot of  research has been done to obtain more 
efficient methods to improve the volume stability of  SCC [10,11]. The methods for mitigating shrinkage 
include adding mineral additives [12-14], chemical admixtures [15-20], fibers [21, 22], and by the control 
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of  curing conditions such as internal curing [23]. The expanding agent were used for over four decades 
to minimize the effects of  drying shrinkage. In that case, CaO-based expansive agent was utilized [24]. 
Compensation of  the thermal shrinkage with delayed expansion of  slow hydrating MgO is an effective and 
economic method for preventing the thermal cracking of  concrete. The reason for the volume expansive is 
that the generation of  ettringite (AFt), which was a hard rod-like crystal, processing the high certain strength. 
This method bring out good results by improving joint space and limit curing, but its practical application 
still requires special precautions. To overcome the limitations resulting from the use of  individual products, 
and to minimize shrinkage, the effect of  expansive agents has been tested. However, less research has been 
carried out on the combined use of  different expansive agents on the shrinkage in SCC.

In this study, the effect of  three different expansive agents (UHA, MgO and Liquid expansive agent) on the 
performance and shrinkage of  SCC were investigated. Then, according to the Academy of  Construction 
Sciences (1986) and GL2000 model, the shrinkage calculation model of  SCCs with different expansive 
agents is calculated, and the long-term performance has been predicted. 

2. Methodology

2.1 Materials
In the study, Fly ash (FA), blast furnace slag (BFS) and metakaolin (MK) were used as the replacement 
of  cement, with up to 45% by weight of  cement replaced. The type of  Portland cement II•R was used in 
this study. FA and BFS utilized in this research as cementitious material obtained from power plant and 
steel mills, respectively. Metakaolin was obtained from Maoming Kaolinite Technology Co Ltd, which was 
produced by calcination of  kaolin at 750 °C. The chemical compositions of  the cementitious materials s 
are presented in Table 1. 

Natural river sand with maximum size of  4.75 mm was utilized as fine aggregates. The values of  specific 
gravity and water absorption are 2.66 and 0.55%, respectively. The limestone gravel with maximum size of  
16 mm and with a specific gravity of  2670 kg/m3 was also used as coarse aggregates. Commercially available 
polycarboxylicether type superplasticizer (SP) possesses specific gravity of  1.07 is used in this research. 
Three different expansive agents are used in the paper, they are UHA, MgO and liquid expansive agent, the 
recommended dosage are 10-15%, 4-8% and 0-1%, respectively.

Table 1: Chemical composition of  raw materials.

SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O TiO2 SO3 LOI

% % % % % % % % % %

PII• R 18.93 4.67 62.49 0.77 3.98 0.72 0.13 0.27 4.43 3.26

FA 50.01 32.12 1.5 0.83 3.91 0.94 0.77 1.5 1.09 3.74

BFS 31.78 16.44 34.12 10.57 0.47 0.29 0.67 1.35 3.4 0.35

MK 57.37 38.63 0.03 0.07 0.77 0.49 0.39 0.4 0.15 1.04

2.2 Mixture proportions and specimen preparation
The water-to-binder (cement + FA+BFS+MK) mass ratio (w/b) of  SCC was 0.33, and the replacement 
ratio of  the supplementary cementitious materials was up to 45% by weight of  the cement, as presented in 
Table 2 . All mixes were performed in accordance with ASTM C192 [24] in a power-driven revolving pan 
mixer. Cubes of  100×100×100 mm and 100×100×515mm were cast in steel moulds and compacted on a 
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vibrating table. The cube specimens were removed from moulds after casting for 24h, and then allowed to 
cure under standard conditions (20±2 °C and relative humidity of  98%), for compressive strength test were 
carried out, respectively. The rectangular specimens of  100×100×515mm were test autogenous strains 
development.

Table 2: Mixture proportion of  SCC (kg/m3).

NO. W/B SP water sands gravels cement FA GGBFS MK
Expansive Agents

UHA MgO Liquid

% kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

E0 0.33 5.0 165 859 761 275 165 40 20 0 0 0

EU 0.33 5.5 165 859 761 275 132 7 20 75 0 0

EM 0.33 4.5 165 859 761 275 153 28 20 0 25 0

EL 0.33 5.0 165 859 761 275 165 40 20 0 0 5

EUM 0.33 5.5 165 859 761 275 136 11 20 50 15 0

EML 0.33 4.5 165 859 761 275 158 33 20 0 15 3

2.3 Tests
The compressive strength was measured with hydraulic universal testing machine. Each proportion was 
measured as a set of  3 samples. Samples were tested for compressive strength after 3 days, 7 days and 28 
days. Autogenous shrinkage measurement was conducted using non-contact sensors. This measurement 
technique accounted for the benefits of  using the eddy-current displacement sensor (ECDS) for measuring 
autogenous shrinkage.

3. Results and discussion

3.1 Workability and mechanical properties of  SCC
The slump flow and V-flow time tests have been carried out to evaluate the workability of  SCCs which 
contain different amount of  expansive agents, and the results are shown in Table 3. The slump flow of  EU 
and E0 are approximate, but it should be noticed that the SP dosage of  EU is higher than E0. This is because 
that a mass of  fibers in UHA expansive agent will increase the viscosity and reduce the fluidity of  SCC. 
Meanwhile, the homogeneity of  SCC is improved, resulting in decrease of  V-flow time for EU. Compare 
EM, EL and E0, it can be seen that mixing MgO and liquid expansive agent will increase the workability of  
SCC, and the influence of  MgO expansive agent is more pronounced. 

It is necessary to reduce the SP dosage when adding 5% MgO expansive agent to maintain the stability of  
SCC. Because the amount of  UHA expansive agent is larger, the influence of  UHA expansive agent on 
concrete performance is dominant. When composite using of  UHA and MgO expansive agent (EUM), the 
workability is similar to EU, as the addition of  UHA expansive agent is more, and its influence is dominant. 
Likewise, the workability of  EML is similar to EM. In general, the workability of  each SCC mixture can meet 
the requirements of  self-compacting.
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Table 3: Workability and mechanical properties of  SCC

NO. Slump flow V-flow time 3d Compressive strength 28d Compressive strength

mm s MPa MPa

E0 660 13 37.12 65.97

EU 660 7.3 30.04 61.81

EM 650 8.3 33.75 72.07

EL 680 12 31.32 63.82

EUM 665 9 30.20 65.48

EML 670 9 33.23 67.70

The compressive strength at 3 days and 28 days of  SCCs which contain different expansive additive are 
evaluated and shown in Table 3. As shown in Table 3, the compressive strength of  all SCC mixtures (EU, 
EM, EL, EUM, EML) are lower than the controlled E0 at 3 days, but the compressive strengths of  each mixtures 
at 28 days are similar to non-expansive mixtures (E0). It is evident that, the strength of  SCCs at 3 d decrease 
when adding 15% UHA (EU) and 1% liquid expansive agent (EL), and this reduction of  the compressive 
strength was equal to from approximately 19.1% and 9.1% compared to E0, respectively. Nevertheless, the 
compressive strength loss is 6.3% and 3.2% for EU and EL at 28 d, respectively. This may be due to the 
fact that UHA expansive agent contains a large amount of  FA and has low pozzolanic activity, while liquid 
expansive agent will inhibit the hydration process of  cement, which will lead to a decrease of  strength of  
SCC at early age, but with the extension of  curing time, these adverse effects are gradually weakened. The 
compressive strength of  SCC increased by 9.2% when add 5% MgO expansive agent (EM) at 28 d. This 
is because that the addition of  MgO can improve the alkalinity of  cement paste, promote the pozzolanic 
reaction of  mineral admixtures, and thus improve the strength of  concrete in the later curing age [25]. The 
compressive strength of  SCC at 28 d does not change obviously when mixing 10% UHA and 3% MgO 
expansive agents (EUM), and it increases slightly by adding 3% MgO and 0.6% liquid expansive agents.

 3.2 Volume stability of  SCC
Autogenous shrinkage of  each SCC samples are continuously measured as a function of  time up to 60 days 
and the results are shown in Fig. 1. By observing the autogenous shrinkage curve of  each group of  SCC 
samples, the autogenous shrinkage of  concrete develops rapidly in 24 h after forming. Due to the hydration 
reaction of  cement, the content of  free water in concrete decreases fleetly during the first 24 h, and the 
volume of  concrete changes obviously. The autogenous shrinkage rate of  E0 reached 150×10-6 at 1 d, and 
it is 211×10-6 at 7 d, increased 61×10-6 during 1 d to 7 d. The shrinkage rate of  EU was only 50×10-6 at 1 d 
and 66×10-6 at 7 d, it is equal to from approximately 33.3% and 31.3% of  E0. It can be assumed that the 
expansion effect of  UHA is striking both during setting and later hydration. The shrinkage curve of  EM 
group is basically the same as EU at first 24 h, and the shrinkage rate reaches 140×10-6. But after that, the 
concrete begins to expand, and the shrinkage rate is only 59×10-6 at 7 d. During this process, the expansion 
amount is 81×10-6. Therefore, it can be seen that the expansion effect of  MgO expansive agent is mainly 
in the course of  concrete curing. This is due to the formation of  Mg(OH)2 crystal by hydrolysis of  MgO 
during concrete curing process, resulting in the volume expansion of  SCC. During the condensation process 
of  SCC that contains liquid expansive agents (EL), the phenomenon of  micro-expansion (expansion rate 
50×10-6) appeared in the early stages, with that rapid contraction occurred. The shrinkage rate is 230×10-6 at 
1 d, 53.3% higher than E0 at 1 d. and then the volume change slowed down. The shrinkage rate was 167×10-

6 at 7 d, slightly lower than that of  E0.
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Fig. 1 The autogenous shrinkage curves of  SCC with expansive agents at 60 days.

 The shrinkage rate of  concrete EUM is 280×10-6 at 1 d, the total shrinkage rate 86.7% higher than E0. 
Subsequently, the shrinkage of  EUM slows down significantly and the expansion occurs. The shrinkage rate 
of  EUM was 149 ×10-6 at 7 d, 29.4% lower than that E0. The expansion is 91×10-6 during this process. It 
shows that the mixture of  UHA and MgO expansive agent increases the shrinkage of  concrete during the 
setting process, but has expansion effect in the curing process. The shrinkage rate of  EML is - 100×10-6 at 
1 d, and -110 ×10-6 at 7 d. That is, the combined use of  MgO and liquid expansive agent has a significant 
effect on reducing the shrinkage during condensation. 

By analyzing the shrinkage curves of  different SCC in 60 d, it can be seen that different expansive agents 
can reduce the shrinkage of  SCC compared with SCC without expansive agents (E0). The shrinkage rate 
of  EU, EM, EL, EUM and EML at 60 d are 776×10-6, 427 ×10-6,  343×10-6, 715×10-6, 397×10-6 and 
503×10-6. UHA expansive agent can reduce the shrinkage of  concrete in the early stage, then it has obvious 
expansive effect in 5-10 days, after that, there was a sustained reduction in shrinkage. MgO expansive agent 
has remarkable effect on reducing shrinkage. This effect initiates at first 12 h, and with the prolongation of  
curing time, it still has obvious effect. The shrinkage of  SCC at 60 d is only inhibited for 8.7% by adding 
liquid expansive agent (EL), the effect of  reducing shrinkage is not obvious.

The effect of  composite use of  UHA and MgO expansive agent (EUM) is between the two, and the shrinkage 
cruve of  EUM at early age is similar to that of  EM, which indicates that MgO expansive agent plays a very 
important role in the early stage. However, due to the reduction of  MgO, the expansion effect is weakened. 
MgO and liquid composite expansive agent are the most special group. From the Fig. 1, evident expansion 
could be found in the early stage, but the expansion effect is not adequate to resist shrinkage deformation 
after 15 d, as a result the component begin to retraction. Then, the shrinkage increased rapidly after 30 days, 
and outdid the other groups gradually. 

 3.3 Prediction of  long-term performance of  SCCs
The calculation methods for concrete shrinkage and creep mainly contains Academy of  Construction 
Sciences (1986) model [26], CEB-FIP series model [27, 28], BS series model [29], GZ series model [31] and 
GL2000 model [32], and so on. The factors considered in these models are different, and the calculation 
accuracy is also different. The concrete self-shrinkage model selected in this modeling is the GL2000 model 
of  the Academy of  Construction Sciences (1986) and GL2000 model were employed in the course of  this 
calculation. The basic equation for shrinkage development with time of  concrete is as formula (1).

                                                                                                (1)

Where, tc means the time when concrete begins to dry; t means the test time; ås(t,tc) means the concrete 
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shrinkage strain at age t，V means the volume of  specimens; S means the superficial area of  specimens.

The influence function of  environmental relative humidity on concrete shrinkage as formula (2).

                                                                                                                      (2)

Where, fs(RH) means the influencing function of  environmental relative humidity on Shrinkage of  concrete; 
RH means the environmental relative humidity. 

As for the effect of  concrete compressive strength on shrinkage, according to GL2000 model, the function 
is as formula (3):

                                                                                                                          (3)

Where, fs(fcu,k) means the influencing function of  compressive strength grade on Shrinkage of  concrete;  fcu,k 

means the compressive strength grade of  concrete.

In summary, the suggested formula for calculating concrete shrinkage is as formula (4):

                                                                              (4)

Where, ås(t,tc) means the concrete shrinkage strain at age t; fs(Tcement) means influencing function of  cement 
type on Shrinkage of  concrete.

In the calculation, the starting drying time of  concrete is 1d, the environment relative humidity is 55%, the 
compressive strength grade of  concrete is C50, and the influence coefficient of  cement is 0.7. The formula 
for calculating shrinkage of  concrete is as formula (5):

                                                                                                           (5)

The addition of  expansive agent will affect the shrinkage of  concrete, and the influence varies with the 
types and dosage of  expansive agent. According to the experimental results of  autogenous shrinkage, it can 
be seen that different expansive agents have different effects on the shrinkage of  self-compacting concrete 
at the initial stage during concrete hardening, but in general, the trend of  shrinkage curve for each SCC 
mixture is similarity. The difference is that after adding different expansive agents, the shrinkage of  each 
SCC specimens varies in the first 10 days, and the final shrinkage value is also different. The equation for

 calculating the shrinkage of  concrete considering the influence of  expansive agent is as formula (6):

                                                                                             (6)

Since the volume stability of  different SCC mixtures in the first 10 days are not regular, and its value has 
little influence on the long-term stability of  SCC, the autogenous shrinkage test data after 10 days are 
choosed as the basis for analyzing the influence of  expansive agents on autogenous shrinkage of  SCC. 

Comparing the autogenous shrinkage of  SCC contains expansive agent to the controled SCC (without 
expansive agent). It is found that there is an obvious correlation between the proportion of  their shrinkage 
value and time. On this basis, the fitting process and results of  each group are obtained as shown in Fig. 2.
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2a)                                                                          2b)

2c)                                                                              2d)

Fig. 2: Fitting of  inf luencing parameters of  different expansion agents.

Fig. 3: Shrinkage curves of  SCC contains expansion agents.

According to the data fitting process, the equation for calculating the shrinkage-time relationship of  each 
group of  concrete is as follows:

                        (7)

                      (8)

        (9)

       (10)
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The shrinkage curves of  each group of  specimens obtained from the formula with time are shown in Fig. 3. 
It can be seen that the shrinkage displacement curves are very close to the autogenous shrinkage test results. 
It shows that this prediction model has fine accuracy and has certain guiding significance for the prediction 
of  long-term volume stability of  concrete in practical engineering.

4. Conclusions

1. Utilizing UHA expansive agents has negatively effect on the workability of  the fresh SCC, while MgO 
expansive agents has contrary effects. These effects can be compensated by adjusting the dosage of  
water reducing agent. Therefore, it can be concluded that the inclusion of  the expansive additives in 
the studied dosages does not limit the workability properties of  SCC.

2. Generally, the inclusion expansive in SCC induced a slight decrease of  the compressive strength. This 
strength loss was more pronounced at an early-age than on the long-term.

3. In terms of  autogenous shrinkage, the use of  the different expansive agents can reduce the shrinkage 
of  SCC compared with SCC without expansive agents, the effect of  reducing shrinkage varies with 
expansive agents. In particular, the contemporaneous use of  UHA and MgO proved to be very 
effective, and it caused strong initial expansion of  SCC, which gradually decreased, but still remained 
positive after 60 days.  

4. The shrinkage mode of  SCCs with different expansive agents is obtained by utilizing Academy of  
Construction Sciences (1986) and GL2000 model, and the long-term performance has been predicted.
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Converter slag - ladle slag - gypsum ternary 
binder – effect of  CaO slaking

E. D. Adesanya1, K. M. Ohenoja1, P. K. Kinnunen1, M. H. Illikainen1

Fibre and Particle Engineering Research Unit, University of  Oulu, Finland1:

Abstract 

 The present study reports on the utilization of  steel slags as non-cement binders. Converter slag (also 
known as basic oxygen furnace slag, BOFS) and ladle slag (also known as ladle furnace slag or falling slag, 
LS), both generated as a by-product during steelmaking processes, were used. LS is highly calcareous and 
aluminous containing mayenite and calico-olivine as main phases. LS can react with water to produce 
cement-like hydration products, but optimal water/binder ratio is critical in order to prevent hydration 
product conversion and strength loss.  Another option is to add an optimum amount of  gypsum to produce 
ettringite and AH3 with good mechanical properties. CN slag utilization in concreting is affected by the 
volume instability caused by its high free lime content. Here, the free lime content is slaked through hydraulic 
weathering to form calcium hydroxide. The resulting slurry is then used as co-cementitious binder with 
ladle slag and gypsum in a ternary mix. This method was found to be successful and experimental results 
showed that free lime content in converter slag can be reduced ensuring volume stability through designed 
weathering. The new cementitious binder properties were structurally analysed through compressive 
strength, length change, and ultrasonic pulse velocity (UPV). The hydration products and hydration kinetics 
were determined through thermogravimetry analysis (TGA/DTA) and isothermal calorimetry. 

Keywords: Steel slag, Free lime, Ettringite, Slaking, Portlandite.

* Standard cement chemistry notations were used, hence CaO represents C, Al2O3 as A and H2O as H

1. Introduction

Steel slags are by-products from steelmaking process and in 2016 about 18.4 million tonnes of  these slags 
were produced in Europe alone [1]. Only 4.4% of  these produced slags are used in cement and concrete 
applications while approximately 23% are either landfilled or stored. These slags include Electric-arc furnace, 
ladle slag (LS, also known as refining slag) and basic-oxygen furnace (BOF) slag also known as converter 
slag (CN). Increasing global demand for cement, as well as governmental legislation and costs related 
to landfilling have prompted studies into utilising of  these slags in cement and concrete as a sustainable 
alternative to OPC.  

In contrast to the glassy granulated blast furnace slag (GGBFS) in which the calcium and magnesium oxides 
reacts to form non-expansive products and is widely used to supplement Portland cement, predominantly 
crystalline steel slags are composed of  free lime (f-CaO) and free MgO (f-MgO). During hydration, these 
oxides form hydroxides which increases the volume of  the matrix causing volumetric expansion and 
strength reduction in the mortar. This anomaly and steel slags (EAF and BOF) less cementitious activity 
has limited the use of  steel slags as a cementitious binder. The volume instability of  these slags have been 
previously reported [2,3], and mostly in cements and concretes they have been used as aggregates.

Various methods have been proffered to overcome the barriers of  steel slags utilization in cements or as 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

514514

IC
SB

M
 2

01
9

ID
 0

71

a cementitious binder. Muhmood et al. [4] remelted and water quenched CN slag, and they reported an 
increase in the hydraulicity of  the slag and also reduction in the f-CaO content. Jiao et al. [5] also remelted 
CN slag and reported significant reduction in f-CaO amount by adding 20% of  silicon oxide (SiO2) during 
remelting. Also, f-CaO and f-MgO in steel slags have been eliminated through accelerated carbonation to 
form carbonates [6–10]. Liang et al. [6] reported increase hydration activity and ettringite promotion when 
steel slag was carbonated before hydrating with Portland cement. Likewise after accelerated carbonation, 
Pang et al. [10] reported that the f-CaO content of  BOF slag aggregate reduced from 7% to under 1%. 
Other previously studied methods to control f-CaO and f-MgO in steel slags include by natural weathering 
[3,11,12] and also through attrition scrubbing and chelation [13].

Here we aim to utilize steel slags in a synergistic-ternary mix of  converter slag, ladle slag (LS) and gypsum 
and to determine the effect of  slaking of  f-CaO in CN on the hydrated properties of  the ternary mix. 
Hydration kinetics through isothermal calorimetry, thermogravimetry analysis (DTA/TGA), compressive 
strength, volume shrinkage and expansion were determined. 

2. Methodology

2.1 Materials
Ladle slag and converter slag used were supplied by SSAB Europe Oy (Raahe, Finland). Both slags were 
taken from the cooling pit where they have exposed to varying natural weather conditions. Both slags 
were sieved and the fractions below 2 mm then milled for 2 h. Gypsum used was purchased from VWR 
Finland (product no. 22451.360). Standard CEN Sand was used as aggregate in the mortars. The chemical 
compositions of  the binders were analysed by X-ray fluorescence (XRF) (PANalytical Omnian Axiosmax) 
in oxides and presented in Table 1. 

Table 1. Chemical compositions of  the binders used in the study (%wt.).

Oxide CaO SiO2 Al2O3 MgO SO3 Fe2O3 Others f-CaO
LS 45.7 9.5 29.8 6.2 0.4 0.8 7.6 0.0
G 41.4 1.0 0.1 0.5 53.8 0.1 3.1 -

CN 49.7 12.6 1.6 2.0 0.3 24.8 8 7.0

The slags were milled using a laboratory sized 10L tumbling ball mill (Germatec) containing 200 steel 
balls with a diameter of  30mm. The f-CaO content in both slags was determined using the methodology 
described in SFS-EN 451-1:2004 [14].  The method quantifies dissolved amount of  CaO in a specified 
mixture of  butanoic acid, 3-oxo-ethyl ester, and butan-2-ol during 3h boiling time [15].

2.2 Preparation of  samples
The samples were prepared according to the mix composition in Table 2. The converter slag was prepared 
a day before to slake the free lime prior to mixing with other binders. Equivalent amount of  water and 
converter slag were mixed using a shear mixer for 4 mins and covered at ambient temperature for 24 h. 
After 24 h, Ladle slag-gypsum (LSG) blend was then added to the slaked converter slag (SCN) and mix 
using a Kenwood mixer. As a reference sample, non-slaked converter slag (CN) was also mixed with LSG. 
The resulting mortar mix was then jolted on a vibratory table and then cast in 50 x 50mm cubical molds 
for strength test and ultrasonic pulse velocity analysis, and 40 x 40 x 160mm molds for shrinkage and 
expansion measurements. Paste sample was prepared the same way without sand aggregates, for use in 
characterization analysis. 
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Table 2. Mix composition of  the mortars used in the experiment.

Sample name LS (g) Gypsum (g) CN (g) Sand (g) w/b

SCN-LSG 157.5 67.5 225 1000 0.5

CN-LSG 157.5 67.5 225 1000 0.5

2.3 Measurements 
Compressive strength of  the mortars at 7, 28 and 56 days was done using Zwick testing equipment with a 
load cell of  100kN and force speed of  2.4kN/s. The drying shrinkage and expansion were calculated using 
Eq. (1).  

           (1)

where Li is the difference between the comparator reading and the reference bar after 24 h, Lx is the length 
at each curing age (1, 3, 7, 14, 21, 28 and 56 days) of  the mortar and G is the nominal length. 

Ultrasonic pulse velocity was undertaken using a Matest ultrasonic pulse equipment (Matest, Italy) to check 
the quality of  the mortars during curing period. 

Thermogravimetric analysis (TGA) was carried out using a Netzsch STA 409PC/PG instrument. 
Approximately 25mg of  milled paste samples was heated from 40 to 1000°C at a heating rate of  10°C/min 
in an aluminium crucible under a nitrogen protective atmosphere with a gas flow of  20mL/min. From the 
TGA data, quantification of  calcium hydroxide (CH) was done according to Eq. (2)[16]. 

         (2)

where A and B are the area under DTA curve corresponding to the total mass lost due to the de-
hydroxylation of CH and de-carbonation reaction respectively. The ratio 74/18 and 74/44 is the ratio of  
the molar mass of  CH and H2O and ratio of  CH and CO2. 

Calorimetry was undertaken on the paste samples using a TAM Air isothermal calorimeter. The paste 
samples were mixed ex-situ and approximately 8g of the paste was inserted into the ampoule and into 
the calorimeter. The measurement was performed for 5 days at 20°C. Dry binder mass was used to 
normalize the heat flow.

3. Results and discussion

3.1 Effect of  slaking on hydration kinetics of  the ternary binder
The calorimetry curves for the both binders are shown in Fig.1. The first peak corresponds to the heat 
released through initial dissolution and wetting of  the solid particles in the binder [17,18]. Then an induction 
period which is influenced by the pre-treatment of  CN slag in the binder. For SCN-LSG, the induction 
period was shorter with a difference of  approximately 10 hrs to CN-LSG. This may be attributed to the 
possible reaction of  the earlier formed calcium hydroxide (CH) with gypsum to form ettringite. Similar 
observation have been previously reported elsewhere [19]. The second significant peak is consistent with 
ettringite formations [20], the intensity of  this peak was lower for CN-LSG compared with SCN-LSG. In 
cement systems, ettringite formation is limited by the formation of  calcium hydroxide [21]. This favours 
ettringite formation in already slaked CN slag. Total heat released after 5 days of  hydration was about 189 
J/g and 174 J/g for SCN-LSG and CN-LSG respectively. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

516516

IC
SB

M
 2

01
9

ID
 0

71

Figure 1: Heat f low and cumulative heat f low curves for SCN-LSG and CN-LSG during hydration. 

3.2 Influence of  slaking on Ca(OH)2 amount 
The results from TGA/DTA (Fig.2) shows that slaking of converter slag influenced the amount of 
Ca(OH)2 produced during hydration. Four endothermic curves exist in the figure, the first endothermic 
curve between 50-250°C is attributed to the decomposition of  ettringite [22]. The loss of  water in 
gibbsite (Al(OH)3) is indicated by the second curve between 200-300°C [23]. The third curve (390-470°C) 
is attributed to dehydration of  Ca(OH)2/Portlandite (also see Eq. 4), and the endotherm between 650-
770°C indicates carbonated phases most likely calcite [23]. Though the analysis was done in a nitrogen 
environment, carbonation of the sample during preparation is possible and its reaction path is shown in 
Eq. (5). The endotherm intensity of  Portlandite curve of  SCN-LSG is more than CN-LSG, which suggest 
that more f-CaO have been reacted during slaking. Calculated amount of  19% and 13% of  CH were 
obtained for SCN-LSG and CN-LSG. Also, f-CaO amount determined according to SFS-EN 451-1:2004 
[14], shows that the f-CaO content of  the ternary mix paste was 0.23% and 0.61% for SCN-LSG and CN-
LSG respectively after 28 days. 

Figure 2: DTA/TGA curves of  the ternary binders at 56 days (a) SCN-LSG and (b) CN-LSG.

The higher amount of  Portlandite with slaked mortars is accrued to a faster reactivity of  free lime during 
slaking than in un-slaked mortar. The fact that CaO reacts quickly during hydration can suggest that the 
large fraction of  the f-CaO in steel slags will hydrate in a few days if  it is exposed to water [24]. And also 
through fine grinding of  the slag before slaking. 
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         (4)

In ambient temperature (during slaking), the reaction in Eq. (4) proceeds to the left. 

        (5)

3.3 Volumetric shrinkage and expansion
The volumetric stability of  both mortars was analysed through drying shrinkage and linear expansion test 
(Fig.3) and compared with mortars containing just ladle slag and gypsum (LSG) (see previous study [20]). 
The SCN-LSG and CN-LSG mortars shrunk for the first three days, with the former experiencing a higher 
shrinkage value. However, from 7 days both samples exhibited expansion with SCN-LSG showing a greater 
expansion value than CN-LSG. The increased expansion in this sample shows the existence of  unstable 
phases in the binder and may be attributed to higher ettringite formation in the hardened mortar than in 
CN-LSG. In CN-LSG, the formation of  ettringite is limited by portlandite formation. 

Figure 3: Length change of  the mortars in comparison with a reference sample with no converter 
slag.  

3.4 Ultrasonic pulse velocity of  mortars
The mortars quality analysed through UPV in Fig. 4, shows SCN-LSG having a better microstructure than 
CN-LSG. The higher the rate of  UPV the fewer the internal pores and cracks in the mortar anticipated. 
Overall, the mortars UPV continue to increase up to 56 days of  analysis. The results here is consistent with 
the expected stability and quality of  slaked slags forming calcium hydroxide before ternary mix than un-
slaked slag in the ternary mix. 

3.5 Compressive strength of  mortars
The graph of  the strength test obtained for the mortars containing slaked and un-slaked converter slag is 
shown in Fig. 5. Up to 28 days of  curing, both mortar samples experienced similar strength, however after 
56 days of  curing CN-LSG experienced reduction in strength while SCN-LSG showed no strength gain 
after 28 days. The strength loss experienced with CN-LSG is attributed to the volume instability leading to 
cracks from the expansive reaction of  f-CaO to CH. In addition, in Fig.6 is shown the physical appearance 
of  both mortars, visible cracks can be seen with mortars with un-slaked converter slags after 7 days of  the 
binder’s hydration. The unchanged strength of  SCN-LSG can be attributed to the dilution effect of  CN 
slags. 
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Figure 4: Ultrasonic pulse velocity for mortar samples.

Figure 5: Compressive strength of  the mortars at 7, 28 and 56 days after hydration. 

Figure 6: Physical outlook appearance of  both mortars after 56 days; Left: CN-LSG (NW) and 
Right: SCN-LSG (W).  

The dilution effect occurs due to low-hydraulicity of  CN slags in the ternary binder, which as a result 
may slow down the reaction kinetics of  the co-binders. To further enhance the physical properties and 
applications of  the ternary mortar mix, it is suggested a reduction to 30% of  converter slag content in the 
mix. 

IC
SBM

 2019
ID

 071



519

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 0

71

519

IC
SBM

 2019
ID

 071

4. Conclusions

The experimental findings in this study proffers a sustainable and economical method to free lime content 
reduction in steel slag and will contribute to utilization or reuse of  steel slags in concrete materials By 
slaking free lime in converter slag before mixing with other cementitious co-binders, the free lime content 
of  the hardened binder was found to reduced from 7% to 0.23% after 28 days due to enhanced formation 
of  portlandite verified through DTA/TGA. The calculated amount of  portlandite from TGA at 56 days 
was 29% for slaked slag mortars and 13% for un-slaked slag mortars. After 56 days, 9 MPa compressive 
strength was achieved for the ternary mix mortars. However, the strength can be increased by reducing 
(30%) the amount of  slaked converter content in the ternary mix. 
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Abstract 

 The Calcium Sulfoaluminate (CSA) is presently receiving a lot of  interest in the building sector. It is being 
used to produce CSA-Cements, which generates less CO2 than Ordinary Portland Cement (OPC), but still 
requires the production of  clinker at high temperature. For the moment, its application is mainly limited 
to China. On the other hand, the considerable interest in modern earth-based building materials has led 
to the increase of  new types of  products such as precast earth, prefabricated earth panels and boards on 
the market. Their major drawbacks are the low water stability and moderate strength leading to cement 
stabilization, which as a consequence reduce their environmental advantage. This paper deals with the 
rediscovery of  a vernacular technique of  producing CSA for a new stabilized earth-mixture. The first 
laboratory analyses on this mix-design have proven a high water-resistance. Furthermore, the results show 
a remarkable increase in compressive strength. Finally, the characterization of  the stabilization effect has 
been performed through X-ray powder diffraction patterns (XRD) and clearly identify the production of  
ettringite using very low CO2 intensive raw materials. These results open a new avenue for earth stabilization 
and secure the implementation of  this material in the conventional construction industry.

Keywords: Calcium Sulfoaluminate (CSA), stabilized earth, XRD, earth-based building materials

1. Introduction

Calcination is the release of  CO2 from carbonates during pyroprocessing of  the raw mix. Calcination CO2 
is directly linked with the clinker production, used for the production of  Portland cement. In addition, 
calcination of  cement kiln dust is a relevant source of  CO2 in countries where such dust is discarded [1].  
In fact, the kiln temperature required for the manufacture of  CSA clinker is ~1250°C, which is 200°C 
lower than the temperature used for Portland cement clinker [2]. CSA cement, which is more expensive 
than a Portland cement (PC) can reduce only less than 14% of  production temperature. Therefore, the 
production of  cement types in general contributes significantly to global CO2 emission. While we often 
talk about the environmental problems caused by very energy-intensive sectors, earthen architecture needs 
to be as stronger as it has been in the past. At present, there are a few countries, where environmentally 
friendly architecture is getting more and more popular. This popularity is due to a recently growing 
construction sector, which offers contemporary earthen products and completion methods to the planners 
and costumers [3]. However in contemporary earthen architecture, cement is being commonly used to 
stabilize the earth material. An environmental friendly strategy to substitute cement with other additives 
is needed. For this purpose, a variety of  alternative materials with lower environmental impacts can be 
used. Their use is based on the importance of  minimizing CO2 emissions, as well as increasing interest 
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in the production of  cementitious materials that develop good mechanical properties and good stability 
in corrosive environments[4]. This paper deals with an alternative solution, consisting in combining trass, 
gypsum and lime to replace the use of  cement in a vernacular way. 

1.1 CSA and Stabilization
CSA-cement forms predominantly ettringite (anhydrous calcium Sulfoaluminate), belite (dicalcium silicate) 
and gypsum (gypsum calcium sulphate). These reaction products are responsible for the stable strength 
of  CSA concrete. In this study, it was aimed to produce similar water insoluble reaction products with 
the help of  proposed additives to develop an earth-mix with a higher and durable strength. To overcome 
the common drawbacks of  earth construction materials, utilizing the stabilization effect is a significant 
application. However, it was only in 1920 that a scientific approach could be developed [5]. Soil stabilization 
is known as the process that enables the control of  dimensional changes that clays suffer when they 
come into contact with water [6]. While mechanical stabilization allows controlling the binder and water 
repellents, the chemical stabilization allows the dost control, water erosion-control and micro and macro 
structural stability [7]. Since ancient times, small proportions of  lime [6], pozzolan and gypsum were 
used in combination with earth. Murthy et al. [7] classified the stabilizing agents as traditional and non-
traditional. According to this classification gypsum, lime and pozzolans are traditional agents. Trass is rich 
in acid reactive components such as SiO2 and Al2O3, it shows a very high pozzolanicity in a highly alkaline 
environment. Lime alone has several effects on stabilization. It provides an environment with a high pH, 
which accelerates the pozzolanic reactivity. It extends the rapid hardening of  gypsum and makes it possible 
to gain about extra 20 min of  working time [17][18]. Also, lime reacts with the clay minerals of  the soil, 
or with any other fine, pozzolanic components such as hydrous silica, to form a tough water-insoluble gel 
of  calcium silicate, which cements the soil particles [19]. The interaction between clay particles and lime is, 
however, a long-term process. Diamond et al. [20] reports this stage as an accumulation of  soil-lime reaction 
products, causing a slow development of  strength. The addition of  gypsum supplies mainly sulphate to the 
mixture which forms, together with the trass minerals, the ettringite. 

Since the beginning of  modern research on stabilization, several studies have tried to explain the effects 
of  gypsum, lime and pozzolan stabilization. In 2007, Vroomen [8] researched the properties of  cast 
gypsum-stabilized earth. According to this study, a great advantage of  gypsum over cement is that it can 
be produced locally by small-scale enterprises and it demands a low amount of  energy in production as it 
can be calcined at approx. 125°C instead of  1100°C. In 2011, Lopez et al. [9] studied the chemical reaction 
between soil, fly ash (15%), gypsum (10%), lime (2%). They stated, when fly ash and lime are mixed with 
water, there is no chemical reaction in the initial phase. However, with increasing curing time a pozzolanic 
reaction begins between the fly ash and the gypsum. In 2012, Pekmezci et al. [10] published a paper showing 
the performance of  earth structure by using lime (2,5-5%) and gypsum (8-10%) addition. In this study, 
however, the fly ash, which is a by-product and classified as an artificial pozzolan, is being substituted with 
a natural pozzolan called trass. This is due to several drawbacks: its production is seasonally limited and its 
usage encourages the sectors producing by-products of  burning processes and therefore, contributes to 
environmental impacts. Jackson et al. [11]reports, with the current decline in coal-fired energy, fly ash is now 
becoming technically and/or economically unfeasible for use in concrete. Furthermore, artificial pozzolans 
result from chemical and/or structural modifications of  original material, which may have weak pozzolanic 
characteristics, or not. On the contrary, natural pozzolans do not require any treatment before their use [9].

2. Materials and procedures

2.1 Materials 
The earth used for the preparation of  stabilized earth specimens consists of  30% commercially available 
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mineral earth  material  for  plastering (Stroba Naturbaustoffe Ag, Switzerland) and of  70% standard sand 
CEN EN 196-1. The X-ray powder diffraction technique revealed, thanks to Rietveld methods [32,33], that 
the main mineralogical components are muscovite/illite (24.8wt%), quartz (21.3wt%), kaolinite (21.3wt%) 
and smectite (16.6wt%). The complete mineralogical composition is given in Table 1. 

Table 1: chemical composition of  terrasol used for sample preparation

 Anastase Calcite Chlorite Goethite Kaolinite Microcline Muscovite/ 
Illite

Plagioclase- 
Albite Pyrite Quartz Rutile smectite

(%) 0.3 <0.2 1.1 9.1 21.3 2.3 24.8 1.2 0.4 21.3 1.6 16.6

Three different additives (trass, gypsum and lime) were used in combination to stabilize the earth material. 
The trass (Tubag, Germany) was used as pozzolanic additive. It is also known as “rheinischer Trass”. Its 
chemical composition, obtained through X-ray fluorescence spectrometry (XRF), is given in Table 2.  Trass 
is a natural pozzolanic material, which can be found in various regions of  the earth. The mineral composition 
of  trass is mainly volcanic glass, zeolitized to a different extent (clinoptilolite), and secondary components 
from cyrstaloclasts of  magnetite, zircron, apatite, biotite, quarz, sanidine, plagioclase [12]. XRD pattern 
of  the trass is given in Figure 1. Commercially available hemihydrate gypsum (CaSO4·1/2H2O) was used. 
Moreover, a hydrated lime (Ca(OH)2) was used as an additive.

Table 2: Chemical composition of  the trass studied by X-ray f luorescence analysis. Values are given 
in mass % [13].

Component,(%) SiO2 Al2O3 TiO2 Fe2O3 MgO Mn2O3 P2O5 CaO SO3 K2O Na2O

 56.90 18.50 1.10 6.30 2.20 0.2 0.2 5.20 0.20 5.70 3.50

Figure 1: X-ray diffraction spectrum of  the trass used in this study.

2.2 Sample preparation:
Three different stabilized earth samples were produced by using different proportion of  trass, gypsum, and 
lime as additives to determine their efficiency on water resistance and on the strength of  earth materials. 
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The mass of  lime was kept constant at 2.5 wt% in all series: only the proportion of  trass and gypsum 
was varied form one sample to the other. For all samples, the water to binder ratio was determined as 0.4 
allowing to obtain a pourable material. The mix samples were poured into standard steel moulds (4cm x 
4cm x 16cm). The mixture proportions and labelling of  the stabilized earth samples are given in Table 3. 
After the addition of  water, the mixing and the casting of  specimens were no longer than 10 minutes. The 
mixing of  the material was done manually. Samples were stored at 23°C and 50% relative humidity. 

Moreover, to identify the pozzolanic reaction products, XRD analyses were performed on mix-designs 
mentioned in Table 3. The samples for the XRD analyses were prepared without earth. Therefore, the 
chemical interaction between additives and clay was not investigated in this study. XRD samples were cured 
for 7 days at 23°C and 50% relative humidity.

Table 3: The labelling and mixture proportions of  the specimens

Labelling PE T10G8 T14G4 T16G2

Description
Plain earth with 30% 

terrasol and 70% 
standard sand

Earth with 10wt% trass, 
8wt% of  gypsum and 

2.5wt% of  lime

Earth with 14wt% trass, 4wt% 
of  gypsum and 2.5wt% of  

lime

Earth with 16wt% trass, 
2wt% of  gypsum and 

2.5wt% of  lime

2.3 Procedures
The pozzolanic activity can be determined by physical, chemical or mechanical means. In this research, 
together with the water insertion test, the compressive strength (mechanical method) and XRD analysis 
(physical method) have been conducted to determine the pozzolanicity of  the proposed mix-design. To 
determine the water resistance of  stabilized and non-stabilized earth specimens, water insertion test was 
done. The water insertion was carried out according to the standard DIN 18945. The specimens were cured 
at 23°C and 50% relative humidity for 14 days. The loss of  material was determined by filtering the residue 
in the dip tank. 7 and 28-day compressive strength tests were carried out on prismatic specimens with the 
dimensions of  40 x 40 x 160 mm. Mineralogy of  the samples is determined on randomly oriented powder 
specimens with X-ray diffraction analysis [14]. X-ray diffraction measurements were made using a Bragg-
Brentano X-ray diffractometer (D8 Advance, Bruker AXS, Germany) using CoKα radiation. The qualitative 
phase analysis was carried out with the software package DIFFRACplus (Bruker AXS) [15].

3. Results and discussions

3.1 Water Contact Tests
One of  the main decaying factors in earth constructions is the presence of  water. Once plain earth gets 
contact with water, it swells, and the dissolution and erosion are inevitable. To overcome this weakness, 
stabilization of  earth can be a significant application. The loss of  mass of  the stabilized earth specimens 
and plain earth after the water insertion test is plotted in Figure 2. According to the water insertion test 
described in DIN 18945, the loss of  mass has to be less than 5% of  the total mass to be considered as 
acceptable. After 10 min. of  water insertion, the loss of  mass of  the plain earth samples was determined 
as 38.406% of  the total mass. However, as can be seen in Figure 2, all stabilized earth samples have shown 
similar behaviour and the loss of  mass of  all stabilized series is between 0.02-0.03 percent of  total mass, 
which is significantly lower than the limit value. Moreover, no cracks were observed due to swelling: the 
proposed combination of  additives significantly improved the water stability of  the earth specimens. 
However, it can be observed that the change in trass/gypsum ratio does not influence the water resistance 
of  the stabilized earth specimens.
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Figure 2: Loss of  mass of  stabilized earth samples after water insertion test. 

3.2 Compressive strength
The 7 and 28-days results of  compressive strength tests of  stabilized earth specimens are shown in Figure 3. 
As can be seen in Figure 3, the maximum compressive strength is obtained for T16G2 samples containing 
16wt% of  trass and 2wt% of  gypsum. While T10G8 containing the highest amount of  gypsum does not 
show an increase in compressive strength from 7 to 28 days, the samples prepared with a higher amount 
of  trass progressively gain strength from 7 to 28 days. Samples containing 14 and 16wt% of  trass show a 
similar parallel behaviour of  strength improvement from 7 to 28 days. Using higher content of  trass allows 
improving the compressive strength of  stabilized earth materials.  These results show that the compressive 
strength of  the earth material can be significantly improved with the proposed mix design of  additives.

Figure 3: Compressive strength of  the studied specimens. 

3.3 XRD Analyses
The mechanism of  stabilization is based on pozzolanic activity, which causes a durability effect in an 
environmentally friendly way. To better understand this mechanism and to identify the products of  
pozzolanic reactions, the mineralogical composition of  the mix-designs were analysed with the help of  
X-ray diffraction (XRD). The XRD results of  7day cured mix-designs are given in Figure 4. As can be 
seen in the XRD pattern, the sample with 10 wt% of  trass and 8 wt% of  gypsum (T10G8) displays high 
amounts of  gypsum. As expected, the intensity of  gypsum peaks is being reduced by increasing the amount 
of  trass. Very weak peaks of  ettringite can be observed in T10G8. However, it can be noted that, with the 
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increasing amount of  trass in samples, the intensity of  the ettringite peak is getting higher. The reason for 
this behaviour is assumed to be the pozzolanic effect of  trass. The chemical additives react with particles of  
trass to produce hydration products such as ettringite (Ca6Al2(SO4)3(OH)12·26H2O). A part of  Aluminium 
is being consumed by the formation of  ettringite. However, we found in all samples a notable amount of  
analcime (NaAlSi2O6·H2O), which also consumes a part of  aluminium in trass. On the other hand, a great 
amount of  calcite and muscovite was observed in all series.  

Figure 4: XRD pattern of  the studied mixes of  additives (without earth). (E; Ettringite, G; Gypsum, 
A; Analcime, Q;Quartz, C;Calcite)

4. Conclusions

This paper focuses on the stabilization effect of  trass (pozzolan) + gypsum (CaSO4 ½H2O) + lime 
(Ca(OH)2) system on the mechanical and physical properties of  the unfired earth, as a vernacular solution 
to replace the use of  cement in earth stabilization. The results drawn from this study can be summarized 
as follow:

1. The water-resistance and the compressive strength of  the plain earth were improved by the presence 
of  trass, gypsum and lime. 

2. Ettringite, which is typical hydration product of  Portland cement, could be produced with the proposed 
mix design. 

3. With the increasing amount of  trass, the precipitation of  ettringite was increased. This provokes the 
progressively improvement of  compressive strength of  the stabilized earth.

4. Although samples containing the highest amount of  gypsum showed in early age higher stability than 
plain earth samples, the strength improvement of  these stabilized earth samples was mainly limited 
with the setting of  gypsum alone. 
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Abstract 

Year after year the mining industry generates 5-7 billion metric tons of  tailings worldwide. They are mostly 
disposed rather than valorised. The substantial amounts of  tailings has led to growing concerns about their 
ecological and environmental impacts such as occupation of  large areas of  land, generation of  windblown 
dust, and contamination of  surface and underground water. Over the past years the mining industry has 
been subjected to increase environmental principles. As the consequence, besides waste rock and water 
management, tailings management becomes a progressively important factor for ecologic and economic 
reasons. Mine tailings from flotation processes are normally disposed in impoundments on the surface. This 
may cause environmental and safety problems including serious water pollution arising from contamination 
of  surface water, groundwater, and soils due to the leaching of  heavy metals, process reagents, and Sulphur 
compounds. Recently the process of  alkali-activation and geopolymerisation has been explored as a 
potential method for tailings consolidation and heavy metal fixation. The tailings of  many existing mining 
operations contain the aluminosilicate minerals needed for alkali-activation at least to some extent. From 
a sustainability point of  view it makes sense to use alkali-activated products from tailings directly on the 
mine site as e.g. (1) backfill material applied to fill open cavities from the (underground) mining operation 
and (2) cover materials for surface deposits of  tailings in order to store them ecologically safe and sealed 
off  from the environment. Mine tailings from different mining operations around the world have been 
investigated regarding their potential use as precursors for alkali-activated materials. An assessment of  
the release of  gel forming elements into alkaline solutions was performed by leaching experiments under 
various conditions (time, concentration of  the solvent, and temperature). Compared to traditional alkali-
activated precursor materials the release of  aluminium and silicon is in general low for the mine tailings 
investigated. However, results indicate a favourable ratio of  Si/Al for the formation of  gels similar to other 
alkali-activated products. Additionally, the leached calcium can contribute to the strength of  the resulting 
products by forming C-S-H gels when a considerable amount of  Si is present in the pore solution either 
from the activator or dissolved from the material itself. The results of  the leaching tests were used to 
facilitate the mix design for alkali-activated products. In order to increase the mechanical strength of  the 
final product different approaches were considered: (1) addition of  reactive materials (e.g. blast furnace 
slag), (2) increasing the reactivity of  the tailings by grinding, and (3) increasing the reactivity by curing at 
elevated temperature. Depending on the tailings type, the mix design, and the curing conditions the final 
material shows a compressive strength in excess of  30 MPa even for curing at low temperatures. The 
investigated mine tailings can potentially be used for various applications on the mine site. With regard 
to specific target applications a further evaluation of  long term properties of  the resulting products (e.g. 
freeze-thaw resistance) has to be performed. Furthermore, results indicate that products with even higher 
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strength can be manufactured by further reducing the particle size of  the tailings or by the addition of  other 
reactive materials.

Keywords: Alkali-activated binders, mine tailings, alternative raw materials, environmental impact.

1. Introduction

Whenever a mine is developed, in general huge amounts of  host rock have to be mined additionally and 
subsequently stored. The amount of  (mostly valueless) waste rock varies much, depending on the ore body 
and whether the ore is mined from an open-pit or an underground mine. Due to intergrowth of  minerals, 
even the mined ore itself  contains valueless material. Furthermore, some ore might be left behind in the 
mine due to the chosen mining method, low grades, or other economic reasons. The dilution of  the ore 
with waste rock can be substantial resulting in increased mineral processing costs and amount of  tailings 
but no economic revenue. [1]

One of  the major environmental issues of  the mining industry is the waste streams that can reach over 
90 % of  the total mass for many ore types. When using a flotation process in mineral processing this waste 
stream (i.e. tailings), is a mixture of  different minerals, process chemicals, and water in the form of  a thick 
slurry. The tailings are mostly deposited in tailings storage facilities (TSFs) at the surface or sometimes used 
as paste backfill to fill underground cavities. Since the storage of  tailings normally plays a minor role in the 
mining industry, little effort has been made regarding the valorisation of  the tailings up to now.

Recently, more attention is paid to the deposition of  tailings in TSFs at the surface by general public and 
especially legal authorities. Various problems are related to the storage of  tailings at the surface [2]:

1. When tailings contain sulphide minerals, such as pyrite (FeS2) or pyrrhotite (Fe1-xS), oxidation in the 
presence of  oxygen and water (either from rainfall, surface water streams or from mineral processing) 
results in the formation of  sulphuric acid. If  not being captured this may lead to severe ecological 
problems and the so called acidic mine drainage (AMD).

2. The huge amounts of  tailings results in very large deposits on the surface, which the authorities do not 
permit any more or a suitable large space cannot be found or is strongly opposed by the communities 
close to the mine.

3. When dams are used for the deposit a dam failure can result in an ecological disaster.

As a consequence the disposal of  mine tailings is a major environmental liability becoming increasingly 
important for current and future mining operations especially on ore bodies with low grades. In order to 
prevent the problems related to tailings storage, new approaches are needed and might even become critical 
for future mining operations. [1,2]

There are different ways and means to reduce the potential environmental hazards related to the storage of  
mine tailings and waste rock: (1) Isolation of  waste materials from the nearby environment by capping, (2) 
chemical stabilization of  especially mine tailings by adding chemicals or cementitious materials to immobilize 
heavy metals, and (3) a combination of  these two methods. For the simultaneous use of  isolation and 
stabilization techniques, the tailings surface can be treated by binders such as organic polymers, water glass 
or Ordinary Portland cement (OPC) to improve the resistance of  the surface to erosion and reduce water 
infiltration, isolating the underlying tailings from the surrounding environment [3-5]. Although OPC has 
its benefits in the stabilization of  certain mine tailings, it has several drawbacks such as low acid resistance, 
high cost as well as high energy consumption and CO2 emissions related to the production of  OPC.

Using the concept of  alkali-activation, alumosilicate raw materials can be turned into valuable cementitious-
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like materials. Depending on their composition, the resulting alkali-activated materials or geopolymers 
have comparable properties to OPC, but may also show additional advantages such as rapid development 
of  mechanical strength, high acid resistance, immobilization of  toxic and hazardous materials, and a 
considerable reduction in greenhouse gas emissions [6-9]. Simplified, geopolymers can be formed by the 
reaction of  aluminosilicate raw materials with highly alkaline solutions by leaching of  Al and Si from the 
solid precursors with subsequent formation of  a gel with a molar ratio of  M:Al:Si roughly equal to 1:1:4, 
where M represents an alkali earth metal [6,10]. Initially metakaolin and fly ash were used as the main raw 
materials for geopolymers and have become model compounds for the comparison with other precursor 
materials. In recent years a number of  other raw material sources (e.g. various other types of  fly ash, 
natural minerals, metallurgical waste materials as well as their mixtures) have been studied to synthesize 
geopolymers [11]. 

The tailings of  many existing mining operations contain the aluminosilicates needed for alkali activation 
at least to some extent and therefore offer an interesting alternative source material for alkali activated 
materials and geopolymers [11]. Even though natural rock can be thought of  as a rather non-reactive 
material, the fine particle size distribution of  the tailings might be advantageous right away or allowing for 
additional processes steps for substantially increasing the reactivity.

In a nutshell, this study addresses the valorisation of  mine tailings as precursors to alkali-activated materials 
to be used for applications primarily at the mine site. The dissolution of  relevant species is assessed by 
leaching in alkaline conditions and compared to other precursor materials. Furthermore, the compressive 
strength of  alkali activated mixtures was determined in order to verify the suitability for the intended 
applications. The resulting alkali-activated materials can be used directly at the mine site as (1) a back fill 
material to fill underground cavities or (2) a covering layer for surface deposits of  tailings. Depending 
on their properties the resulting materials could also be used for other applications (e.g. construction 
industry). The best-case scenario leads to a mining activity without any needs to deposit tailings on the 
surface or a minimized amount of  tailings deposited on the surface using a covering layer for safely storing 
the tailings shielded from environmental conditions. Hence, in the near future mining operations can be 
more ecologically friendly and probably even more economically feasible compared to traditional mining 
operations.

2. Methodology

In order to assess the reactivity of  solid precursor materials the leaching of  relevant species in alkaline 
solutions was studied at a constant solid to liquid ratio with varying conditions for time, temperature und 
solvent concentration. 

The results of  the leaching experiments were taken into account for the mix design of  alkali-activated 
materials and can also help to understand the possible reaction mechanisms during hardening. Enhancing 
the reactivity of  the solid materials was investigated in order to increase the mechanical strength of  the 
final products by the following approaches: (1) addition of  other reactive materials, (2) increasing the 
specific surface area of  the tailings, and (3) curing the products at elevated temperature. However, the main 
focus was put on using the tailings as delivered without further pre-treatment steps (like e.g. grinding or 
calcination) and thereby making it possible to apply solutions directly at the mine site without additional 
high investment into large infrastructures.

2.1 Materials
In this study the tailings from the following mining operations were investigated:
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1. MT 1 – tailings from a copper/nickel mine (Northern Europe, low content of  sulphides)

2. MT 2 – tailings from a copper/zinc mine (Southern Europe, high content of  sulphides)

3. MT 3 – tailings from a platinum mine (Africa)

4. MT 4 – tailings from an iron ore mine (South America)

All tailings samples were supplied wet (mostly as slurries) and dried at 110 °C prior to any laboratory 
experiments. In order to prevent oxidation of  samples containing a high amount of  sulphides, only small 
portions were dried shortly before use.

Additionally to the tailings samples metakaolin (MK) and granulated blast furnace slag (GBFS) were 
used as solid additives. MK was delivered as a dry powder. GBFS was delivered moist with a particle size 
distribution smaller than 4 mm. The GBFS was dried at 110°C and comminuted using a ball mill to a final 
specific surface area of  approximately 3300 cm²/g.

The chemical composition of  solid materials was determined by XRF on fused beads of  the original sample 
after determination of  the loss on ignition (LOI). The qualitative mineralogical composition was determined 
by XRD on loose powder bed samples. Different particle size fractions of  the samples were obtained by 
dry classification. The particle size distribution of  the samples was determined by laser diffraction (dry 
dispersion).

Furthermore, a chemical grade concentrated sodium hydroxide solution (NaOH) and a sodium silicate 
solution (waterglass, Na2SiO3) were used. The concentrated NaOH solution was diluted to the desired 
concentration using deionized water. The waterglass solution used has a solids content of  approximately 
35,3 m% with a mass ratio Na2O to SiO2 of  3:10.

2.2 Leaching experiments
Leaching of  solid precursor materials in alkaline conditions was performed using a similar procedure as 
described in literature (e.g.  Xu and van Deventer [12,13]) using a solids to liquid ratio of  2 g per 100 ml of  
solvent. The standard conditions for the leaching experiments are a duration of  24 hours at a temperature 
of  40°C using a 5M NaOH solution, but additional parameter studies for relevant parameters have been 
performed for some materials. In order to prevent contamination of  the leachates with Si from glass 
containers, plastic equipment was used for storage and during the experiments. The leaching was done by 
the following procedure:

1. Preheating of  the solid precursor material in a sealable plastic container.

2. Addition of  preheated solvent.

3. Mixing of  solids and solvent using a bottle roller with 60 rpm for the desired reaction time.

4. Filtration of  solids and leachate.

5. Dilution of  the leachate 1:50 with deionized water.

6. Acidification to a pH between 2 and 3 using 4M HCl to prevent precipitation prior to analysis.

7. Determination of  the concentration of  leached species by ICP-MS.

The elemental concentrations of  the leachates were corrected by the concentrations in the blank solvents 
treated by the same procedure.
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In order to investigate the leaching residue after the experiment the filtration residue was washed with 
deionized water in order to eliminate excess NaOH of  the leaching experiment. The residue was dried at 
110°C and further investigated. However, the change of  mass of  the dried solid residue compared to the 
initial sample was below the detection limit for the chosen experimental setup (< 0,5 m%).

MT 3 was chosen for further leaching experiments with additional variation of  the temperature. The 
experiments were carried out with 1M, 5M, and 10M NaOH solution for leaching durations of  24 and 72 
hours.

2.3 Mix design and testing
The crucial property of  resulting alkali-activated materials for this investigation was the uniaxial compressive 
strength. It was tested using small cylindrical samples with a diameter of  40 mm and a height of  30 mm.

With regard to a possible installation of  the alkali-activated mixes by pumping the consistency is crucial 
for the mix design. In order to ensure a desired viscosity of  the mix the liquid to solids ratio was kept 
constant for a given solid raw material. Since there is a high variation in the density of  the activator solution 
depending on its composition (concentration) a certain volume of  liquid activator solution was used for a 
given mass of  solids. For the activator solution mix the NaOH solution and the waterglass solution were 
premixed and the volume adjusted to the desired amount by addition of  deionized water. The activator 
solution was then mixed with the solids by hand in a small beaker with a rod until a homogeneous mix was 
obtained. The mix was poured into silicone moulds and compacted by vibration. The samples were then 
covered with a silicone mat and stored in locked boxes until testing at the chosen curing temperature. The 
compressive strength was determined by recording the maximum force using a universal testing machine.

For MT 1 an activator screening with mixtures of  NaOH and waterglass solutions was performed initially 
with a constant amount of  27.5 ml of  activator solution for 100 g of  solid mine tailings. The samples 
were cured for 7 days at a temperature of  60°C prior to determination of  the compressive strength. The 
results showed, that the highest strength was achieved when using waterglass solutions as an activator with 
only little to no further addition of  NaOH. Therefore, further experiments were carried out using only 
waterglass solutions with concentrations between 10 to 30 m% of  solid waterglass and testing after curing 
for 7, 14 and 28 days. Since the results were quite promising, further experiments were performed with 
the same recipes and curing at 40°C and room temperature (RT). The other mine tailings were studied less 
extensive.

In addition to the determination of  the strength of  the final products, selected samples with high strength 
have been further investigated by XRD and SEM.

3. Results and discussion

3.1 Material characterisation
Table 1 shows the characteristic parameters of  the particle size distribution of  the mine tailings as delivered. 
The fineness is governed by the specific ore characteristics and related to the intergrowth of  the valuable 
minerals with the matrix minerals. In general the tailings show a high fineness which is favourable for 
alkali-activation. Table 2 summarizes of  the chemical composition of  the solid precursor materials. The 
metakaolin (MK) used in this study is a technical grade stochiometric metakaolin with at least 95 m% of  
Al2Si2O5 and a x50 of  1.5 µm. Table 3 gives an overview of  the mineralogical composition (in alphabetical 
order) of  the mine tailings samples. Due to the granulation process the GBFS has solidified in a glassy state 
and does not show any peaks in the XRD pattern.
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Table 1: Characteristic parameters of  the particle size distribution of  mine tail ings.

MT 1 MT 2 MT 3 MT 4

Cu/Ni tails Cu/Zn tails Pt tails Fe tails

x90 [µm] 54 25 90 9.0

x50 [µm] 7.5 4.6 10 2.4

x10 [µm] 0.9 1.0 1.6 0.8

Table 2: Chemical composition of  the solid precursor materials determined by XRF.

MT 1 MT 2 MT 3 MT 4 GBFS

  Cu/Ni tails Cu/Zn tails Pt tails Fe tails   

M
ai

n 
co

m
po

ne
nt

s 
 [g

/1
00

g]

Na2O 0.30 0.32 1.48 0.03 0.69
MgO 22.55 1.90 16.98 0.40 9.79
Al2O3 2.06 8.04 9.79 5.73 10.50
SiO2 46.59 31.06 54.02 11.74 39.50
P2O5 0.02 0.06 0.02 0.29
SO3 1.24 0.24 0.16 0.09 1.37
K2O 0.10 0.67 0.41 0.99 1.62
CaO 13.42 0.94 6.80 0.82 32.20
TiO2 0.26 0.21 0.18 0.22 0.63
Cr2O3 0.31 <0.01 0.36 0.01 0.59
MnO 0.15 0.10 0.20 0.08 1.65
Fe2O3 11.92 35.50 9.34 77.30
LOI 2.35 18.37 1.82 2.92

∑ 101.27 97.41 101.56 100.62  98.54

Table 3: Mineralogical composition of  the mine tail ings determined by XRD.

MT 1 MT 2 MT 3 MT 4

 Cu/Ni tails Cu/Zn tails Pt tails Fe tails

Albite X
Antigorite X X
Calcite X X
Chlorite X X X
Diopside X
Enstatite X
Hematite X X
Lizardite X
Magnesiohornblende X X
Muscovite X X X X
Pyrite X X X
Quartz X X
Siderite X X X
Talc   X  

3.2 Leaching of  solid precursor materials in alkaline solution
The sample of  MT 1 has been chosen to study the influence of  leaching time in more detail for 5M and 
10M NaOH. The results of  the leaching experiments at 40°C with test durations of  4, 8, 24 and 72 hours 
are summarized in  Figures 1 and 2. 
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Figure 1: Results of  the leaching experiments for MT 1 with 5M NaOH at 40°C.

Figure 2: Results of  the leaching experiments for MT 1 with 10M NaOH at 40°C.

The results show that the amount of  dissolved species is increased for a higher concentrated NaOH 
solution (except for S and intermediate test durations). The maximum amount of  dissolved species can be 
found after leaching durations of  24 hours especially for the experiments with 10M NaOH. This might be 
caused by subsequent formation of  precipitates or gels from the solution reducing the amount of  most of  
the species except Sulphur.

For leaching in 10M NaOH approximately 1.4 m% of  the initial Al and 0.6 m% of  the initial Si have been 
dissolved which adds up roughly to the detection limit for the mass balance.  However, subsequent analysis 
of  the leaching residue by XRF, XRD and SEM did not reveal weather precipitates have been formed or 
from which mineral phases the individual species have been dissolved.

For MT 3 the absolute amount of  dissolved Si and Al in dependence of  leaching duration and temperature 
are summarized in figures 3 and 4. Similar trends as for MT 1 can be observed from the leaching experiments 
of  MT 3 although the maximum concentration of  dissolved species is not reached after a leaching duration 
of  24 hours. The amount of  dissolution is directly proportional to the concentration of  the solvent but 
its dependence is not as strong as the influence of  the leaching temperature. Increasing the temperature 
from 40°C to 80°C increases the amount of  dissolved species roughly by a factor of  2. The results show 
that using a 1M NaOH solution at a temperature of  80°C the absolute amount of  dissolved species is still 
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higher than using a 10M NaOH solution at 40°C even for shorter leaching duration. This means that a short 
thermal treatment at a higher temperature might be favourable for alkali activated materials in contrast to 
curing at moderate temperatures for a longer time.

Figure 3: Absolute amount of  dissolved Si from MT 3 for different leachate concentrations at 
various temperatures.

Figure 4: Absolute amount of  dissolved Al from MT 3 for different leachate concentrations at 
various temperatures.

The experiments with MT 1 and MT 3 suggested to perform further tests with other materials with 5M 
and 10M NaOH solution for a test duration of  24 hours. A temperature of  40°C was chosen due to more 
simple and safe handling. The results are summarized in table 4. The mine tailings show little reactivity in 
alkaline solutions compared to granulated blast furnace slag and metakaolin. 

For the mine tailings the amount of  dissolved species corresponds to below 5 m% of  the initial amount 
in the tailings sample whereas for GBFS roughly 60 m% and for MK roughly 80 m% are dissolved after a 
leaching duration of  24 hours.
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Table 4: Summary of  the absolute amount of  species dissolved from MTs, GBFS, and MK in NaOH 
solutions at a temperature of  40°C and a leaching duration of  24 hours with a solids to liquid ratio 
of  2 g per 100 ml of  solvent.

MT 1 MT 2 MT 3 MT 4 GBFS MK

   Cu/Ni tails Cu/Zn tails Pt tails Fe tails    

A
bs

ol
ut

e 
am

ou
nt

 d
is

so
lv

ed
 [m

g/
l]

5M
 N

aO
H

Ca 4.4   7.4 28.0      
Mg 0.3 0.5 1.8
Al 2.2 8.0 11.6 32.0 1977
Si 16.0 14.0 35.2 80.2 2911
Fe 3.7 1.3
S 97.2     9.5      

10
M

 N
aO

H

Ca 13.0 4.1 23.3 21.8
Mg 9.2 0.6 3.6 2.3
Al 3.1 14.5 15.3 70.2 603 2122
Si 28.0 58.0 57.0 134 2450 3148
Fe 37.0 2.5 1.9

S 70.0   13.2  880  

3.3 Mechanical properties of  alkali-activated mixtures 
The results of  mixtures with MT 1 and waterglass are summarized in figure 5. In general a lower curing 
temperature resulted in lower strength especially for short curing times. The strength of  MT 1 activated 
with waterglass solutions and cured for 28 days at RT ranges from 3.8 MPa up to 14.2 MPa depending on 
the concentration of  solid waterglass in the activator solution. The early strength after curing for 7 days 
at room temperature was around 1 MPa only. In order to increase the early strength of  the alkali-activated 
products two options have been tested: 

1. Grinding of  the original tailings with x50 of  7.5 µm to a product with x50 of  roughly 6 µm increased the 
strength after curing at room temperature to 7.5 MPa for an activator solution with 15 m% of  solid 
waterglass in the activator solution.

2. Replacing 10 m% of  the original tailings with ground granulated blast furnace slag increased the 
strength in a similar way as (1).

The investigations with the other mine tailings have not been carried out as extensive as for MT 1. Hence, 
the results are not shown as detailed as for MT 1, but summarized in table 5. For MT 2, MT 3, and MT 4 
mixtures of  waterglass and NaOH have been used as activator solution using a similar screening process as 
for MT 1. Similarly, the amount of  liquid activator has been adjusted in order to result in a mix with desired 
viscosity. In general a higher strength can be reached with a higher concentration of  activator components 
in the solution. MT 2, MT 3, and MT 4 show lower strength compared to MT 1. 

For MT 4 the addition of  metakaolin was successfully tested to increase the strength of  the final product. 
A strength up to around 30 MPa was achieved for curing at 60°C for 28 days. Due to the fine particle size 
of  metakaolin the amount of  liquid activator solution had to be adjusted.

Unfortunately XRD and SEM could not clearly identify the source related to the high strength of  these 
materials. In contrast to geopolymers or alkali-activated materials the degree of  reaction is rather low so 
that the microstructure of  the alkali-activated materials from the mine tailings was found to be rather 
unchanged.
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Figure 5: Compressive strength after 7, 14, and 28 days of  samples made from MT 1 with 
waterglass solutions as an activator and curing at different temperatures. The lower end of  
the bars corresponds to recipes with the lowest concentration of  waterglass in the activator 
solution (10 m%) and the upper end to the highest concentration tested in a given series. 
‘Fine tail ings’ corresponds to the same sample but ground to a x50 of  roughly 6 µm. 
’10% GBFS’ corresponds to a mixture where 10 m% of  the mine tail ings was replaced by granulated 
blast furnace slag.

Table 5: Overview of  the strength of  alkali-activated products from the mine tail ing.

Additives Activator Curing σc

  Amount Composition T [°C] t [days] [MPa]

M
T 

1

27.5 ml / 100 g waterglass 60

7 ~ 5 to 15
14 ~ 5 to 20
28 ~ 5 to 22

27.5 ml / 100 g waterglass 40
7 ~ 1,5 to 6.5
14 ~ 3 to 15
28 ~ 3 to 16

27.5 ml / 100 g waterglass RT
7 ~ 1.0 to 1.5
14 ~ 3 to 8
28 ~ 3.5 to 14

Fine tails to reach x50 ~6 µm 27.5 ml / 100 g waterglass RT 7 ~ 4 to 7,5
GBFS (10 m%) 27.5 ml / 100 g waterglass RT 7 ~ 5 to 12

MT 2  38.75 ml / 100 g NaOH and waterglass 60 7 ~ 1.0 to 3.5

M
T

 3

33.75 ml / 100 g NaOH and waterglass 60 14 ~ 1.5 to 5

33.75 ml / 100 g NaOH and waterglass RT
14 ~ 1.0 to 2
28 ~ 1.5 to 4

MT 4

37.5 ml / 100 g NaOH and waterglass 60

7 ~ 1.0 to 1.5
14 ~ 1.5 to 2
28 ~ 2 to 3

Metakaolin (10 m%) 40 ml / 100 g NaOH and waterglass 60
7 ~ 1.5 to 3
14 ~ 3.5 to 6
28 ~ 5 to 30

4. Conclusions

The results of  the leeching experiments showed, that in general the dissolution of  significant species from 

IC
SBM

 2019
ID

 090



539

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 0

90

539

IC
SBM

 2019
ID

 090

the mine tailings is little compared to reactive products like granulated blast furnace slag or metakaolin. 
However, alkali-activation can lead to final products with considerable strength depending on the curing 
conditions. Furthermore, finer ground tailings or reactive materials have a positive effect on the strength 
of  the final products.

One possible on-site application of  alkali-activated materials is mine backfill. Depending on the mining 
method and whether a primary or secondary stope is being filled, the ultimate strength of  installed backfill 
ranges from 0.2 to 5 MPa. Secondary stopes, or areas where tailings are being placed for safe disposal 
only require sufficient strength to resist liquefaction, whereas primary stopes may need strength to stand 
vertical up to 50m high. Cut and fill operations – where quick access is crucial – often require rapid strength 
development (i.e. more than 2 MPa in approximately the first seven days after installation).

The results for alkali-activated products from the mine tailings indicate that an application as mine backfill 
seems possible. However, further material properties of  the final products (e.g. water resistance) have to be 
determined additionally. Additionally, the setting behaviour of  the backfill can be of  importance, especially 
for long pumping distances.

For the covering layers of  surface deposits of  tailings a parameter set of  physical and chemical properties can 
only be defined knowing the environmental conditions on the site of  installation. Geochemical modelling 
can assess if  such an application is possible with a specific alkali-activated product taking relevant physical 
and chemical properties into account.

Unfortunately a further assessment of  high strength products did not reveal the source of  the strength. The 
following reaction mechanisms are theoretically possible for the given chemical system when adding NaOH 
and waterglass as an activator:

1. Waterglass bond: Formation of  a gel due to a reaction with polyvalent cations or due to a reaction 
with CO2 leading to silification of  dissolved Si according to: Na2O∙nSiO2∙xH2O + CO2  →  nSiO2∙xH2O 
+ Na2CO3

2. Formation of  a C-S-H gel: Formation of  a gel due to the reaction of  dissolved Ca from tailings with 
dissolved Si from the addition of  waterglass and/or leached from the tailings.

3. Formation of  a N,C-A-S-H gel: Formation of  a gel as for the alkali-activation of  granulated blast 
furnace slags or fly ash.

4. Formation of  a geopolymer gel.

The first three reaction mechanisms seem likely depending on the concentration of  relevant species in the 
pore solution of  the mix. However, the formation of  a geopolymer gel seems rather unlikely when using 
mine tailings only as the solid precursor material.

5. Outlook and further procedure

The results currently available don’t allow for a direct link between the specific chemical and mineralogical 
composition of  the tailings and their leaching behaviour or performance in alkali-activated materials. 
However, the data from the leaching experiments can be used for geochemical modelling to link dissolution 
to certain mineral phases. For that purpose a more detailed mineralogical assessment of  the raw material as 
well as the leaching residues needs to be done by e.g. QEMSCAN. Additionally, modelling can help to assess 
the formation of  gel phases taking place while hardening of  the alkali-activated products.
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Abstract - It is difficult to compete with normalweight concrete: it is pourable, usually self-compacting, 
hardening reasonably fast, cheap and locally available in large quantities. Its excellent fire protection and good 
acoustic insulation for airborne sound are further advantages in construction. But, regular concrete is very 
heavy, being disadvantageous for transportation and hoisting and results in the fact that a concrete structure 
predominantly supports its self-weight. Also, concrete qualities applied in building construction usually 
provide a far too high strength, as geometry is often dictated by constructability (minimum dimensions for 
concreting). Concrete further provides poor thermal insulation and unpleasant user experience (it “feels” 
cold), and is rather challenging to recycle. Last but not least, concrete manufacture is largely based on non-
renewable resources and has a high environmental impact. Thus, alternative lightweight concretes should 
be further developed. Starting from earlier developments on “wood-based concrete” (or wood-cement 
compounds WCCs), essentially consisting of  Portland cement (PC) and other mineral binders and of  up 
to 60% of  untreated sawdust, this study aimed at improving their mechanical properties by integrating 
an aggregate skeleton from organic aggregates (fruit pits, crushed nut shells) and lightweight aggregates 
from largely available or renewable resources (expanded clay and glass). 15 different recipes for “WooCon” 
(from wood-concrete) were designed and evaluated, in a first phase, for possible self-compaction as a basic 
fresh-state requirement for their targeted application in prefabrication. In a second phase, basic mechanical 
properties of  5 retained WooCon recipes were evaluated, by testing elastic modulus, compressive strength, 
and their development over 28 days as a further important prefabrication requirement. These results were 
also used to modify predictive expressions for correlating compressive strength and elastic modulus. In 
a third phase, estimates of  economic and ecological performances were established, in order to assess 
the competitiveness of  the newly developed WooCon recipes. The fourth evaluation phase of  long-term 
properties (shrinkage and creep) of  the 3 most promising WooCon recipes is currently ongoing. The study 
results show that adding an aggregate skeleton to WCCs, i.e. converting them into WooCon, can notably 
improve workability properties, up to self-compaction. Compressive strength can be doubled and elastic 
modulus can be tripled. Strength development can be predicted by generally accepted expressions and can 
even reach very rapid early hardening. Elastic modulus can be correlated quite accurately to compressive 
strength. In all evaluated mechanical properties, a marked influence of  the applied percentage of  organic 
aggregates could be observed. Economic impacts of  WooCon majorly reside in costs for organic aggregates 
and cement, and result in unit prices up to 2.5 times higher than regular lightweight concrete (LC); however, 
if  contextualised for mechanical elements, WooCon can perform better than regular LC. Lime filler and 
cement are the major contributors to ecological impact (global warming potential, GWP) but the overall 
result shows 75-80% reductions in comparison to regular LC. 

Keywords: Alternative lightweight concrete, Lab tests, Fresh-state properties, Mechanical properties, 
Analytical predictions.
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1. Introduction

This study aims at further developing wood-cement compounds (WCCs) as an alternative to regular 
lightweight concrete (LC), starting from the encouraging results from earlier developments. These WCCs 
essentially consist of  Portland cement (PC) and other mineral binders and of  up to 60% of  untreated 
sawdust [1][2], one of  the cheapest and most largely available renewable resource, usually having a maximum 
granular size of  2 mm with 95% smaller than 1 mm [1] (i.e. these WCCs are rather wood-based mortars). 

They can be produced in standard manufacture processes, are pourable and (possibly) self-compacting 
[2], and material costs are approx. 30-35% lower than regular LC [3]. They show very low self-weight: 
1’100--1’300 kg/m3 when saturated while oven-dry densities are between 450 kg/m3 and 870 kg/m3 [4]; at 
ambient humidity, material densities are around 650 kg/m3 to 1’100 kg/m3. They also provide excellent fire 
protection (min. 23’/cm [5]), have a thermal conductivity comparable to regular LC but show significantly 
higher thermal storage capacity [6], and considerably contribute to acoustic insulation [7]. End-of-life re-
valorisation can be done by combustion, providing calorific values of  25-50% of  wood chips but also 55-
70% ash contents [8]. However, these ashes proved further effective as lightweight aggregates or can even 
be recalcinated, with reactivity ratios of  up to 70% of  virgin PC [9]. 

But, the main weaknesses of  these structurally-targeted WCCs are slow strength development [2], very low 
stiffness (1-3 GPa) and compressive strength (2-5 MPa) and, above all, very high shrinkage (3-7‰ after 1 
year) and creep coefficients (5.5-8.5 after 1 year) [1]. Adding sand to WCC and replacing an important part 
of  PC by lime filler improves workability, strength and its development, stiffness, and shrinkage behaviour 
[10] but it also increases density and does not really subscribe to an ecological development (sand resources). 
Furthermore, application of  these WCCs in structural slabs still results in some ecological challenges [11].

To further develop these WCCs, without being too far at the account of  their advantageous performances, 
new recipe improvements were investigated [3]. Above all, the integration of  an aggregate skeleton, made 
of  organic components (e.g. fruit pits, nut shells) and lightweight aggregates from expanded clay and glass 
(i.e. largely available or renewable resources), targeting their transformation into real wood-based concretes, 
named “WooCon”. Their manufacture procedures should keep to usual concrete processes, construction 
performances should be similar (i.e. pourable, self-compacting, reasonably fast hardening), and they should 
provide adequate mechanical performances. If  material costs are somewhat higher, this can possibly be 
compensated through lower self-weight, appropriate fire protection, improved thermal properties, enhanced 
end-of-life re-valorisation (rather than down-cycling), and lower ecological impact.

2. Methodology

The study [3], forming the basis for this paper, was structured in several phases:

1. Preliminary survey research for locally available (lightweight) aggregates for possible application, 
considering availability, particle density, and particle size distribution PSD

2. Recipe design, with WCCs as a basis, and preliminary estimations of  density and unit prize

3. Lab tests for evaluation of  self-compaction properties and further workability performances, to identify 
the 5 most promising WooCon recipes

4. Lab tests for short-term stiffness, compressive strength and strength development, to identify the 3 
most promising recipes for long-term testing

5. Estimative calculation and comparison of  economic and ecological performances to regular LC
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6. Launch of  lab tests for long-term properties, i.e. shrinkage and creep, for the 3 retained WooCon 
recipes

The last phase is currently still ongoing, and is not further commented here. In phase 5, estimations are 
based on purchase prizes for the lab test quantities, not necessarily valid on an industrial upscaling. As the 
further development of  WooCon may also involve spin-off  activities, some degree of  confidentiality is 
applied hereafter. Specific components and their overall percentages are given but detailed compositions 
incl. individual PSD as well as mixing process details are kept confidential.

2.1 Recipe design
For a good aggregate skeleton, PSD of  different aggregate size classes should be combined appropriately. 
To do so, the development of  recipes was based on the PSD limits proposed in [12], see Figure 1. Bearing 
further in mind the target of  self-compaction, a limitation to aggregate sizes of  16 mm and a water/cement 
ratio (w/c) between 0.4 and 0.55 is considered [13]. In the first project phase, a limitation to 1’000 km of  
transportation, exclusion of  edible sources, and available PSDs of  aggregates were considered, resulting 
in the choice of  the following basic ingredients as aggregate candidates (besides saw dust and lime filler): 

• Mineral aggregates: lightweight expanded clay aggregates (LECA), expanded glass aggregates (e.g. 
“Misapor”, “Poraver”), sand, and gravel (besides lime filler and cement)

• Organic aggregates: crushed walnut shell, grape seeds, and cherry pits (besides sawdust)

Figure 1: PSD limits for concrete aggregates [12]. 
2.2  Fresh-state properties
The first selection phase targeted at evaluating self-compaction and manufacturing performances. The latter 
considers mixing time, workability, necessary quantity of  added water, and possible segregation effects 
while the former looks at slump flow classes, Table 1. For self-compacting concrete, SF2 is usually targeted 
in practice while the other two classes are only required or admitted, respectively, in special cases.

Table 1: Slump Flow (SF) requirements for self-compacting concrete [14].

Slump Flow class Flow diameter

mm

SF1 550-650

SF2 660-750

SF3 760-850

These different criteria are considered in a weighted multi-criterion ranking.
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2.3 Mechanical properties
Density, elastic modulus and compressive strength were determined on cylinder specimens, with 150 mm 
diameter and 300 mm height, at 3, 7 and 28 days. Compressive strength was determined in an automatized 
test bench. For stiffness at 3 days, manual jack management was applied due to the expected low values, 
based on earlier experience. As results were considerably higher, the automatized test bench could also be 
used at 7 and 28 days. Test specimens were stripped 1 day after concreting and stocked in a climate chamber.

Strength development as a function of  hardening time is assessed by [15]: 

       (1)

where fcm = average cylinder compressive strength, t = age in days, and s = strength development exponent. 
Specific exponents are derived from experimental results, and can be compared to values between 0.25 and 
0.20 for normal and rapid cement hardening, respectively, in regular concrete. For lightweight concrete, 
high strength aggregates should provide s = 0.05 while s = 0.25 for low strength aggregates [15].

Correlations between average elastic modulus Ecm and fcm are based on the expression from [16] for regular 
LC. It considers impacts of  aggregate type and concrete density ρ 

         (2)

where kE = aggregate type coefficient, and ηl = correction factor for LC stiffness. Experimental results 
are used to calibrate specific kE values and are compared to standard values, varying between 8’000 and 
12’000 for river bed gravel aggregates, between 8’000 and 10’000 for crushed lime aggregates, and between 
6’000 and 8’000 for micaceous rock aggregates, respectively. Deviations from these values are possible, 
particularly for self-compacting concrete [16]. As this formulation contains 3 unknowns (aggregate factor, 
strength exponent, and density exponent) but only 2 independent test results are available, i.e. fcm and ρ, 
more specific expressions cannot be calibrated from the test results.

2.4 Economic and ecological performances
Economic performances of  the retained WooCon recipes were established, on the basis of  lab test purchase 
prices (Table 2) to determine unit prices per m3. Organic aggregate prices are high because they are not sold 
(yet) in industrialised quantities.  

Table 2: Approximate cost and GWP indicators of  basic materials [3].

Component Purchase price GWP

CHF/m3 kg CO2 eq./m3

PC 52.5R 1’770 0.129

Lime filler 330 0.155

Sawdust 25 0.011

Superplasticiser 8’300 0.030

Sand / gravel 60 0.014

Expanded clay 420 0.417

Expanded glass 400 0.207

Crushed walnut 3’800 0.001

Grape seeds 4’500 0.001

Cherry pits 3’300 0.001

LC 12/13 500 0.417

WCC with sand [2],[10] 230 0.114
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These cost estimations are further compared to a regular LC 12/13 [16] w.r.t. unit prices but also in a 
(simplified) construction context, considering material densities and strengths. Analogous evaluations 
are done for estimative ecological performance, for global warming potential (GWP) per m3 and in 
contextualized construction situations. Table 2 shows the admitted impact per WooCon component, partly 
based on [17]. Organic aggregates are principally waste and water is considered free.

3. Results and discussion

3.1 Recipe design
In all recipes, cement content was 300 kg/m3, with lime filler at 250 kg/m3, and sawdust at 60 kg/m3 , with 
a constant ratio w/c = 0.5. As a function of  the aggregate types incl. their individual PSD, the necessary 
proportions were determined with Figure 1. 

Table 3 shows an overview of  the WooCon recipes (respecting confidential information, see section 2), 
expected densities and unit prices. Mix designs with artificial mineral lightweight aggregates (expanded clay 
and glass) are interesting w.r.t. to unit price but generally result in greater density. Mix designs with organic 
aggregates result in lighter concrete mixes but also in considerably increased unit cost.

Table 3: General composition of  WooCon aggregates and percentage of  organic aggregates.

Recipe LECA MISAPOR Sand/ 
gravel Walnut shell Grape seeds Cherry pits Organic 

aggregates
Density Cost

kg/m3 CHF/m3

1 20% 68% 12% – – –

0%

890 350

2 45% 43% 12% – – – 900 350

3 20% 25% 55% – – – 1’160 310

4 45% – 55% – – – 1’170 310

5 – 68% 32% – – – 1’000 330

6 X X X – – X 25% 910 540

7 X X – X – X 37% 840 660

8-9 X X – X – –
12%

820-830 470

10-11 X X – – X – 820-830 490

12 – X – X X X
57%

860 870

13 – X – – X X 850 890

14 X X – – X X 37% 840 680

15 – X X – X X 45% 920 750

16 X X – – X –
32%

840 700

17 – X – – X – 830 700

3.2 Fresh-state properties
Mix designs 16 and 17 were not further considered due to their closeness to other recipes but at higher cost. 
The remaining 15 WooCon recipes were tested according to the multi-criteria approach, Table 4.

Purely mineral-based WooCon recipes perform relatively poor at the fresh state. This is partially due to long 
mixing time but, above all, due to the quantities of  added water necessary to reach a satisfactory workability. 
This can essentially be explained by the very porous aggregates with very high water absorption. These 
voids must be filled before additional water is available for creation of  the cement paste. Only recipe 3 
attained the usually required slump flow class SF2. 

Most recipes with organic aggregates perform considerably better at the fresh state; none reaches SF2 but 
all figure in class SF1. Recipes 11 and 15 showed the highest slump flows, close to the lower limit of  SF2; 
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however, they also showed unacceptable segregation effects. Comparing to Table 3 shows no correlation 
between organic aggregate content and slump flow, nor to manufacture performance, in general.

Based on Table 4, recipes 6, 10, 12, 13 and 14 were retained for short-term hardened state testing. The 
necessary water to improve workability and slump flow can be explained by different reasons: mixer and 
handling equipment are moistened, binding some of  the initial water; but, more important are the mix 
components: lime filler, sawdust, and porous aggregates absorb a lot of  water and need to be saturated 
before water is available for the cement paste. Stripping of  test specimens showed that the additional water 
leaches (“sweating” and evaporation). Nevertheless, w/c ratios are different from the target value, and result 
in 0.66, 0.69, 0.67, 0.64, and 0.74 for recipes 6, 10, 12, 13, and 14, respectively.

Table 4: Multi-criteria evaluation of  fresh-state properties .

Criterion SF diameter Mixing time Workability Added water Segregation Slump Flow Total

Weight
mm

1 1 2 2 1
15

Maximum points 2 2 3 1 3

1 600 0 0 0 1 2 4

2 480 0 0 0 1 0 2

3 665 2 2 0 1 3 9

4 565 1 1 0 1 1 5

5 625 1 1 0 0 2 4

6 570 2 2 2 1 1 11

7 590 2 2 2 0 1 9

8 565 1 1 2 1 1 9

9 465 1 1 1 1 0 6

10 595 2 2 3 1 1 13

11 630 1 1 2 0 2 8

12 585 2 2 3 1 1 13

13 560 2 2 3 1 1 13

14 535 2 2 2 1 0 10

15 625 2 1 2 0 2 9

3.3 Mechanical properties

3.3.1 Density
Experimental density showed considerable difference to expected values (Table 3). Table 5 shows average 
values and coefficients of  variation (COV). The latter confirm homogeneous mixing. As the experimental 
densities are approx. 1.8-1.9 higher than expected, further investigations were performed, besides the 
leaching identifies at stripping. Test samples prepared by wet-grinding, leading to sample saturation of  the 
containing considerable amounts of  porous and water-absorbing components (sawdust, expanded clay and 
expanded glass aggregates). Oven-drying at 120°C during 24h revealed approx. 25% humidity content.

A further reason was suspected in the possibility that material masses can partially occupy the same volume, 
i.e. the components settle when mixed, adding to the porosity. Rough experimental verification showed that 
dry-mixed components loose approx. 30 Vol.-% when wetted. Combining different components in groups 
of  two showed that water is absorbed up to 90% by porous components, and that PC and lime filler are 
absorbed up to 30% in sawdust or expanded glass volumes. These effects needs to be considered when 
material densities and fabrication volumes are predicted.
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Table 5: Experimental densit ies and comparison to expected values.

Recipe Expected 
density

Experimental densities
At 3 days At 7 days At 28 days

kg/m3 kg/m3 COV kg/m3 COV kg/m3 COV

6 910 1630 2% 1610 1% 1660 1%

10 830 1590 3% 1570 2% 1580 1%

12 860 1570 1% 1560 1% 1600 2%

13 850 1580 1% 1560 1% 1600 1%

14 840 1540 1% 1510 1% 1550 1%

3.3.2 Strength and development
Table 6 shows average values and COV of  compressive strength at the different test days, also recalling the 
percentages of  organic material in the aggregate skeleton.

Table 6: Compressive strength at different ages .

Recipe Organic 
aggregates

Compressive strength

At 3 days At 7 days At 28 days

MPa COV s MPa COV s MPa COV

6 25% 13.6 4.4% 0.138 14.9 0.9% 0.189 18.0 1.8%

10 12% 15.6 7.1% 0.093 17.2 3.9% 0.093 18.9 0.5%

12 57% 8.3 7.5% 0.243 11.2 3.6% 0.198 13.6 4.0%

13 57% 8.0 2.8% 0.233 10.6 3.7% 0.197 12.9 2.5%

14 37% 10.7 4.8% 0.128 11.8 3.5% 0.163 14.0 3.8%

Figure 2 (a) shows the correlation between content of  organic aggregates in the skeleton and the reference 
strength at 28 days. A reduction trend in compressive strength as a function of  organic aggregate content 
is visible, but only from a approx. 20% or ganic aggregates content. In analogy to [16] where a reduction 
coefficient for high-strength concrete of   is prescribed for determining design 
values, a correction factor ηfc,org for organic aggregates is proposed, referring to a regular, purely mineral-
based LC with fcm,0 = 18.8 MPa (i.e. value of  recipe 10), shown as dashed line in Figure 2 (a):

         (3)

where ρorg = percentage of  organic aggregates in the skeleton. 

The experimental results were also used to determine strength development exponents s, Eq. (1), Table 
6. Such values cannot be determined for 28 days test results, see Eq. (1). Values are close to or below the 
value for PC 52.5R (s = 0.20), Figure 2 (b), except for 3 days test results of  recipes 12 and 13. Overall, the 
WooCon recipes show a normal or rapid strength development for organic aggregates content up to approx. 
40%. The higher is the organic content, the slower is the strength development. Referring to lightweight 
concrete, the strength development generally seems to be below or closer to low strength aggregates (s = 
0.25) than to high strength aggregates (s = 0.05), except for recipe 10. This recipe has the lowest organic 
aggregate content, and it confirms that the mineral lightweight aggregates can be considered high strength. 

Figure 2 (b) shows a clear influence of  the percentage of  organic aggregates: the higher it is, the slower 
is the strength development (recipe 6 is somewhat above this trend). Thus, organic aggregates seem to be 
low strength in the understanding of  [15]. Except for recipes 12 and 13 with the highest organic aggregate 
contents, the strength development at 3 days is faster than at 7 days.
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Figure 2: Correlation between organic aggregate content and (a) compressive strength at 28 days, 
and (b) strength development over 3 and 7 days. 

The dotted line in Figure 2 (b) also shows a simple interpolation for high and low strength aggregate values 
from [15], admitting fast development (s = 0.05) for 100% mineral lightweight aggregates and normal 
development (s = 0.25) for 100% organic aggregates; as all experimental values are above this line (and thus, 
the mixes harden slower than predicted by this interpolation), there seems to be a limit of  organic matter of  
approx. 70% where the upper limit of  [15] is reached. Based on the few available results, a formulation for 
strength development of  WooCon mixes sorg is proposed, shown as dashed line in Figure 2 (b):

         (4)

3.3.3 Correlation of  elastic modulus and strength
Table 7 shows average values and COV at the different test days, also recalling the percentages of  organic 
material in the aggregate skeleton. The values are given with two significant digits in view of  practical 
relevance. Figure 3 (a) shows the correlation of  experimental compressive strength and elastic modulus: not 
surprisingly, stiffness increases with increasing compressive strength which, in turn, depends on the organic 
content (Figure 2 (a)).

Table 7: Elastic modulus at different ages.

No. Organic 
aggregates

Elastic modulus

At 3 days At 7 days At 28 days

MPa COV ηlE kE MPa COV ηlE kE MPa COV ηlE kE

6 25% 6900 9% 0.55 5’300 7700 2% 0.54 5’800 9000 1% 0.57 6’100

10 12% 7700 6% 0.52 5’900 7700 6% 0.51 5’900 8500 1% 0.52 6’200

12 57% 4500 7% 0.51 4’400 5400 6% 0.50 4’800 6100 3% 0.53 4’800

13 57% 4600 3% 0.52 4’500 5400 3% 0.50 5’000 6500 4% 0.53 5’200

14 37% 5300 18% 0.49 4’900 5600 5% 0.47 5’200 6200 5% 0.50 5’200

Eq. (2) is used to determine individual kE values, considering ηlE from Table 7. For mineral aggregates only, 
kE seems to be in the recommended order for micaceous rock aggregates (albeit, rather at the lower limit of  
kE = 6’000), which seems principally plausible for the relatively soft lightweight mineral aggregates. Thus, 
the use of  ηlE alone is not sufficient for predicting the stiffness of  LC containing organic aggregates and 
thus, the directives of  [16] cannot be transposed to WooCon like that. There also seems to be a limit of  
approx. 20% of  organic aggregate content below which no significant effect of  using organic aggregates 
can be observed, as it is also the case for the compressive strength (Figure 2 (a)).
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Figure 3: Correlation between (a) compressive strength and elastic modulus, and (b) organic 
aggregate content and average aggregate type coefficient [16]. 

Admitting that the expression for ηlE and the exponent to fcm in Eq. (2) remain unchanged, an additional 
correction factor ηE,org for consideration of  organic aggregates is proposed (based on the few available 
results), referring to a basic (and conservative) value of  kE,0 = 6’000 for purely mineral-based LC (i.e. 0% 
organic aggregates), shown as dashed line in Figure 3 (b) together with a variation bandwidth of  ±20%:

          (5)
Figure 3 (b) shows that, with this correction, there is a reasonable correlation to experimental results.

3.4 Economic and ecological performances

3.4.1 Economic performance
With the input from Table 2, the economic performance is determined per WooCon recipe and compared 
to a standard LC 12/13, having approximately the same average compressive strength, and to an earlier 
WCC containing sand [2],[10]. The elastic modulus of  the LC is estimated from Eq. (2), admitting kE = 
6’000 and ρ = 1’600 kg/m3 (ca. average of  WooCon recipes) while for the WooCon recipes and the earlier 
WCC the reported values are applied. 

A first comparison addressed the cost per m3. Further comparisons, neglecting stability problems, relate 
to the cost of  1 m2 of  wall with 3 m height supporting 300 kN/m on top, failing in compression at the 
bottom and with self-weight being considered, and to the same wall limiting its shortening to 3 mm. These 
two cases require a certain thickness which, in turn, results in a cost per m2. All results are normalized to 
the performance of  the regular LC, with Figure 4 showing the results.

Figure 4: Comparison of  economic performances. 
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Recipes 6 and 10 have cost per m3 comparable to a regular LC while recipes 12 and 13, with the highest 
contents of  expensive organic aggregates, are up to approx. 75% more expensive. Recipe 14 costs approx. 
35% more than a regular LC. All current recipes show considerably higher unit cost than the earlier WCC; 
this is not really a surprise, as further and more expensive components are added in the current mixes. 25-
40% of  cost are associated to the cement and lime filler, and 30-65% come from the organic aggregates.

In terms of  cost per m2 for strength of  the evaluated wall, recipes 6 and 10 show an economic performance 
increase smaller than 20%. Recipes 12 and 13 cost up to 180% more. Recipe 14 almost reaches the double 
cost of  a regular LC. Earlier WCC shows a comparable cost to the latter. Considering required stiffness in 
cost evaluation, recipes 6 and 10 perform as a regular LC while recipes 12 and 13 cost up to 150% more. 
Recipe 14 requires almost 90% of  additional cost. Earlier WCC requires some 10% of  additional cost in 
comparison to regular LC. 

3.4.2 Ecological performance
Figure 5 shows comparative ecological performances, referring to the cases of  economic performance.

Figure 5: Comparison of  ecological performances. 

This comparison shows the greatest impact of  using organic aggregates, resulting in a GWP reduction 
of  approx. 80% in comparison to regular LC. All WooCon recipes also perform better than earlier WCC, 
with reductions of  20-30%. Considering GWP for strength of  the evaluated wall, reductions of  70-75% 
are possible with WooCon in comparison to regular LC. Compared to earlier WCC, reductions of  50-60% 
are found. Considering stiffness requirements of  the evaluated wall, GWP is reduced by 70-80% using 
WooCon instead of  regular LC while reductions of  50-70% are found compared to earlier WCC.

3.4.3 Combined impacts
To compare ecological impact to economic consequences, reference is made to the cases of  wall strength 
and wall stiffness, Figure 6. Recipes 6 and 10, with a moderate content of  organic aggregates up to 25% are 
the most viable option. Comparing earlier WCC to regular LC, it becomes evident that this development 
was the good way to go, as cost remain approximately comparable but ecological impact is considerably 
reduced. However, their poor mechanical performance did require improvement, as explored here. 

Adding an aggregate skeleton definitely did improve strength and stiffness, and can be achieved by very 
moderate cost increase if  a wise selection of  aggregate types is done. As replacing mineral lightweight 
aggregates with organic aggregates comes at increased price but also decreased mechanical performance, 
overall resulting in increased ecological impact, a compromise must be found. From the data collected 
in this study, it can be concluded that a maximum of  approx. 25% of  organic aggregate content should 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

552552

IC
SB

M
 2

01
9

ID
 0

98

be respected if  material cost increases shall be limited to 20%. Going beyond this replacement ratio 
of  mineral-based lightweight aggregates results in over-proportional cost increased for a small gain in 
ecological performance. The most important impact, however, would probably be achieved if  organic 
aggregates would be available in industrial volumes. 

Figure 6: Comparison of  ecological performances and economic consequences for (a) wall 
strength and (b) wall stiffness. 

3.5 Outlook
Long-term properties evaluation, i.e. shrinkage and creep tests, is currently ongoing for recipes 6, 10, and 
12, started at the beginning of  February 2019 and extending over 1 year. Having three test benches available, 
two of  the five recipes had to be discarded. Recipe 13 has been eliminated as it contained a fewer number 
of  organic aggregates while recipe 14 was not further considered due to the poor slump flow performance. 

Further advances of  WooCon recipes target the replacement of  lime filler and cement with more advanced 
cement types (e.g. CEM V or VI) as well as the development and the identification of  new types of  
lightweight aggregates to be applied – obviously, with a limited ecological impact and at reduced cost.

4. Conclusions

The results of  this study allow to draw the following conclusions:

• Integrating an aggregate skeleton in wood-cement compounds (WCC), transforming them into “real” 
lightweight wood-based concrete (WooCon) increases workability and allows attaining, for certain 
compositions, minimum slump flows required for self-compacting concrete. Mixes with organic 
aggregates generally perform better at fresh state than mixes with purely mineral-based aggregates.

• Density and production quantity predictions of  hardened WooCon are challenging, due to the partial 
fusion of  components into the same volumes (water into expanded aggregates, cement and lime filler 
into sawdust and expanded glass aggregates) and due to the water-absorbing behaviour (up to 25% of  
humidity in saturated samples). Overall, these effects may result in volume loss factors up to 1.9.

• Stiffness and strength of  WooCon are considerably higher than those of  WCC. Stiffness can go 
up to values comparable to timber while strength attains values comparable to regular low-strength 
lightweight concrete (LC), being principally suitable for structural applications. Both, stiffness and 
strength, depend on the content of  organic matter in the aggregate skeleton, starting to decrease (in 
comparison to mineral-based LC) from approx. 20% organic content. Preliminary expressions for 
reduction factors as a function of  organic aggregate content are proposed in the paper.

• Strength development of  WooCon is comparable to regular LC and is principally acceptable for 
industrial fabrication. It also depends on the organic aggregates content: the more organic aggregates, 
the slower the strength development. A preliminary prediction expression is also given in the paper.
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• Elastic modulus and compressive strength can be correlated according to code expressions. Predicting 
elastic modulus as a function of  compressive strength also requires introducing a reduction coefficient 
for organic aggregate content higher than 20%, for which an expression is given in the paper.

• The economic performance of  WooCon can be comparable to regular LC if  organic aggregate content 
is limited to approx. 25%. Higher organic aggregate contents lead to more than proportional reductions 
of  stiffness and strength, requiring larger material volumes. This conclusion strongly depends on the 
future development of  potential availability of  organic aggregates on industrial scale. 

• The ecological performance of  WooCon, compared to regular LC, is improved by up to 80%. An 
optimum organic aggregate content, for the input hypotheses, again seems to be at approx. 25%.

• Economic and ecological performance evaluations should always be contextualised, e.g. for same load-
bearing capacity or stiffness of   a structural element; comparing unit impacts alone may be misleading.
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Abstract 

The present study investigates the effects of  long-time exposure to moderate and high temperatures on the 
strength, mass, volume, and chemical composition of  aerated alkali-activated cements. Pure metakaolin, pure 
ground granulated blast furnace slag and their blends with different weight ratios are studied to understand 
the roles of  each solid precursor against fire attack. Different design compositions are also prepared with 
varied porosity to investigate the relationship between mechanical strength and porosity after fire exposure. 
Preliminary results show that the strength of  foamed metakaolin-based specimens drops progressively 
when exposed at temperatures up to 750 °C, beyond which it starts to rise due to densification of  the gels 
to form glass and ceramics. The results also suggest that all chemically and physically bound water within 
the samples is vaporized after 4 h exposure to 750 °C, while the volume shrinkage increases continuously 
from 11.8 % at 500 °C to 52.4 % at 1000 °C.  The collapse of  the pore structure and the loss of  free water 
might be the main reasons for the large shrinkage rates and the strength loss of  this composition type. The 
information obtained regarding the effects of  composition and pore structures will allow a higher degree 
of  control over the fire resistance properties of  sustainable alkali-based concretes.

Keywords: Sustainability; Alkali-activated concrete; Porous concrete; Fire resistance.

1. Introduction

Its mechanical properties, abundance of  raw materials, and relatively low-cost production have made Portland 
cement (PC)-based concrete the most commonly used construction material worldwide. However, when 
PC-based concrete is exposed to high temperatures, such as in a fire, physical and chemical transformations 
take place, resulting in deterioration of  its mechanical properties. This deterioration varies according to 
the concrete mix proportions, constituents, and porous structure, and can be determined by complex 
physicochemical transformations occurring during heating [1].

The hydration of  the silicate constituents of  PC yields two main hydration products. Calcium-silicate-
hydrate (C-S-H) is the most abundant whilst calcium hydroxide (Ca(OH)2), also known as portlandite, 
is the secondary phase and plays an important role in the chemical and microstructural composition of  
the cement paste and its behaviour against fire [2]. Its relatively low thermal decomposition temperature 
of  about 400 °C determines the breakdown of  PC pastes. Even if  PC-based structures or construction 
materials are able to withstand a fire above that temperature, a complete evaluation of  their remaining 
mechanical properties will still be necessary after cooling since the thermal decomposition of  Ca(OH)2 is 
commonly followed by the expansive rehydration of  lime (CaO) which can induce further damage in the 
long term, potentially with fatal consequences [3].
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Another key parameter in determining fire resistance is the porosity of  the concrete structure. During fire 
attack, gel water and pore solution are vaporized both out of  the sample and towards the unheated face 
of  the concrete body which is being attacked due to the lower pressures of  these regions. However, if  the 
permeability of  the pore structure is not high enough, the steam can cause a moisture clog. As a result,  
the very dry zone which spans from the clog to the external surface of  the concrete body will experience a 
continuous pressure build-up which may lead to its explosive spalling [4]. This phenomenon is common for 
PC-based concretes and especially for high strength PC concretes since they typically have a relatively small 
average pore size and low degree of  pore connectivity, and both of  these increase the risk of  spalling [5,6].

Unlike PC, alkali-activated cements not only exhibit a much better behaviour against fire but also show 
excellent final mechanical properties, good chemical stability, and low attributed CO2 emissions [7,8]. They 
are derived from the reaction of  solid aluminosilicates sourced from metallurgical slags, coal fly ash and/or 
calcined clays, with an alkaline solution (typically hydroxide or silicate-based) that induces the formation of  
strong, insoluble binding phases including calcium-aluminium-silicate-hydrate, C-A-S-H, and/or sodium/
potassium-aluminium-silicate-(hydrate), N/K-A-S-(H), gels [9], but not portlandite unless Portland cement 
or lime is added within the mixture design. The relatively high decomposition temperatures of  these binding 
phases (which can be as high as 1000-1200 °C for N/K-A-S-(H) [10]), together with a larger average 
porosity and lack of  chemical and mechanical structural damage caused by their dehydration, make alkali-
activated concretes one of  the most attractive substitutes for PC in applications which require outstanding 
fire resistance properties [7]. However, despite a large number of  studies dealing with the fire resistance 
of  alkali-activated cements [7,9–13], the effect of  the alkali-activated cement composition and its pore 
structure on their fire resistance properties has not yet been studied systematically across the full range of  
compositions of  potential commercial interest. 

The present study investigates the effects of  relatively long-time exposure (4 h) to moderate and high 
temperatures (500 – 1000 °C) on the strength (flexural and compressive), mass, chemical composition and 
shrinkage of  alkali-activated cement samples with varying composition and porosity. The results will help 
in understanding the relationship between mechanical strength and porosity after fire exposure, which will 
allow a higher degree of  control over the fire resistance properties of  sustainable alkali-based concretes for 
multiple applications.

2. Methodology

2.1 Materials

2.1.1 Raw materials
The aluminosilicate sources used in this work are metakaolin (MK) Metafort, (Sibelco Ltd, Belgium), 
and ground granulated blast furnace slag (GGBS) from Hanson UK. Pure sodium hydroxide (NaOH) 
pellets and K120 potassium silicate solution (density 1.60 g/cm3) were supplied by Tennants Distribution 
Ltd. (Manchester, UK) to prepare the activator solutions. The foaming agent is supplied by Sika (Baar, 
Switzerland).

2.1.2 Specimen preparation
NaOH pellets were dissolved in water and subsequently mixed with K120 solutions using a mechanical 
mixer. Pure MK, pure GGBS or combinations of  these powders were then added to the mixer batch and 
mixed with the activator solutions. The amounts of  activator solution, GGBS and MK powders were 
adjusted to achieve target molar ratios of  Na:K:Al:Si:H2O, and activator/binder ratio. By the end of  the 
mixing stage of  the binder, foam was prepared and immediately mixed with the binder slurry at several 
binder/foam ratios (wt.). The foamed slurries were subsequently poured into three-gang moulds with 40 
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x 40 x 160 mm dimensions, and covered with polyethylene film. The specimens were then cured and 
subsequently demoulded afterwards for their characterization.

2.2 Methods

2.2.1 Pore structure
The pore structure of  the specimens is assessed by mercury intrusion porosimetry (MIP). A geometrical 
model based on the Washburn equation, as shown in (1), is applied to determine the pore diameter.

D = −4 γ cosθ / P,              (1)

where D (m) is the calculated pore diameter, γ (N/m) is the surface tension, θ (°) is the contact angle 
between mercury and the pore wall, and P (Pa) is the applied pressure. The surface tension (γ) and contact 
angle (θ) selected in this study are 0.485 N/m and 140°, respectively [14]. The applied pressure (P) ranges 
from 0.007 to 207 MPa.

2.2.2 Fire resistance
Foamed geopolymer specimens with different compositions and binder/foam ratios were fired at 500 
°C, 750 °C, and 1000 °C for 4 h. Then, the specimens were naturally cooled down inside the kiln before 
determining the volume changes, mass losses, chemical composition changes and strength changes. Volume 
changes were measured using a calliper, mass losses using a precision balance, and chemical changes by 
scanning the samples under X-ray fluorescence (XRF). Flexural strength changes were measured according 
to the EN 196-1 [15] standard three-point bending test on 40 x 40 x 160 mm prisms using an ELE 
international compressive stage, whereas compressive strength was measured by the EN 196-1 standard 
compression test on 40 x 40 x 40 mm cubes using the same instrument. At least three replicates for 
each mix design were tested, and all experiments are performed using the same batches of  raw materials, 
activators and water.

3. Preliminary results

An important aspect of  the selection of  construction materials for residential and commercial applications 
is the ability to retain structural integrity during and after fire exposure. Figure 1 shows the effect of  fire 
attack on the compressive and the flexural strength of  pure MK samples with a final density, 𝜌, of  600 kg/
m3. 

Figure 1: Compressive and f lexural strength of  MK-based samples (𝜌 = 600 kg/m3) after fire attack 
tests.

The compressive strength decreases from 3.46±0.27 MPa at room temperature to 2.25±0.34 MPa at 750 
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°C. Then, it rises up to 4.92±0.22 after exposure to 1000 °C. A similar trend is observed for the flexural 
strength, but with lower values.

The mechanisms governing the strength variation are typically different for each kind of  alkali-activated 
material. The strength of  MK-based geopolymer binders usually tends to decrease gradually up to 800 °C, 
while it increases on exposure to 1000 °C [16], and the results in Figure 1 agree well with this trend. Duxson 
et al. [17] suggested that the transformation of  reaction products from amorphous to crystalline (including 
anhydrous members of  the zeolite family) at high temperatures can explain such behaviour. Amorphous 
aluminosilicate gels tends to lose free water below 200–300 °C with negligible change in the structural 
framework. After heating above this range, gels release chemically bound T–OH (T being either Si or Al) 
groups and condense to form T–O–T linkages, along with relocation of  alkali cations, resulting in increased 
overall connectivity. The densified gels start to crystallise at a certain onset temperature, which is influenced 
greatly by the composition, in particular by the Si/Al ratio and alkali cation type [18]. For instance, Na-
aluminosilicate geopolymer gel with Si/Al = 1.15 forms nepheline upon heating to 650 °C, and at 800 °C 
with Si/Al = 2.15 [17]. On the other hand, K-aluminosilicate geopolymer gels form tetragonal leucite at 
1000 °C when starting from an initial composition of  KAlSi2O6 ·4.78D2O·0.72H2O [13] or 1050 °C with a 
composition of  KAlSi2O6 ·5.5H2O [19]. 

The preliminary results included here are from samples which contain both Na and K cations and are 
characterized by Si/Al = 2.0. The chemical composition analysis is in progress to enable full description of  
the transformations taking place.

Figure 2 shows the relative change of  volume and mass of  MK-based samples (𝜌 = 600 kg/m3) after fire 
attack tests. In agreement with previous comments, it can be observed that the relative mass of  the samples 
experiences very little changes when exposed to moderate temperatures (<5.0 % loss at 500 °C).  It then 
drops considerably between 500 °C and 750 °C (up to ≈15.0 %) and then does not drop any further, even 
after exposure to 1000 °C (16.7 %), suggesting that all chemically and physically bound water within the 
samples has been vaporized. On the other hand, the relative volume of  the specimens is less stable and it 
drops dramatically from 11.8 % at 500 °C to over a 52.0 % after firing at 1000 °C. The highest shrinkage 
increment appears between 750 °C and 1100 °C, and is probably related to a combined effect of  gel 
sintering [20] and pore collapse.

Figure 2: Relative changes of  mass and volume of  MK-based samples (𝜌 = 600 kg/m3) after fire 
attack tests.
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Combining findings from strength and thermal shrinkage, our results agree well with previous studies [21] 
which have proposed that: (1) the large shrinkage along with the loss of  free water are the main reason for 
the loss of  strength below 800 °C; (2) the shrinkage due to the release of  chemically bound –OH and gel 
densification at high temperature does not affect the strength to a major extent, and (3) the densification 
of  the gels to form glass and ceramics above an onset temperature is the main reason for the post-cooling 
strength increase. Nevertheless, further studies and specially the characterization of  the chemical changes 
will provide more information to explain the behaviour of  the samples tested here.

4. Outlook

The present study is a work in progress.  Further effort will complete the experimental programme and 
analyse and interpret the results.

To date, all tested samples had the same binder/foam ratio.  The fire-resistance characteristics are expected 
to be better for those samples with a lower value, since a larger proportion of  foam should yield more 
porous specimens and thus withstand heat transfer better. On the other hand, a larger porosity level will 
presumably result in poorer mechanical properties but the effect of  fire attack still needs to be evaluated. 
Moreover, the role of  the composition will be evaluated from the characterization of  pure GGBS and 
MK/GGBS blends with different weight ratios. Based on previous results [11], samples with a higher 
initial amount of  MK will be expected to exhibit better fire resistance properties since they will lead to 
the formation of  N/K-A-S-(H) gels rather than C-A-S-H ones, which typically exhibit a lower thermal 
decomposition temperature. Furthermore,  Duxson et al. [12] proposed that the resistance to dehydration 
shrinkage of  alkali-activated MK samples is proportional to the Young’s modulus of  the samples. Binders 
with a higher Young’s modulus should be able to withstand greater capillary strain forces developed during 
dehydration, and as such the onset temperature of  the initial shrinkage will be higher. This future work will 
test these hypotheses and characterise the effect of  the pore network structure and the Young’s moduli.
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Abstract 

 The use of  fine mineral additions in self-compacting concrete (SCC) is unavoidable to improve its self-
sustaining characteristics and reduce consumption of  Portland cement. The cement industry has been 
studying supplementary cementitious materials (SCM) that can fulfil world production demand, but it 
is important that this replacement is done rationally, ensuring that SCC performance is maintained for 
the setting conditions as well as the mechanical properties and durability. Corrosion of  reinforcement 
is one of  the main causes of  concrete structures deterioration in urban environments rich in CO2 been 
the carbonation of  concrete one of  the main mechanisms that lead to this corrosion. Carbonation is a 
phenomenon that occurs naturally in concrete structures, requiring the presence of  a certain concentration 
of  carbon dioxide and a certain moisture content in the atmosphere. Under natural exposure conditions 
(0.03 to 1% CO2), the advance of  the carbonation front takes several years to present analysable results. 
Therefore, many researches are developed using an accelerated test system. In this context, the aim of  this 
work was to analyse the performance against accelerated carbonation of  SCC with a 20% substitution of  
Portland cement by limestone filler and metakaolin, both isolated and in combination. The accelerated 
carbonation test followed the recommendations of  ISO 1920-12: 2015. In addition, mechanical properties 
were measured and the mercury intrusion porosimetry (MIP) test was performed. The results of  the mix 
containing only metakaolin were the best for all properties evaluated, indicating that the structure of  its 
paste is the densest and most rigid of  all concretes or that the use of  metakaolin promoted an increase in 
the resistance of  the paste transition zone with the aggregates. On the other hand, the mix with 20% of  
limestone filler had the worse mechanical performance and lower durability against carbonation. The filler 
effect was not able to compensate the Portland cement removal, probably due to the high w/c ratio adopted. 
The mix with the ternary combination, in general, presented a performance superior to the limestone one 
and inferior to metakaolin one, in all properties analysed.

Keywords: Carbonation, self-compacting concrete, supplementary cementitious materials.

1. Introduction

The use of  fine mineral additions in SCC is inevitable to improve its self-compacting properties and reduce 
material consumption, especially Portland cement. This reduction decreases the heat of  hydration generated 
by the high consumption of  cement, besides bringing economic advantages. Several benefits can be seen in 
the use of  mineral additions, and this use is already carried out in the production process or incorporated 
later as replacement or addition to the mass of  cement used, so that the cement industry has been studying 
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supplementary cementitious materials that can fulfil world demand of  production [1]. The use of  mineral 
additions as a substitute for Portland cement is now a common practice in the construction industry, but 
it is important that this substitution be made in a rational way, ensuring that the performance of  the SCC 
is maintained, both for the settings conditions and for mechanical properties and durability, resulting in 
the optimal design of  a concrete with lower clinker amount. It is, therefore, necessary that the intrinsic 
requirements of  any new system be evaluated [2].

This practice also comes with an environmental approach, as the construction sector is nowadays responsible 
for 40% energy consumption, 40% solid waste generation, 38% greenhouse gas emissions and 12% water 
depletion. One of  the main environmental impacts of  concrete itself  comes from CO2 emissions during 
Portland cement production, which accounts for more than 5% of  the global anthropogenic release of  
CO2. It is visible that reducing the clinker content of  Portland cement will help to reduce the environmental 
impact of  concrete [3-4]. Carbonation is one of  the main causes of  deterioration of  concrete structures in 
urban environments rich in CO2, being one of  the principal mechanisms responsible for steel corrosion. The 
concentration gradient between the concrete and the environment leads to the diffusion of  carbon dioxide, 
which reacts with the hydrated compounds of  the cement, resulting in a reduction of  the alkalinity of  the 
system. Carbonation is a phenomenon that occurs naturally in concrete structures and it is directly related 
to the ease that carbon dioxide has to diffuse inside the concrete, the environmental conditions and the 
permeability properties of  the concrete [5-7]. Works on carbonation in SCC fortify the vast incorporation 
of  mineral additions and residues in the production of  SCC, like [8] tungsten Mine Tailings, [9] waste glass 
powder, [10] municipal solid waste incineration (MSWI), [11] copper slag and [12] spent garnet. 

Under natural exposure conditions (0.03 to 1% CO2), the advance of  the carbonation front takes several 
years to present analysable results. Therefore, many researches are developed using an accelerated test system, 
which submits the concrete to high levels of  CO2 and allows a rigid control of  all exposure conditions, 
providing a rapid response of  the behaviour of  the material to carbonation. Due to no worldwide regulation 
analysis methods regarding accelerated carbonation test system, comparison of  the results of  researches 
conducted in several countries is difficult because of  the great variability on test parameters. However, 
with the enactment of  ISO 1920-12: 2015, which may be very relevant to future studies on accelerated 
carbonation, it is expected an improvement in this comparison possibility and a more solid database on the 
subject [7; 13-14].

In this context, the aim of  this work was to analyse the performance under accelerated carbonation of  self-
compacting concretes with 20% replacement of  Portland cement by limestone and metakaolin, isolated 
and combined, in order to verify the combined action of  the additions. The fresh state parameters of  the 
concretes were evaluated according to the definitions of  Brazilian standard [16]. In addition, the mechanical 
properties were measured and the mercury intrusion porosimetry test was carried out to verify how the 
pore refinement influences the ingress of  the deleterious agent.

2. Methodology

2.1 Materials
The following materials were used in the experimental program:

• Portland cement composite with filler (Brazilian CP II F - 40), with a minimum compressive strength of  
40 MPa at 28 days;

• Limestone filler and metakaolin as mineral additions;

• Composition of  two types of  sands, a natural of  quartz origin and a crushed of  limestone origin, as small 
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aggregate;

• Two granulometric bands of  large aggregate of  limestone origin, one with a maximum characteristic size 
of  12,5 mm and the other with 19 mm;

• Third generation superplasticizer, with modified polycarboxylic ether chemistry.

The chemical composition of  the fine materials used was obtained by the X-ray fluorescence spectrometry 
(EDX). From Table 1 is possible to notice the predominance of  calcium oxide (75,2%) in the cement, since 
it is a composite cement with up to 10% of  limestone, that is a high content of  clinker and rich in calcium 
carbonate. The metakaolin, which is obtained from the calcination of  kaolinite clays, is basically composed 
of  silica (SiO2) and alumina (Al2O3) in the amorphous phase. The limestone filler has 83.10% CaO by mass 
and the presence of  SiO2 (6.63%) in quartz and kaolinite is also observed.

Table 1: Chemical composition of  the fine materials

Chemical compost
% by weight

Metakaolin Limestone filler Cement CP II F - 40
SiO2 50,54 6.63 9.29
CaO 0.00 83.10 75.20
Al2O3 42.28 2.12 2.46
Fe2O3 3.23 2.16 4.41
TiO2 1.63 0.26 0.53
K2O 1.07 0.94 1.87
MgO 1.02 3.61 2.69
SO3 0.09 0.23 2.76
SrO 0.00 0.96 0.47

2.2 Methods

2.2.1 Mix design 
The experimental program carried out for the production and analysis of  SCC was conceived considering a 
reference concrete (REF), with no substitution content and three scenarios of  Portland cement substitution: 
20% replacement of  Portland cement by metakaolin (M20), 20% replacement of  Portland cement by 
limestone (F20) and 20% Portland cement replacement by a composition of  15% metakaolin and 5% 
limestone (M15F5). The ternary mixture was performed because the synergy of  the combination between 
calcined clays and limestone have presented favourable results as an alternative to clinker, as in the case of  
LC3 cement.

The SCC dosage was performed using the granular skeleton composition concept by the unit weight test. 
The granular skeleton of  all mixtures was composed of  33.6% of  gravel 19 mm, 14.4% of  gravel 12.5 mm, 
32% of  crushed sand and 20% of  natural sand. The limits determined by the ACI 237 R-07 of  fixed binder 
consumption at 475 kg/m³ and fixed water/binder ratio (w/b) of  0.55 were used as criteria. The value of  
0.55 was chosen because it comprises the aggressiveness class III of  Brazilian standard NBR 6118 [26], one 
of  the most vulnerable material scenarios. It was also determined that the slump-flow final value should be 
within the range of  SF2 class (between 660 and 750 mm) delimited by Brazilian standard NBR 15823-1 [16] 
and the necessary adjustments were made by adding superplasticizer.

REF was the first concrete produced and from the determination of  its unitary proportion the other 
mixtures were performed with the aforementioned Portland cement substitutions. This proportion was 1: 
0: 0: 0.64: 1.03: 0.46: 1.08: 0.55 and is in the format Portland cement: limestone filler: metakaolin: natural 
sand: crushed sand: gravel 12.5 : gravel 19: w/b. The bulk consumption of  the mixtures is shown in Table 2.
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Table 2: Bulk consumption of  the materials

Mixture consumption (kg/m³)

Cement Limestone 
filler Metakaolin Natural 

sand
Crushed 

sand
Gravel 
12,5

Gravel 
19 Water Superplasticizer

REF 475,00 0.00 0.00 306.11 489.77 220.40 514.26 261.25 1.66

F20 379.83 94.96 0.00 303.26 485.21 218.35 509.47 261.14 2.14

M20 380.00 0.00 95.00 299.98 479.96 215.98 503.96 261.25 7.12

M15F5 379.75 23.73 71.20 301.83 482.92 217.32 507.07 261.08 4.03

2.2.2 Fresh and hardened state test
In order to evaluate the SCC behaviour in the fresh state, slump-flow, t500 , V-funnel , L-box and visual 
stability index tests were performed according to self-compacting criteria established by Brazilian standard 
[16].

For the mechanical properties evaluation cylindrical specimens of  100 x 200 mm were cast, with top 
regularization by grinding. Each result presented consists of  the average value obtained from three 
specimens. Axial compression strength test was performed according to [18] at the ages of  7, 14 and 
28 days. The specimens stayed curing in a humid chamber until the determined ages. At 28 days, tensile 
strength by diametrical compression and static elastic modulus tests were also performed, following the 
recommendations of  [19] and [20], respectively.

The accelerated carbonation test was performed in compliance with the recommendations of  [15]. This 
standard sets the carbonation chamber conditions, with a temperature of  22 ± 2 ° C and relative humidity 
of  55 ± 5%, but for hot climates, such as Brazil, the values change, passing to a temperature of  27 ± 2 ° 
C and relative humidity of  65 ± 5%. CO2 concentration shall be 3,0 ± 0,5% by volume for any climatic 
condition. Prismatic specimens of  400 x 100 x 100 mm were used. Before the test begins, the prismatic 
specimens were sealed with paraffin, leaving only two faces exposed to the test conditions for a direction 
in the CO2. diffusion flow. They were then placed in the accelerated carbonation chamber for 70 days 
and carbonation front depth measurements were performed at 56, 63 and 70 days of  exposure using a 
phenolphthalein pH indicator solution and a digital calliper with a resolution of  0, 01 mm.

Mercury intrusion porosimetry was performed in pastes, in samples of  approximately 1 cm³. The equipment 
used was AutoPore IV 9500 V1.05 from Micromeritics Instrument Corporation. During the test, mercury 
was intruded into the samples continuously at a 130° contact angle and a mercury surface tension of  4.85 
x 10-1 N/m with a pressure increase of  0.0007 to 414 MPa were considered.

3. Results and discussion

3.1 Fresh state 
As a research premise the mixtures were fixed with variation only of  the Portland cement substitution  
by SCM. In order to reach the defined slump-flow range, adjustments were made in the superplasticizer 
content. A higher superplasticizer content was required for the mixtures containing metakaolin, due to its 
high specific surface area influences the water demand and increases viscosity. The same was found by [21], 
who produced SCC with Portland cement substitutions by metakaolin at replacement levels of  5, 10, 15 
and 20% and found that higher the content, higher the superplasticizer consumption. No evident exudation 
or segregation was observed in any of  the concretes. According to the results shown in Table 3, it can be 
affirmed that they are all in agreement with [16] fluidity, passing ability and cohesion requirements. 
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Table 3: Results of  fresh state characteristics

REF F20 M20 M15F5

t500 (s) 1.47 1.25 2.15 1.86

SLUMP-FLOW (mm) 683 685 675 690

V-FUNNEL (s) 2.95 2.69 3.16 2.26

L-BOX 0.82 0.9 0.9 0.87

SPECIFIC GRAVITY (kg/m³) 2350 2310 2320 2300

SUPERPLASTICIZER (%) 0.35 0.45 1.1 0.85

 
3.2 Mechanical properties
According to the compressive strength, the concretes presented resistance gains with the advancing age 
and the mixtures containing metakaolin achieved higher performance than the reference concrete. The 
improvement in the resistance with metakaolin use in comparison to limestone filler is evident in the 
binary combinations, once M20 has achieved a resistance 50.9% higher than the REF and the F20 had a 
loss of  15.4%. Only F20 caused a decrease in compressive strength. The high reactivity mineral additions 
have a high surface area, responsible for potentiating lime fixation by pozzolanic activity, which promotes 
an increase in the compressive strength of  the hydrated matrix [22]. In this context, it is expected that 
the mixes with metakaolin will increase resistance even with less clinker in the composition. The M15F5 
increased by 29.4%.

Table 4 - Mechanical properties of  self-compacting concretes at 28 days

 REF F20 M20 M15F5

COMPRESSIVE STRENGTH (MPa) 41.0 34.7 61.8 53.0

TENSILE STRENGTH (MPa) 4.1 3.3 4.7 3.9

ELASTIC MODULUS (GPa) 31.9 29.7 36.5 33.7

This increase of  resistance with the increase of  the Portland cement substitution content by metakaolin 
was also obtained by [23], which produced SCC with substitutions of  7, 11, 14 and 20% metakaolin. [24], 
produced SCC with 10 and 20% replacement of  Portland cement by metakaolin and 10, 20 and 30% 
substitution for blast furnace and fly ash granulated slag, and the mixtures with 20% metakaolin presented 
higher resistance. It is known that the use of  inert materials in the concrete causes the filler effect, which 
promotes refinement of  the pore system, since the fineness of  particles serves as a nucleation point for the 
formation of  hydrates. Because of  this, it is common for concretes to increase strength, but the high water/
binder ratio adopted for the mixtures in this work probably had greater influence.

In the tensile strength, the tendency of  the concrete behaviour was similar to that observed in the 
compressive strength, but with lower percentages of  gain or loss of  resistance. M15F5 was the mixture with 
the highest behaviour change, since it presented a compressive strength gain of  29.4% in relation to the 
REF, and a decrease of  4.5% in tensile strength. The values found for elastic modulus in SCC, in general, 
are lower than those commonly observed in conventional concretes. According to [25], this is due to SCC 
higher paste content. Since the deformability of  the paste is higher than that of  the aggregates, a decrease 
in stiffness of  the entire system occurs. In the mixtures containing metakaolin there was an increase in the 
elastic modulus values. M15F5 promoted a 5.7% increase in modulus of  elasticity. On the other hand, the 
M20, as in the other properties, presented the highest result, with its elastic modulus being 14.5% higher 
than the reference concrete.
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3.3 Accelerated carbonation 
All values presented are the average of  at least 6 readings taken along the surfaces of  the specimens exposed 
to the CO2 diffusion flow. There was an increase in the measured value with the advance of  the time of  
SCC exposure to the accelerated carbonation environment, more accentuated in the limestone mixtures.

It can be seen (Figure 1) that at 56 days, the mixtures with limestone filler showed a carbonation depth 
lower than the REF, but with the advancement of  the exposure time the value became higher. M15F5 
presented values slightly higher than  REF and M20 lower values, for all measurement times. It is noted that 
the carbonation values of  M15F5 and M20 have a stabilizing tendency, while F20 showed a clear growth 
in time. 

F20 had a bigger measured depth, with a value 24% higher than the REF at the end of  the test. The increase 
caused by M15F5 was 4%, while the M20 promoted a decrease of  55%.

The limestone filler reacts more rapidly in the system with metakaolin than in the binary mixture of  filler 
and Portland cement. These results point to synergistic effects on the combined substitution of  additions. 
However, calcium hydroxide consumption may mean that high-level substitution mixtures may carbonate 
more quickly [1]. According to [3] the use of  a larger amount of  lime (>20%) requires reduction of  the 
water/cement ratio to produce concrete with similar durability performance, which is not the case of  the 
mixtures in this work.

In the limestone filler mixtures the advance of  the carbonation front occurred in a uniform way, with the 
identification of  a linear carbonation front. In the ones with metakaolin the advance of  the carbonation 
front was very small, due to the improvement of  paste quality. In the ternary mixture (M15F5) a weakening 
in the paste/aggregate transition zone was observed, which facilitated diffusion of  the carbon dioxide. This 
tendency led to points with high carbonation depths and others with practically no advanced front, so that 
the average generated a slightly higher result than the REF, although visually its carbonated surface was 
smaller.

Figure 1: SCC carbonation depths

Using the equation that proposes that the carbonation depth is proportional to the square root of  exposure 
time (x=K .√t), the carbonation coefficients (K) of  each mixture were determined using the depth readings 
of  the specimens after 70 days of  exposure. With this coefficient it is possible to estimate the time required 
to reach any desired carbonation depth value for the CO2 concentration used in the accelerated test (3.0 ± 
0.5%). The nominal cover recommended by [26], for concrete exposed to environmental aggression class 
III, is 40 mm. Thus, extrapolations were made to determine how much time it would take to carbonation 
front of  each concrete in this study to reach that value.
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Figure 2: Specimens carbonation coefficient

In the REF, F20, M20 and M15F5 would be required approximately 27.83, 16.11, 91.22 and 25.36 years, 
respectively, for a carbonation depth of  40 mm.

It is known, however, that CO2 concentration of  the environment is around 0.04%, a value 75 times lower 
than the concentration used in the determination of  the aforementioned carbonation coefficients. Thus, 
without considering other interactions of  the structures with the environment and the deteriorations to 
which they can be subjected in situations of  use, carbonation would take longer to reach the structures 
reinforced with the studied SCC mixtures than usual structures life expectancy. It can be seen that SCC is a 
good alternative for extending life of  concrete structures, especially if  carbonation is considered the main 
aggressive factor, even in mixtures with 20% less Portland cement in its composition.

3.4 Mercury intrusion porosimetry
The carbonation resistance of  concrete is also influenced by its pore structure. The diffusivity of  fluids/
ions in the concrete is a function of  the porosity and characteristics of  the structure of  the pore network 
(geometry, distribution, interconnectivity and tortuosity). The higher the porosity of  the system, the greater 
the space available for the diffusion of  carbon dioxide, therefore, the lower the resistance to carbonation 
of  the system [27]. It is observed that the maximum value of  intruded volume in the pores occurred in the 
mesopore range (0.002 to 0.05 μm), indicating a refined porous structure in the concretes. It is also possible 
to observe pores with dimensions above 50 μm which, according to [28], are spherical and correspond to 
the air voids incorporated. REF is the mixture with the lower amount of  these macropores while F20 has 
the largest amount.

Figure 3: Relation between incremental volume and pore diameter in MIP test

In the region close to the diameter of  0.05 μm, the use of  metakaolin caused an increase in pore volume, 
with the amount of  M20 being higher, followed by M15F5, that is, a refinement characterized by an increase 
in volume of  smaller pores. It is also noted that F20 showed a significant peak in the capillary pore range, in 
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addition to the greater amount of  mesopores and greater amount of  accumulated volume, which indicates 
higher susceptibility of  this mixture to the entry of  deleterious agents.

M20 presented largest volume of  pores of  small diameter. The amount of  these pores increases with the 
formation of  hydrates, which shows the pozzolanic action. In both mixtures containing metakaolin, a 
porous structure composed of  a larger volume of  mesopores is also observed, the action of  the isolated 
addition (M20) being more pronounced than in combination with the limestone filler (M15F5). [29] studied 
the absorption characteristics of  the concrete with the increased substitution of  metakaolin and confirmed 
a reduction in the water absorption in the system due to the decrease of  concrete porosity.

Both M20 and M15F5 showed the highest values of  total pore area, probably due to the porosity refinement 
due to the formation of  a higher amount of  C-S-H by the pozzolanic action. F20 had the highest volume 
of  intruded mercury. Regarding permeability, F20 once again had the highest observed value. In relation 
to tortuosity, M15F5 had the highest value among the mixtures, which in general presented close values.

4. Conclusions

• Through the analysis of  the fresh state results it can be affirmed that the concretes complying the 
fluidity, passing ability and cohesion requirements defined by [16];

• As the granular skeleton was the same for all SCC, the variation in values is attributed to the stiffness of  
the pastes. Since M20 results were the best for all mechanical properties evaluated, it is understood that 
the structure of  their paste is the densest and most rigid of  all concretes or that the use of  metakaolin 
increased the resistance of  the transition zone between paste and aggregates;

• M15F5, in general, presented a performance superior to the mixture with limestone and inferior to the 
one with metakaolin, in all properties analysed;

• The mix with 20% of  limestone filler (F20) had the worse mechanical performance and lower durability 
against carbonation. The filler effect was not able to compensate the Portland cement removal, probably 
due to the high w/c ratio adopted;

• At the same time as the pozzolanic reaction consumes the calcium hydroxide, and thus decreases 
the amount of  the hydration product responsible for guaranteeing the alkalinity of  the cementitious 
matrix, the formation of  secondary C-S-H promotes a decrease in the pore diameter of  the hydrated 
paste. Thus, even with the lowest amount of  CH, the mix with metakaolin presented a better resistance 
to the advance of  the carbonation front compared to the reference one, which shows that the pore 
refinement was effective in preventing the diffusion of  CO2, even in a less alkaline environment.
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Eco-synthesis of  zeolite from coal fly ash

K.M. Klima, Q.L. Yu, H.J.H. Brouwers

Department of  Built Environment, Eindhoven University of  Technology, Eindhoven 5600 MB

Abstract 

In this work, pure zeolite Na-P1 is successfully synthesized from Coal Combustion Fly Ash via the fusion 
process. The obtained phase can be applied as a reactive filler in geopolymer composite and can be assessed 
in terms of  temperature stability. First, a known amount of  Coal Combustion Fly Ash was subjected to 
calcination in a muffle furnace at 800°C in order to eliminate the unburnt carbon. After that, the sample 
was subjected to a hydrochloric acid treatment (4.5M) in a reflux condenser.  It is intended to reduce the 
iron contained in the ash, but also to reduce other impurities like potassium, calcium or magnesium. Owing 
to the acid treatment it is possible to increase the efficiency of  zeolite conversion. 

This step allows synthesizing highly pure zeolite P1. The solid mixture of  treated fly ash and NaOH with 
a mass ratio 1:1.25 undergoes the reaction, as a result of  which the silicates and aluminates of  sodium are 
obtained at 550oC in 1.5 hours in the muffle furnace. Further hydrothermal activation through grinding 
and mixing with deionized water in a mass ratio of  1:10 for 3 hours at room temperature was applied. The 
sample was kept in a drying oven at 85oC within 90 hours in a sealed container made of  polypropylene. The 
identification of  zeolite P was carried out using powder X-ray diffraction, scanning electron microscope 
and Fourier transform infrared spectroscopy. These methods allowed to identify the crystalline phase and 
confirm the effectiveness of  the synthesis procedure. 

The thermal properties and stability aspects of  zeolite Na-P1 were determined by thermogravimetric-
differential scanning calorimetry (TG-DSC).  The study provides a protocol for synthesizing pure zeolite P1 
from fly ash, in addition, it allows for the accomplishment of  the first step toward fire resistant geopolymer 
synthesis by using coal combustion fly ash. Preliminary results show that the applied method of  the 
synthesis successfully allows obtaining a pure product. The characterization of  the material confirmed the 
presence of  zeolite Na-P1 as well as the first test of  thermal analysis was carried out.  The heat resistance of  
synthetic zeolite P1 is up to 790oC, however, its performance in geopolymer matrix has to be investigated. 

Keywords: Zeolite, fire-resistance, filler, geopolymer.
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Influence of  Particle Size Distribution 
and MSWI Bottom Ash Aggregate 

Replacement in Zero-Slump Concrete

P.M.F. van de Wouw, M.V.A. Florea,  H.J.H. Brouwers

Department of  the Built Environment, Eindhoven University of  Technology, P.O. Box 513, 5600 MB 
Eindhoven, the Netherlands.

Abstract 

In Europe, approximately 18 million tonnes of  bottom ash (BA) is being produced annually through the 
incineration of  municipal solid waste (MSWI). Currently, this is either stockpiled, limitedly applied as road 
base material, or, in the Netherlands, for some specifically treated BA fractions the application as aggregate 
in concrete is becoming more accepted. With the application of  BA in concrete, stockpiling, the extraction 
of  virgin materials, and the CO2 production footprint can be reduced. Earth-moist or zero-slump concrete 
(ZSC) mass products are ideal for the incorporation of  MSWI BA due to their absence of  reinforcement, 
higher porosity, and primarily non-structural applications. 

This study focusses on investigating how the mix design of  ZSC is influenced by coarse and fine aggregate 
replacement with BA over a distribution modulus range. To this aim, a spherical central composite design 
approach is used to acquire a broad understanding on the interaction and influence of  the 3 independent 
variables (sand replacement, gravel replacement, and distribution modulus (q)) on ZSC mix design.

It is found that for BA containing ZSC, pre-saturation of  the BA reduces the required mixing water. 
Additionally, both the additions of  fine and coarse pre-saturated BA increase the total amount of  water in 
the system while an equal workability is maintained. In turn, this water can potentially contribute to internal 
curing at a later stage. Due to the porosity of  the BA, the overall density of  the concrete is found to decrease 
with an increase in both fine and coarse aggregate replacement. Furthermore, an increased q-value with an 
equal cement content and workability results in a lower powder content with a higher binder concentration 
in the powders, and therefore a lower water-binder ratio. Finally, for the particle packing optimisation with 
porous materials, the use of  the envelope volume (including porosity and voids) of  particles is proposed.

Keywords: Zero-Slump Concrete, MSWI Bottom Ash, Mix Design, Aggregate Replacement, Distribution 
Modulus.

1. Introduction

Through the incineration of  municipal solid waste (MSWI) in a waste-to-energy plant, electric power and 
hot water are produced. Annually, this results in approximately 18 million tonnes of  bottom ash (BA) 
being produced in Europe (1.7 million tonnes in the Netherlands) [1,2]. Currently, this is either stockpiled, 
limitedly applied as road base material, or, in the Netherlands, for some specifically treated BA fractions the 
application as aggregate in concrete is becoming more accepted [3].

Concrete, with a worldwide production of  approximately 33 billion tonnes annually, accounts for the use 
of  27 billion tonnes of  aggregates per year [4]. Hence, both the consumption of  raw materials and the 
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lowering of  the environmental impact of  concrete have attracted attention in recent years [5,6]. To this 
end, the application of  industrial by-products such as MSWI BA have been extensively studied as potential 
aggregate replacement for the production of  concrete [7–13]. With the application of  BA in concrete, 
stockpiling, the extraction of  virgin materials, and the CO2 production footprint can be reduced [14–17].

Concrete mass products such as paving blocks, kerbstones, masonry blocks, roofing tiles, sewage pipes, and 
concrete slabs, are produced with zero-slump concrete (ZSC), otherwise known as earth-moist concrete 
or no-slump concrete. Contrary to concrete with a plastic consistency, after filling and intense vibratory 
compaction under compression, the unhardened product is directly extractable and successively transferrable 
to a curing location with controlled conditions [18]. Most ZSC does not contain reinforcement which could 
be harmed by chlorides present in BA. In comparison with a regular vibrated concrete, alkali-silica reaction 
(ASR) is found to be less of  a problem in ZSC due to a higher porosity and larger pores, enabling a bigger 
volume of  ASR gel, resulting in less expansion and a lower amount of  cracks [19]. Furthermore, since 
ZSC is scarcely used in a structural application, it is a safe application in the unforeseen circumstance that 
a deficiency should occur.

The packing of  continuously graded particles was studied by Andreasen and Andersen (A&A) [20] who 
based their work on that of  Fuller & Thomsen [21],  resulting in a semi-empirical equation for the cumulative 
volume fraction F(D). Funk & Dinger [22] further developed this work, introducing the modified version 
of  the A&A equation:

          (1)

where 

D = particle size; 

Dmin = minimum particle size; 

Dmax = maximum particle size; 

q = distribution modulus.

Making use of  the modified A&A equation, Brouwers and Radix [23] proposed a particle-packing based mix 
design method for self-consolidating concrete (SCC). This methodology is flexible regarding materials and 
applications by altering the physical constraints (real-world limits), logical constraints (boundary conditions 
reflecting requirements for the designed concrete), and policy constraints (boundary conditions set by 
standards and legislation). Therefore, it has been applied in applications such as: SCC [24–26], ultra-high 
performance concrete [27–29], ultra-lightweight concrete [30–32], and ZSC [33–36]. 

This study focusses on investigating how the mix design of  ZSC is influenced by coarse and fine aggregate 
replacement by BA over a distribution modulus range.

2. Methodology

2.1 Materials
A mixture used for the carrier layer of  ZSC products is used as a starting point. This mixture consists 
of  five components: cement, fine and coarse aggregates, water, and a plasticising admixture. A blended 
Portland cement (CEM III/A 42.5N) was selected as binder because it works well in full scale production 
and has been proven to be beneficial for the implementation of  BA [37,38]. To enable the optimisation of  
the particle size distribution (PSD) while maintaining an equal binder (cement) content (v/v %) throughout 
the different mixtures, a commercially available quartz powder is included in the mix design as inert virgin 
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filler. A quartz sand (125 µm-4.0 mm) extracted in the Netherlands is used in the original mix design 
and applied as fine virgin aggregate. To enable a continuous grading of  particles in accordance with the 
modified A&A equation, a virgin quartz micro sand is used to fill the gap between the PSD of  the cement 
and the fine aggregates. The coarse virgin aggregates consist of  a broken limestone (1.0-11.2 mm) from 
Belgium. A lignosulfonate-based plasticising admixture is used to assist in the compaction of  the ZSC 
mixtures. The plasticiser dosage is fixed at a plasticiser/binder ratio of  0.1% and, as the cement dosage is 
fixed, is therefore constant throughout all mixtures (v/v %).

The BA used in this study for the replacement of  natural aggregates was obtained from a municipal solid 
waste-to-energy plant in the Netherlands. The investigated 63 µm-16 mm granulate fraction is the result 
of  extensive prior treatment in the form of  weathering, size reduction, dry and wet separation of  organics, 
magnetic and para-magnetic extraction of  metals, and washing. It has been sampled according to EN 932-1 
[39]. Prior to further analysis, the material was dried at 105 °C to an oven-dry state where a constant mass 
was reached [40]. By doing so, the moisture content was determined (10.67%, ±1.01%). After drying, a 
correct particle size distribution (PSD) can be obtained in accordance with EN 933-1 and EN 933-2 [41,42] 
(with additional sieve sizes: 22.4 mm, 11.2 mm, 5.6 mm, 2.8 mm, 1.4 mm, 710 µm, 355 µm, 180 µm, and 
91 µm), and the effect of  agglomeration during the sieve analysis is minimised. In order to investigate 
the influence of  both fine and coarse aggregate replacement, the 63 µm-16 mm oven-dried BA is sieved 
into respectively a <2 mm and an >2 mm fraction which correlates best with the size fractions of  the 
virgin aggregates replaced. By sieving a second set of  BA samples at 2 mm prior to oven drying, the 
intrinsic moisture content of  both the fine and coarse BA fraction generated was determined, being 13.70% 
(±0.03%) and 7.79% (±0.19%), respectively. Based on this, an overall pre-saturation level of  10.0% was 
chosen for the 63 µm-16 mm BA, resulting in a 12.5% and 7.1% pre-saturation for respectively the fine and 
the coarse BA fraction in order to minimise the loss of  mechanical resistance, workability and durability. 
The corresponding pre-saturation water was added to the oven-dried BA fractions and left to equilibrate in 
an air tight container for a minimum of  1 week while being turned over daily.

Figure 1 PSDs of  all granular materials applied

With the addition of  the quartz powder and micro sand to the standard mix design, a reference mix is 
created which allows an equal binder content, a continuous grading, and a compensation for differences 
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between the PSD of  the virgin aggregates and the BA. Hence, including the pre-saturated coarse and fine 
BA fraction, a total of  seven granular materials are used. Their PSDs are given in Figure 1.

2.2 Methods

2.2.1 Experiment design
This study employs a spherical central composite design approach [43] to acquire a broad understanding 
on the interaction and influence of  the 3 independent variables (sand replacement, gravel replacement, 
and distribution modulus (q)) on ZSC mix design. Consequently, just 18 mix designs are needed out of  
a potential 125 (53) for 3 independent variables distributed over 5 levels in the ranges of  0-100% sand 
replacement, 0-100% gravel replacement, and a distribution modulus of  0.25-0.40 as suggested by Hüsken 
[34] (Figure 2), (Table 1), strongly reducing the necessary number of  tests to quantify the above-mentioned 
correlations. To determine the reproducibility of  the results, the design of  centre point (15-18) is reproduced 
in quadruplicate. 

Figure 2 Geometric presentation of  the inscribed central composite design for the 3 natural 
variables: (1) sand replacement (0-100%), (2) gravel replacement (0-100%), and (3) distribution 
modulus (q: 0.25-0.40).

Table 1 Mixture variable values

Sand repl. Gravel repl. q

Mix (vol.-%) (vol.-%)
Factorial

(cube points) 1 21.1 21.1 0.28
2 78.9 21.1 0.28
3 21.1 78.9 0.28
4 78.9 78.9 0.28
5 21.1 21.1 0.37
6 78.9 21.1 0.37
7 21.1 78.9 0.37
8 78.9 78.9 0.37

Axial
(star points) 9 0 50 0.33

10 100 50 0.33
11 50 0 0.33
12 50 100 0.33
13 50 50 0.25
14 50 50 0.40

Centre
(point) 15 50 50 0.33

16 50 50 0.33
17 50 50 0.33
18 50 50 0.33

2.2.2 Mixture development methodology
The abovementioned 18 mix designs are defined by the values given in Table 1, the PSDs given in Figure 
1, and the densities of  the materials. Additional constraints are: BA <2 mm replaces both sand and micro 
sand, BA >2 mm replaces gravel, and the binder content is fixed (vol.-%). With the Brouwers and Radix’ 
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mix design method [23], the ratios of  all solid ingredients are calculated to compose the optimal particle 
gradation given by the modified A&A equation (Eq. 1). This is achieved by approaching unity for  
between composed mix PSD and the target PSD [44].

The algorithm in Brouwers and Radix’ method [23] uses a volume-based expression of  the particles based 
on the materials individual specific density ( ) as this is more suitable than using the retained mass 
of  the sieve analysis when composing a mix with materials of  different densities. However, in contrast 
to commonly used aggregates, BA contains a considerable porosity.  solely takes into account the 
skeletal volume (solid material and closed pores) of  the material, resulting in a larger effective volume at an 
equal  for particles with an open porosity. Hence,  is not applicable for porous materials. When 
the pores of  the BA are assumed to be non-permeable to any of  the present solid particles, the envelope 
volume ( ) of  particles, including porosity and voids, is most applicable. 

Generally, the bulk density of  both the original and the replacement material are used to exchange materials 
by volume. However, since the ZSC samples are compacted in the Intensive Compaction Tester (ICT, 
see 2.2.3), the compacted bulk density or ICT density ( ) of  the aggregates is determined under equal 
conditions. In this way, the PSD of  the BA is adjusted to represent the PSD of  replaced aggregates as 
closely as possible to achieve an equal void fraction (φ). Correlating the obtained s together with the 

 of  the considered virgin aggregate fraction, an average  is approximated for the equivalent BA 
fraction. 

2.2.3 Sample preparation and testing
The solids for 3 specimens were dry mixed with a planetary mixer (Hobart, model A-200-FM) in a 10 litre 
bowl at 107 rpm for 1 minute prior to an additional 3 minutes after the addition of  water and plasticizer. 
Sequentially, the mixing bowl was covered to prevent dehydration prior to further processing.

A gyratory ICT (Invelop Oy, model ICT-100R) is used for the compaction of  the ZSC samples (Figure 
3c.). The working principle of  the ICT (Figure 3a.) relies on the application of  a constant pressure ( ) 
on a sample placed in a cylindrical mould. The mould rotates at a maximum of  120 rpm for up to 512 work 
cycles (n) at a gyratory angle ( ) whereby the sample height ( ) is continuously measured. As a result 
of  the gyratory inclination a shear movement develops, aiding the compaction (Figure 3b.). The settings 
applied, recommended by Hüsken [34] for ZSC samples produced with the ICT, are given in Table 2.

Figure 3 Intensive Compaction Tester : a. Working principle [34,45], b. Shear body of  sample [46], 
c. ICT produced BA containing ZSC cylinder
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Table 2 Gyratory Intensive Compaction Tester settings

Parameter Symbol Units Available range Selected
Compaction pressure kPa <330 250

Gyratory angle mrad <50 40

Cycle number n – 2–512 150

Velocity rpm 30-120 60

Sample height mm 100-110 ±105
Mould diameter ， mm 100 100

The applied pressure can potentially affect the integrity of  the particles due to crushing or grinding [47]. 
However, since the forces applied are (at least) comparable with ZSC production in practice, its occurrence 
is an acknowledged side effect of  the process. 

Multiple test samples of  each mix were prepared with the ICT to determine the optimal moist state to 
achieve sufficient compaction (based on packing fraction), yet show no sign of  excess water (the so-called 
“slurry point”) [35]. The 15 resulting recipes were used to create 6 concrete samples per mix for further 
analysis. 

3. Results and discussion

As can be seen in Figure 4, the achieved  is close to unity for all resulting values; however, sand 
replacement ( , gravel replacement ( ), and distribution modulus ( ) have a different influence. The 

 value for  is rather stable with a slight increase at 50% replacement. This can be explained by the fact 
that the ratio between sand and micro sand is not fixed, resulting in less constraints to optimise the mixture. 

 shows a near unity value for 0% followed by a distinctly lower value at 20%, gradually increasing over 
the higher replacement levels. With a maximum particle size ( ) of  ±16.0 mm, the BA gravel is coarser 
than the replaced limestone gravel with a  of  ±11.2 mm. In turn, at low replacement levels, with an 
equivalently low content of  the largest size fraction, the adjustment of   from 11.2 mm to 16.0 mm 
cannot be compensated, resulting in a decreased . With an increase in ,  decreases. This is caused by 
the reduced slope in the target curve for the smaller size fractions together with an increased slope for the 
larger size fractions, in turn resulting in a higher deviation.

The water content of  the mixes is determined by the required workability and it depends on the 3 
independent variables investigated (Figure 5). The total water content in the mix ( ) is composed of  
the pre-saturation water in the BA ( ) together with the water (including plasticiser) added during the 
mixing ( ). For an increase in , it can be seen that  remains rather stable, while  is reduced under 
the influence of  , which is related to a lower powder content (Figure 6). For an increase in  value, the 
binder content of  the fines increases correspondingly, resulting in a lower  (Figure 7) which is in line 
with the findings of  Hüsken [36].
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Figure 4 , ,  and  vs. Figure 5 , ,  and  vs. ,  ,  and 

Figure 6 , ,  and  vs. powder content Figure 7 , ,  and  vs. 

As expected, Figure 6 shows a nearly constant powder content for  and , and the small deviations can 
be linked to the deviations in material PSDs. In both  and , an increase can be seen for  and . 

, however, decreases with an increase in replacement. This indicates that, during the mixing, per percent 
of  fine and coarse BA replacement, sufficient water is released by the BA to reduce 0.23% and 0.39% of  
mixing water, respectively. Additionally, as the workability remains equal, it can be concluded that with the 
addition of  both fine and coarse pre-saturated BA, the amount of  water in the system is increased without 
a water increase in the paste (Figure 7). At a later stage, this additional water can contribute to hydration by 
supporting internal curing as suggested by Keulen et al. [38].

Based on the materials properties and the mix proportions, the theoretical maximum density of  the mix 
can be calculated (Figure 8). For this purpose, ideal particle packing without any air content is assumed. 
For both  and , as expected, the density decreases with increased replacement. The deviation from the 
trend at 0% replacement for  can be linked to the larger  of  the BA >2 mm, inherently shifting the 
gradation curve and correlating properties. 
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Figure 8 , ,  and  vs. calculated density Figure 9 , ,  and  vs. measured density

The measured density of  the compacted concrete samples is displayed in Figure 9. The deviation between 
the calculated and the measured density is a measure for the air content, shown in Figure 10. 

Figure 10 , ,  and  vs. calculated air content 

Prior research and guidelines indicated an air content of  3-9% for ZSC [18,34,48,49]. Except for  at 
0% and 100%, and  at 0.33, the values are in that range. In contrast to the presented ICT results, the 
compaction energy applied in practice is larger, in turn resulting in a lower air content closer to the 3-9% 
range.

4. Conclusions

Based on the presented results and discussion it can be concluded that for ZSC containing BA:

• pre-saturation of  fine and coarse BA reduces the required mixing water correspondingly with 0.23% 
and 0.39% per percent of  aggregate replacement by volume;

• at constant workability (and therefore a constant amount of  water in the  paste), the addition of  both 
fine and coarse pre-saturated BA increases the total amount of  water in the system. This additional 
water can potentially contribute to hydration by facilitating internal curing at a later stage;

• for constant cement content and workability, increasing the q-value leads to a reduced powder content 
and therefore a higher binder concentration in the powders, in turn, resulting in a lower water-binder 
ratio;
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• the use of  the envelope volume (including porosity and voids) of  particles is proposed since the skeletal 
volume is an unsuitable characteristic for particle packing optimisation with porous materials. With 
this, the overall density of  the concrete is found to decrease with an increase for both fine and coarse 
aggregate replacement with BA;

• the expected range for air content is only exceeded under specific conditions of  the ICT compacted 
samples and is expected to improve in full scale operation.

Future work will extend the study into the influence of  the investigated variables (sand and gravel 
replacement by MSWI BA and distribution modulus) on the hardened properties (e.g. technical quality, 
environmental impact, etc.) of  the ZSC mixes.

5. Acknowledgment 

The authors wish to express their gratitude to the NWO/TTW-foundation (project 13318, Development 
of  eco-concretes by using industrial by-products), Mineralz, Attero, ENCI, v.d. Bosch Beton, Struyk 
Verwo, and CRH Europe Sustainable Concrete Centre for their provision of  material, knowledge and 
financial support in this project, as well as to the Cement-Concrete-Immobilisates sponsor group at TU 
Eindhoven: Rijkswaterstaat Grote Projecten en Onderhoud, Graniet-Import Benelux, Kijlstra Betonmortel, 
Rijkswaterstaat Zee en Delta - District Noord, BTE, Selor, GMB, Icopal, BN International, Eltomation, 
Knauf  Gips, Hess AAC Systems, Kronos, Joma, Cement&BetonCentrum, Heros, Inashco, Keim, Sirius 
International, Boskalis, NNERGY, Tata Steel, Millvision, Sappi, Studio Roex, Van Berlo Groep, PCS 
Innotec International, Nedvang, Baetsen, Noah (chronological order of  joining).

6. References

[1] CEWEP, Bottom Ash Factsheet, (2015). www.cewep.eu (accessed February 15, 2018).

[2] CEWEP, Country Report 2012-2013 The Netherlands, 2014. www.cewep.eu.

[3] CUR-voorschriftencommissie VC89, CUR Aanbeveling 116:2017 - AEC-granulaat als 
toeslagmateriaal voor beton, (2017) 126.

[4] P.K. Mehta, P.J.M. Monteiro, Concrete: Microstructure, Properties, and Materials, Fourth, McGraw-
Hill Education, New York, Chicago, San Francisco, Athens, London, Madrid, Mexico City, Milan, New 
Delhi, Singapore, Sydney, Toronto, 2014.

[5] T. Xu, T. Galama, J. Sathaye, Reducing carbon footprint in cement material making: Characterizing 
costs of  conserved energy and reduced carbon emissions, Sustain. Cities Soc. 9 (2013) 54–61. doi:10.1016/j.
scs.2013.03.002.

[6] E. Tkaczewska, R. Mróz, G. Łój, Coal–biomass fly ashes for cement production of  CEM II/A-V 
42.5R, Constr. Build. Mater. 28 (2012) 633–639. doi:10.1016/j.conbuildmat.2011.10.022.

[7] R. Cioffi, F. Colangelo, F. Montagnaro, L. Santoro, Manufacture of  artificial aggregate using MSWI 
bottom ash., Waste Manag. 31 (2011) 281–8. doi:10.1016/j.wasman.2010.05.020.

[8] X.-G. Li, Y. Lv, B.-G. Ma, Q.-B. Chen, X.-B. Yin, S.-W. Jian, Utilization of  municipal solid 
waste incineration bottom ash in blended cement, J. Clean. Prod. 32 (2012) 96–100. doi:10.1016/j.
jclepro.2012.03.038.

[9] U. Müller, K. Rübner, The microstructure of  concrete made with municipal waste incinerator 
bottom ash as an aggregate component, Cem. Concr. Res. 36 (2006) 1434–1443. doi:10.1016/j.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

582582

IC
SB

M
 2

01
9

ID
 1

51

cemconres.2006.03.023.

[10] B. Quenee, G. Li, J.M. Siwak, V. Basuyau, Waste Materials in Construction Wascon 2000 - Proceedings 
of  the International Conference on the Science and Engineering of  Recycling for Environmental Protection, 
Harrogate, England 31 May, 1–2 June 2000, Elsevier, 2000. doi:10.1016/S0713-2743(00)80054-9.

[11] R. Siddique, Use of  municipal solid waste ash in concrete, Resour. Conserv. Recycl. 55 (2010) 
83–91. doi:10.1016/j.resconrec.2010.10.003.

[12] S. Sorlini, A. Abbà, C. Collivignarelli, Recovery of  MSWI and soil washing residues as concrete 
aggregates, Waste Manag. 31 (2011) 289–297. doi:10.1016/j.wasman.2010.04.019.

[13] B. Juric, L. Hanzic, R. Ilić, N. Samec, Utilization of  municipal solid waste bottom ash and recycled 
aggregate in concrete., Waste Manag. 26 (2006) 1436–42. doi:10.1016/j.wasman.2005.10.016.

[14] R. del Valle-Zermeño, J. Formosa, J.M. Chimenos, M. Martínez, A.I. Fernández, Aggregate material 
formulated with MSWI bottom ash and APC fly ash for use as secondary building material., Waste Manag. 
33 (2013) 621–7. doi:10.1016/j.wasman.2012.09.015.

[15] A.A. Al-Rawas, A. Wahid Hago, R. Taha, K. Al-Kharousi, Use of  incinerator ash as a 
replacement for cement and sand in cement mortars, Build. Environ. 40 (2005) 1261–1266. doi:10.1016/j.
buildenv.2004.10.009.

[16] J.M. Chimenos, M. Segarra, M.A. Fernández, F. Espiell, Characterization of  the bottom ash in 
municipal solid waste incinerator, J. Hazard. Mater. 64 (1999) 211–222. doi:10.1016/S0304-3894(98)00246-
5.

[17] C.C. Wiles, Municipal solid waste combustion ash: State-of-the-knowledge, J. Hazard. Mater. 47 
(1996) 325–344. doi:10.1016/0304-3894(95)00120-4.

[18] Stutech, Aardvochtig beton, Stutech report No. 22, ’s Hertogenbosch, The Netherlands (in Dutch), 
2005.

[19] G. Lee, T.-C. Ling, Y.-L. Wong, C.-S. Poon, Effects of  crushed glass cullet sizes, casting methods and 
pozzolanic materials on ASR of  concrete blocks, Constr. Build. Mater. 25 (2011) 2611–2618. doi:10.1016/j.
conbuildmat.2010.12.008.

[20] A.H.M. Andreasen, Ueber die Beziehung zwischen Kornabstufung und Zwischenraum in 
Produkten aus losen Körnern (mit einigen Experimenten), Kolloid-Zeitschrift. 50 (1930) 217–228. 
doi:10.1007/BF01422986.

[21] W.B. Fuller, S.E. Thomson, The Laws of  Proportioning Concrete, Trans. Am. Soc. Civ. Eng. (1907).

[22] J.E. Funk, D.R. Dinger, Predictive Process Control of  Crowded Particulate Suspensions: Applied 
to Ceramic Manufacturing, Kluwer Academic Press, Boston, MA, 1994. doi:10.1007/978-1-4615-3118-0.

[23] H.J.H. Brouwers, H.J. Radix, Self-Compacting Concrete: Theoretical and experimental study, Cem. 
Concr. Res. 35 (2005) 2116–2136. doi:10.1016/j.cemconres.2005.06.002.

[24] X. Wang, K. Wang, P. Taylor, G. Morcous, Assessing particle packing based self-consolidating concrete 
mix design method, Constr. Build. Mater. 70 (2014) 439–452. doi:10.1016/J.CONBUILDMAT.2014.08.002.

[25] M. Hunger, An integral design concept for ecological self-compacting concrete, 2010. doi:http://
dx.doi.org/10.6100/IR674188.

IC
SBM

 2019
ID

 151



583

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 1

51

583

IC
SBM

 2019
ID

 151

[26] M. Hunger, H.J.H. Brouwers, Natural Stone Waste Powders Applied to SCC Mix Design, Restor. 
Build. Monum. 14 (2008) 131–140. doi:10.1515/rbm-2008-6206.

[27] R. Yu, P. Spiesz, H.J.H. Brouwers, Mix design and properties assessment of  Ultra-High 
Performance Fibre Reinforced Concrete (UHPFRC), Cem. Concr. Res. 56 (2014) 29–39. doi:10.1016/j.
cemconres.2013.11.002.

[28] R. Yu, P. Spiesz, H.J.H. Brouwers, Development of  an eco-friendly Ultra-High Performance 
Concrete (UHPC) with efficient cement and mineral admixtures uses, Cem. Concr. Compos. 55 (2015) 
383–394. doi:10.1016/J.CEMCONCOMP.2014.09.024.

[29] R. Yu, P. Spiesz, H.J.H. Brouwers, Development of  Ultra-High Performance Fibre Reinforced 
Concrete (UHPFRC): Towards an efficient utilization of  binders and fibres, Constr. Build. Mater. 79 (2015) 
273–282. doi:10.1016/J.CONBUILDMAT.2015.01.050.

[30] Q.L. Yu, P. Spiesz, H.J.H. Brouwers, Ultra-lightweight concrete: Conceptual design and performance 
evaluation, Cem. Concr. Compos. 61 (2015) 18–28. doi:10.1016/J.CEMCONCOMP.2015.04.012.

[31] R. Yu, D.V. van Onna, P. Spiesz, Q.L. Yu, H.J.H. Brouwers, Development of  Ultra-Lightweight 
Fibre Reinforced Concrete applying expanded waste glass, J. Clean. Prod. 112 (2016) 690–701. doi:10.1016/J.
JCLEPRO.2015.07.082.

[32] D.M.A. Huiskes, A. Keulen, Q.L. Yu, H.J.H. Brouwers, Design and performance evaluation of  ultra-
lightweight geopolymer concrete, Mater. Des. 89 (2016) 516–526. doi:10.1016/J.MATDES.2015.09.167.

[33] G. Hüsken, H.J.H. Brouwers, Development of  eco earth-moist concrete, 5950 (2009) 97–105.

[34] G. Hüsken, A multifunctional design approach for sustainable concrete, 2010. doi:10.6100/
IR693348.

[35] G. Hüsken, H.J.H. Brouwers, On the early-age behavior of  zero-slump concrete, Cem. Concr. Res. 
42 (2012) 501–510. doi:10.1016/J.CEMCONRES.2011.11.007.

[36] G. Hüsken, H.J.H. Brouwers, A new mix design concept for earth-moist concrete: A theoretical 
and experimental study, Cem. Concr. Res. 38 (2008) 1246–1259. doi:10.1016/J.CEMCONRES.2008.04.002.

[37] B. Quenee, G. Li, J.M. Siwak, V. Basuyau, The use of  MSWI (Municipal solid waste incineration) 
bottom ash as aggregates in hydraulic concrete, Waste Manag. Ser. 1 (2000) 422–437. doi:10.1016/S0713-
2743(00)80054-9.

[38] A. Keulen, A. van Zomeren, P. Harpe, W. Aarnink, H.A.E. Simons, H.J.H. Brouwers, High 
performance of  treated and washed MSWI bottom ash granulates as natural aggregate replacement within 
earth-moist concrete., Waste Manag. (2016). doi:10.1016/j.wasman.2016.01.010.

[39] EN 932-1, Tests for general properties of  aggregates - Part 1: Methods for sampling, 1996.

[40] S., Mindness, Young J F, Darwin D., Concrete, 2nd ed., Prentice Hall, Pearson Education, Inc. 
Upper Saddle River, NJ 07458, 2003.

[41] EN 933-1, Tests for geometrical properties of  aggregates - Part 1: Determination of  particle size 
distribution - Sieving method, CEN, 2012.

[42] EN 933-2, Tests for geometrical properties of  aggregates - Part 2: Determination of  particle size 
distribution - Test sieves, nominal sizes of  apertures, CEN, 1995.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

584584

IC
SB

M
 2

01
9

ID
 1

51

[43] D.C. Montgomery, Design and Analysis of  Experiments, 2012. doi:10.1198/tech.2006.s372.

[44] R. Yu, Development of  sustainable protective ultra-high performance fibre reinforced concrete 
(UHPFRC), 2014.

[45] A. Käppi, E. Nordenswan, Workability of  No-Slump Concrete, Concr. Int. 29 (2007) 37–41.

[46] Invelop oy, Operating Instructions Intensive Compaction Tester model ICT-100R (c0251/C), 
2005.

[47] F. V. Mueller, O.H. Wallevik, Linking solid particle packing of  Eco-SCC to material performance, 
Cem. Concr. Compos. 54 (2014) 117–125. doi:10.1016/J.CEMCONCOMP.2014.04.001.

[48] D.A. Abrams, Proportioning Concrete Mixtures, in: Proc. 18th Annu. Conv. Am. Concr. Inst., 
Detroit, Michigan, U.S., 1922: pp. 174–181.

[49] R. Bornemann, Untersuchung zur modellierung des frisch- und festbetonverhaltens erdfeuchter 
betone., Struct. Mater. Eng. Ser. 4 (2005).

IC
SBM

 2019
ID

 154



IC
SB

M
 2

01
9

ID
 1

51

585

IC
SBM

 2019
ID

 154

585

Influence of  the Water- and Foaming Agent 
Dosage on Hardened Autoclaved Aerated 

Concrete
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Abstract- The most important parameters for the production of  Autoclaved Aerated Concrete (AAC) 
are water-to-powder ratio and foaming agent (Al powder) amount, yet their influence on the green- and 
final product properties are not sufficiently studied. Here, this influence is thoroughly investigated and 
quantified, and formulas for the interaction of  these parameters are proposed. Moreover, various relations 
between final AAC properties (thermal conductivity, strength, etc.) and initial mix parameters are derived 
and explained. The results of  this research demonstrate how an optimization of  the initial ACC parameters 
can significantly improve the material behavior.

Keywords: autoclaved aerated concrete, AAC, green body, spread flow, compressive strength, density

1.  Introduction

Autoclaved aerated concrete (AAC) has been known for a long time to be an insulating, lightweight and 
fire resistant building material [1]. Its advantages compared to other building materials are the possibility 
of  creating monolithic wall structures and its eco-friendliness [2,3]. To further increase its eco-friendliness, 
new raw materials can be applied. It is a common approach to use alternative materials to extend or improve 
existing materials. In the case of  AAC this idea is implemented already in the original patents [4–6]; for 
example, the use of  fly ash instead of  ground quartz is widely applied. There are basically two requirements 
for the application of  new raw materials: a well-developed and optimized standard recipe and the complete 
characterization of  this recipe (including technological parameters like mixing, slurry and green body 
behaviour, and detailed knowledge about the produced AAC itself).

In literature [1,2,7–22] different ranges for AAC recipes are given. However, details of  the raw materials are 
not provided in most cases, or the formulated recipe is incomplete or not published due to confidentiality 
or intellectual properties protection issues [2,8,10,17,18,23–31]. 

For the process and product development of  eco- and high performance autoclaved aerated concrete, 
accurate and complete information on raw materials and their related product performance are vital. The 
characterization of  the produced AAC with substituted raw materials is limited to the final properties 
[8,10–13,17–22,24–26,32,33], and in these studies the material behaviour before hydrothermal hardening is 
not investigated. Also in industry, systematic studies are either not conducted, or the available know-how 
and experience are not published.

Two different AAC products can be compared only if  their pore structures, respectively green bodies, 
are similar. For this hypothesis an adaptation of  the recipe, especially of  the water and foaming agent 
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amount, is necessary in case of  the application of  a replacement material. However, the data providing 
these important information is not properly documented, in some cases not even the water amount of  the 
mix is provided [20,22,24,25,32], or the phrase “workable” mixtures or similar is used instead [16,19,26,32].

Another novel approach employed in this study is the scale of  the moulds. In standards like [34] it is 
recommended to cut the specimens for the tests from the middle of  the produced block, due to the 
influence of  the surface on the texture and hence on the properties. A minimum distance from the mould 
wall to provide a undisturbed pore structure is 5 cm. Commonly the mould size for AAC castings in 
research papers [7,8,20,26,28,33,10,11,13,14,16–19] (e.g. 40x40x160 mm³) does not provide sample sizes 
unaffected by the wall effect. 

Correlations between different material parameters were formulated [2,9,10,16,19,21,35], but to the best of  
the authors’ knowledge this is the first time that green parameters are in cor por ated. Similar research was 
already conducted on aerated (or surfactant based foamed) concrete [36–38], but aerated concrete and AAC 
are not comparable materials in the phase of  the green body. Similarities occur as well with Al-foamed alkali 
activated materials [39], whereas the binding process and the intrinsic pH-value are significantly different.

Subsequently, the reference standard recipe needs to be fully characterized. In [1–3,15,40] it is described that 
a higher water content in the mix leads to a more liquid consistency, higher porosity and lower strength, but 
an expression of  this relation is never given. A model for mix designs is provided on a linear basis in [1], as 
a guideline for the aimed properties. According to this model, at least 9 different castings are necessary for 
a rough overview in a small range. The current study investigates these interactions and proposes equations 
for a more detailed description. The aim is to provide a tool to minimize the number of  trial castings. In 
order to mitigate all these issues, in this study a well-tested recipe developed in an industrial laboratory 
(provided by HESS AAC systems B.V.) was adopted as a reference standard recipe (Table 1 and Table 2).

In this study, the influence of  initial and processing parameters on the final product properties are 
investigated. Apart from the common hardened properties like raw density and compressive strength, the 
main focus is on the parameters before autoclaving. This data is used to reveal correlations, which serves 
for the design of  future recipes with other materials.

Another general approach followed for the whole investigation is the hypothesis that an adequate green 
body can lead to an optimized AAC, while an insufficient green body is unlikely to provide a suitable AAC.

2.  Materials and Methods

2.1  Materials
All materials used for preparing the samples are technical grade and, if  not indicated otherwise, match the 
recommended requirements for AAC production [1,2,15,41] or originated from AAC material suppliers 
(Table 1). All experiments follow a sand-based reference recipe (provided by HESS AAC Systems B.V., 
Table 2). Normally, in case of  a design of  an AAC recipe, the targeted (raw) density is mentioned. In this 
case the resulting density and its changes was one of  the aims of  the study. The target raw density range 
can be roughly given by 500±100 kg/m³.
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Table 1: Chemical and physical characteristics of  the raw materials.

Parameter Quartz Anhydrite Cement Portlandite Lime
C

he
m

ic
al

 A
na

ly
sis

 
(X

RF
) [

m
as

s%
]

Na2O + K2O 0.05 0.37 1.08 0.11 0.27
MgO -   1.20   0.96   0.33   0.58
Al2O3   0.85   0.65   4.88   0.13   0.40
SiO2 98.6   1.55 15.7   0.30   0.67
SO3 - 53.7   3.98   0.05   0.03
CaO   0.01 38.9 66.5 70.1 95.9
Fe2O3   0.03   0.19   2.48   0.17   0.26
LOI  

DIN EN ISO 3262-1   0.26   3.08 
(650 °C)   2.38 27.4   1.81

Phase content (XRD) Quartz 
(low)

Anhydrite, 
gypsum / 
dolomite

Quartz, C3S, 
C2S, C4(AF), 

C3A

Portlandite, 
calcite*

Lime, 
portlandite**

Specific density [g/cm³] 2.57 2.95 3.12 2.30 3.24

Supplier Quarzwerke 
GmbH

Knauf  Gips 
KG Cemex Fels-Werke 

GmbH
Fels-Werke 

GmbH

EN 459-1 CL 90-S CL 90-Q 
(R5, P1)

Product name SIKRON 
SF 300 Anhydrit staub CEM I 42.5 

R
WKH 2/4 

CL90 11/6

* Calcite content ≈ 15 % (det. by LOI and density) / ** Portlandite content ≈ 10 % (det. by LOI 
and density), Slaking lime test (EN 459-2): t60°C = 10 min / Tmax = 75.8 °C

To avoid confusion the naming of  the materials was oriented, as far as possible, on their mineral names 
(IMA List of  Minerals). For example the material that is called lime can as well be labelled as quicklime or 
burnt lime and regarding EN 459-1, the lime could be called CL90 Q, CAS-Number 1305-78-8. Similar 
synonyms are available for portlandite (hydrated lime, slaked lime, CL90 S, CAS: 1305-62-0).  The aluminium 
powder was obtained from Benda-Lutz Skawina Sp. z o. o. / SunChemical with the specification/trade 
name Benda-Lutz® 5 6380. 

Table 2 : AAC mix composition

Material Proportion ω [mass%]

Quartz 66.7
Lime   8.3

Cement 20.0
Portlandite   2.5
Anhydrite   2.5

Aluminium varied
Water varied

2.2  Methodology

2.2.1  Characterization of  raw materials
The analysis of  the raw materials was performed as follows: the chemical analysis was performed using 
an X-Ray Fluorescence device (XRF, PANalytical Epsilon3) with pressed powder tablets; the Loss On 
Ignition (LOI) was performed in a muffle furnace according to EN ISO 3262-1 at 1000 °C if  not indicated 
otherwise. The phase composition was measured using an X-Ray Diffractometer (XRD, PANalytical X’Pert 
PRO MPD with CuKα radiation and an X’Celerator RTMS detector with back loading preparation). The 
Particle Size Distribution (PSD) was determined using a laser granulometer (Malvern Mastersizer 2000). 
The specific density of  the powders was obtained by a helium pycnometer (Micromeritics AccuPyc II 
1340). 

2.2.2  Recipe design and mixing
The experiments were performed as follows: after preheating the specific water amount (dependent on the 
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water-to-powder-ratio, W/P ratio) to 45 °C, it was put in the mixer and stirred at slow speed. Separately, the 
aluminium powder was manually pre-dispersed with a small part (approximately 100-200 ml) of  this water. 
Quartz and portlandite were successively added and mixed for minimum 60 seconds, in order to ensure 
homogeneity. The addition of  lime, cement and anhydrite was performed within 30 s and then mixing 
continued for 90 s. Within the last 30 s of  the mixing the aluminium powder suspension was added. Within 
5 minutes from adding the lime and cement both casting and flow experiments were finished.

The investigated parameters (the influence of  the mixing device, the water-to-powder ratio (W/P) and the 
amount of  foaming agent) were varied as follows: 

The rotation speed of  the mixers were changed while adding the materials. It was tried to keep a constant 
vortex instead specific rpms.

Water-to-powder ratio: The mass ratio of  water to total solids (W/P) was changed between 0.525 and 0.725 
in steps of  0.1. Additionally, two extreme mixes with a W/P = 0.425 and 0.825 were made. While the mass 
of  the solids remains unchanged, the water amount was varied. This was done due to the fact that the 
volume of  a mix is more dependent on the foaming agent than on the volume of  water or solids. 

Foaming agent: The aluminium amount was varied between 0.067 % (mass percent in relation to total 
solids, ωAl) and 0.1 % in 3 steps. 

2.2.4  Hydrothermal treatment
The samples were demoulded the following day and placed directly in the autoclave (autoclave: Maschinenbau 
Scholz GmbH & Co. KG / steam generator: WIMA ED36). The autoclave was programed as follows: 20 
min vacuum (-0.8 bar), heating up to 187 °C / 11 bar within 1.5 hours, holding a plateau of  187 °C / 11 bar 
for 5 hours, cooling down to 20 °C / 0 bar within 1.5 hours. This test program was chosen to be similar to 
industrial autoclave cycles [45]. After this treatment, at least 5 cm of  each side of  the sample were removed 
by band saw to obtain an undisturbed pore structure (no “wall-effect”). 

2.2.5  Hardened state analysis
After autoclaving the material was cut for further analysis into 4 cubes (100*100*100 mm³) for raw density 
(or apparent density) and compressive strength measurements. The polished cubes were oven dried 
(60°C, forced ventilation) until constant weight. After cooling down to 20 °C the raw density ϱAAC and the 
compressive strength σ (FORM+TEST Seidner+Co. GmbH, MEGA 110-200 D-S) were measured. The 
approach is comparable to the standards [34] and [46]. The thermal conductivity λ was measured using an 
ISOMET model 2104 heat transfer analyser (Applied Precision), by measuring multiple times on a polished 
surface. 

3.  Results & discussion

3.1 Characterization of  raw materials
All materials fulfil the industrial guideline d90 < 90 µm (Figure 1). The measured chemical composition, 
phase content and the suppliers of  the materials are listed in Table 1. Normal tap water was used for all the 
mixes.
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Figure 1: Particle size distribution of  the raw materials used.

3.3  Hardened properties
During the autoclave hardening the material will undergo a complete change of  its phases and microstructure 
while keeping the same outer dimensions and macroscopic visible structure. 

For the characterization of  the produced AAC the raw density ϱAAC, the compressive strength σ and the 
thermal conductivity λ were measured. 

While the sample with a water-to-powder ratio of  0.425 had already failed during green body preparation, 
the sample with 0.825 failed during autoclaving. It was necessary to repeat the experiment several times 
until enough suitable material was accumulated for further analysis. Therefore both mixes are not suitable 
from the production point of  view.

After autoclaving the material showed the following behaviour: the raw density ϱAAC (Figure 2) of  the 
material is dependent on the water amount as well as on the amount of  foaming agent. The range of  
the samples was within 390 and 570 kg/m³ (the maximum obtained value was 730 kg/m³, but the pore 
structure was not the typical bubble distribution as it is known for AAC, so this value was not taken into 
account). The raw density could be expressed as a function of  the W/P ratio and the foaming agent amount 
ωAl, for example:

ϱAAC = G+f(W/P)*k          (1)

where G represents the asymptote, being a function of  the foaming agent amount (the specific formula 
is similar to this one). The fitting parameters are f  (constant with mix design) and k, while the sum G + k 
remains constant for each mix design (Figure 2).

For the plot in Figure 2 the initial input parameters as production parameters were chosen. From a scientific 
point of  view it might be more suitable to use instead of  the W/P the spread flow as expression of  the 
viscosity. However, due to the higher error range of  the spread flow a connection of  spread flow and raw 
density are more difficult to obtain.
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Figure 2: Comparison between the initial water-to-powder ratio (W/P), the foaming agent amount 
ωAl and the raw density ϱAAC of  the final product. Two-dimensional visualization of  the data, with 
fit according to Eq. (3) (l ines).

This result seems to contradict the suggested relation from [1] , that stated a linear correlation between the 
spread flow and the raw density. Due to the short range of  investigated densities in  [1], an approximation to 
linear behaviour is valid in practical approaches, especially considering the statistical variation of  the values. 
However, for larger ranges the behaviour is better described in Figure 2.

Figure 3: Comparison of  the compressive strength σ as function of  the water-to-powder ratio (W/P) 
and the foaming agent amount ωAl.  Two-dimensional visualization of  the compressive strength. The 
dotted lines represent the standard deviation of  the values for a foaming agent content of  0.083 %.

Together with the raw density, the most common value to describe an AAC is the compressive strength 
σ (Figure 3). The range of  the obtained values is 2.3 - 4.2 N/mm². Due to the fact that the strength is 
dependent on the raw density, two normalization procedures are known in the industry, the A-Value [2]:

A-Value = σ/(const.*ϱAAC²)         (2)

where σ is the compressive strength [N/mm²], const. is 0.016 N/g² and ρ is the raw density [g/cm³]. This is 
the original formulation as published in [2], while a variation of  it is given in [16]. The unit of  the constant 
is theoretically [(N*cm6)/(g²*mm²)], if  the A-Value should be dimensionless.

and the compensated compressive strength (CCS) [45]:

CCS = (σ/ϱAAC) *ϱref           (3)
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where ϱref  [kg/m³] is the chosen reference raw density for which the value will be normalized.

While the A-Value approach (Eq. (2)) shows a constant behaviour (within the reported error range, 
according to literature this is 30 units, [2] respectively 50 units, [45]), the CCS-approach (Eq. (3)) shows a 
stronger dependency on the W/P ratio and especially the foaming agent amount. 

4.  Conclusions

The results presented above are part of  a larger study which also takes into account all green properties of  
the AAC mixes and their relationship with the hardened properties. Additional properties such as thermal 
conductivity are also studied, together with various mixing parameters and slump flow measurement devices.

The following conclusions can be drawn from the findings presented in this study:

-  It was proven that the investigated parameters, water-to-powder ratio and foaming agent amount, 
have a critical influence on the final AAC product.

-  In the investigated parameters of  the hardened AAC, the water-to-powder ratio is inversely 
correlated with the foaming agent amount and vice versa. This behaviour could also be observed for the 
raw density, the compressive strength and the thermal conductivity. It needs to be pointed out that the 
substitution level of  the two ingredients (water and foaming agent) only applies in a quite narrow range 
within a given mix.

-  If  the water-to-powder ratio is too low (in this case lower than 0.525), the flowability of  the slurry 
is affected and a uniform pore structure cannot be obtained. If  the water-to-powder ratio is too high (in 
this case higher than 0.725), a suitable green body can be created, but then material failure occurs during 
hydrothermal hardening.

-  The compressive strength of  the AAC depends on its raw density, while the A-Value provides a 
more suitable independent value for the comparison of  different mixes.
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Abstract 

The construction of  facilities on islands far from mainland is challenged by the lack of  raw materials for 
concrete production. Nowadays, the locally available waste coral is used as concrete aggregate to relieve its 
dependency of  raw materials from mainland, and acceptable hardened behaviors of  coral aggregate concrete 
are achieved. However, waste coral recycled as aggregate can result in significant damage of  workability 
because of  porous structure of  coral. To ease this adverse effect, the present work recycles waste coral as 
filler and coupled with metakaolin to prepare marine mortar. The waste coral filler (GWC) is ground from 
coral waste detritus, during which the pores in coral particles is damaged. Since GWC-metakaolin (MK) 
based mortars are exclusively used on islands, it can suffer from a heavy chloride attack. In this way, the 
chloride binding and diffusion behaviors of  GWC-MK based mortar should be concerned more. Besides, 
the blended cementitious materials are normally easier to be carbonated. The resulting calcium hydroxide 
content reduction and calcium carbonate formation may have certain effects on the hydration production 
formation and chloride binding of  GWC-MK based cementitious materials.

Concerning that, the present work utilized GWC and MK in marine mortar production. The GWC partially 
replaced cement at 10, 20 and 30 wt.%. MK was used to compensate the GWC addition induced adverse 
effects on hardened properties of  mortar. The replacement ratio of  cement with MK was 5 and 10 wt.%. The 
mortars were cast in 40mm*40mm*160mm steel moulds and cured in lime-saturated water at 20±1 oC. The 
carbonation-induced modification on chloride binding and hydrate assemblage of  hardened mixtures were 
investigated. Based on the chloride binding capacity and porosity of  GWC-MK based mortar, the variation 
in chloride diffusion of  different mortar was explained. The results show that addition of  GWC shows no 
obvious effect on the workability of  fresh mixture, but obviously reduces the compressive strength and 
chloride resistance ability. GWC can involve in the formation of  carboaluminate with the aluminum from 
either clinker or MK to improve the mechanical properties and chloride resistance. Carbonation can further 
promote carboaluminate formation and convert hemicarboaluminate to monocarboaluminate due to more 
carbonate available in the system. During chloride exposure, hemicarboaluminate and monocarboaluminate 
transform to Friedel’salt and meanwhile delayed ettringite formation is favored, but delayed ettringite 
formation is less remarkable for carbonated samples after chloride exposure. Due to the densification of  
matrix and improved chloride binding capacity, the chloride diffusion coefficient of  GWC mortar is sharply 
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reduced with MK addition. The mortar with couple use of  20 wt.% GWC and 5 wt.% MK achieves half  
the chloride diffusion coefficient of  plain mortar during a exposure duration of  6 months. And, the even 
higher amount of  MK achieves even lower chloride diffusion coefficient.

Keywords: Carbonation, carboaluminate, Friedel’s salt, chloride exposure, delayed ettringite.

1. Introduction

The shortage of  raw materials for concrete production is a longstanding problem for the concrete 
production on islands far from mainland. This issue is drawing concerns more than ever due to the blooming 
exploitation of  ocean. In tradition, the supply of  raw materials for concrete production on the isolated 
islands is by cargo. However, this mode of  transportation takes a long time and sometimes may be a risky 
option due to the unpredictable weather. Therefore, it is of  great significance to find some local alternatives 
to relieve the dependence of  facility construction there on the raw material supplied from mainland. 

As commonly known, there is always an abundant deposit of  coral reef  around tropic islands. During some 
local engineering works, coral reefs are dug out inevitably and discard as waste nearby. The waste coral reef  
has the potential to be recycled as concrete ingredients because it is mainly composed of  calcium carbonate 
in the forms of  aragonite and calcite [1,2]. The properties of  concretes with coral reef  utilized as fine 
aggregate have been investigated and it is found that the properties of  coral sand concrete demonstrates 
acceptable mechanical properties compared to normal river sand concrete [1,3]. As for the durability, 
recycling waste coral as fine aggregate is reported to improve the chloride resistance compared to river sand 
concrete [3,4], which was attributed to the denser microstructure of  ITZ resulting from the internal curing 
of  porous coral sand [5,6]. The internal curing was reported to obviously reduce the shrinkage of  coral 
aggregate concrete, either [7,8]. 

Although it can conclude from previous researches that the proper use of  waste coral as aggregate does 
not result in a noticeable degradation of  hardened properties of  concrete, the waste coral is very porous, 
the coral aggregate absorbs high amount of  mixing water, leading to an obvious increase in superplasticizer 
dosage to maintain a suitable workability of  fresh mixture [2,9,5]. In order to overcome this adverse effect, 
an alternative method of  recycling waste coral as cement filler is proposed [10]. Since the pores in waste 
coral are seriously destroyed during grinding, the mixing water removed by adsorption of  coral materials 
is prevented and therefore less effect is imposed on the workability of  fresh concrete as reported [10]. 
Another beneficial effect to adopt ground waste coral (GWC) as filler is that less cement is used and the 
ecological properties of  concrete is improved accordingly. However, due to the dilution effect of  GWC 
addition, the mechanical properties of  concrete may suffer an obvious declination.  One effective manner 
to limit this drawback is to use alumina-rich pozzolan which benefits the performance of  concrete through 
pozzolanic reaction and carboaluminate formation [11-13]. 

Metakaolin (MK) is a typical alumina-rich pozzolan, and it extraordinary ability to improve the mechanical 
properties and form carboaluminate with coral materials has been addressed, indicating that MK is a 
good candidate to improve the performance of  GWC based cement mixtures [10]. However, as a material 
exclusively used in marine concrete, the chloride binding and diffusion of  MK-GWC based marine 
concrete/mortar under chloride exposure deserves more concern. Besides, since the pozzolan blended 
cementious materials generally suffer from a high risk of  carbonation [14-16], the resulting pH dropping 
and calcium carbonate generation may show certain effects on the hydration production formation and 
chloride binding behaviors of  GWC-MK based marine mortar. Therefore, more knowledge relating to 
these issues is needed.

The present work used ground waste coral (GWC) and metakaolin as partial substitution of  cement to 
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prepare marine mortars. The effects of  carbonation on hydration production formation and chloride 
binding capacity were investigated. Besides, the chloride diffusion profile under chloride exposure was also 
determined to measure chloride diffusion coefficient by fitting with Fick’s 2nd law.

2. Methodology

2.1 Materials
Ordinary Portland cement of  grade 42.5, commercial available metakaolin (MK), ground waste coral 
(GWC) and ISO sand were used to prepare cement mortar. The means particle sizes (by a granulometer) 
were 12.96 μm for cement, 3.45μm for MK and 8.52μm for GWC. GWC was produced by grinding waste 
coral detritus in a ball mill. The waste coral detritus was collected from a tropic island on a tropic island. 
The chemical composition of  cementitious materials, X-ray diffraction (XRD) patterns of  GWC and 
Scanning Electronic Scopic (SEM) image of  coral detritus can be referred to Ref. [2]. It can be found 
that the aluminum oxide content in MK is more than 40 wt.% and the GWC mainly consists of  aragonite 
and calcite rich in magnesium. Besides, the SEM image verifies the porous structure of  coral materials as 
already addressed in other Ref. [4,5]. To adjust the workability of  fresh mortar mixture, a polycarboxylate 
superplasticizer (PCE) was used.

2.2 Methods

2.2.1 Sample preparation
Six mortars with water to binder ratio of  0.5 and binder to sand ratio of  1/3 were designed as shown in 
Table 1. The mass of  total binder (cement plus GWC plus MK) has been normalized to 1. The substitution 
of  cement with GWC is 10, 20 and 30 wt.%, whereas that of  cement with MK is 5 and 10 wt.% because 
the further higher amount of  MK can result in significantly damage of  workability. The fresh mixtures 
were placed in 40mm*40mm*160mm steel moulds and demoulded at 24 hours. Thereafter, specimens were 
cured in lime-saturated water at 20±1oC.

Table 1 Mix proportions of  cement mortars

Mix Cement GWC MK Sand w/b PCE

REF 1.00 0 0 3 0.5 0

10C 0.90 0.10 0 3 0.5 0

20C 0.80 0.20 0 3 0.5 0

30C 0.70 0.30 0 3 0.5 0

5M20C 0.75 0.20 0.05 3 0.5 0.001
10M20C 0.70 0.20 0.10 3 0.5 0.002

2.2.2 Porosity and dried bulk density 
At the curing age of  6 months, a saturation-drying method was employed to determine the porosity of  
mortar [17,18]. The mortar samples were firstly saturated with deionized water in a vacuum following the 
procedures to prepare samples for RCM test according to NT Build 492. Then, the initial weight ( , g) 
and buoyant weight ( , g) of  saturated samples were measured. Thereafter, the water-saturated samples 
were dried in an oven at 105 oC for 2 weeks. In due time, the dry weight ( , g) of  the samples were 
measured. In this way, the porosity ( , %) and dried bulk density ( , g/cm3) of  hardened mortars can be 
calculated following Eqs. (1) and (2) respectively:

        (1)
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        (2)
Here,  is the density of  water, 1.00g/cm3.

1.1.1 Chloride diffusion profile determined from chloride exposure
At the curing age of  1 month, some mortar prisms were removed from the curing tank and a 
40mm*40mm*60mm cuboid was cut off  from each one. Thereafter, the five surfaces of  remaining part of  
mortar prisms were coated with epoxy resin with the exception of  the newly-cut surface. After the resin 
was completely dried, the coated samples were saturated with deionized water in a vacuum box, followed 
by immersing the coated samples in 0.5 M sodium chloride solution with the uncoated surface upward. The 
exposure solution was refreshed once a month. After 5 months of  exposure, the specimens were removed 
and the resin was scraped down. Then, the specimens were ground layer by layer, perpendicular to the 
exposed surface (previously uncoated one). Each layer was 4 mm in thickness. The ground powder was 
dried in a vacuum at 50 oC for 24 hours. After that, the free chloride content was determined by measuring 
the water-soluble chloride content in the powder according to Ref. [19,20]. Exactly 4 gram of  mortar 
powder and 40 ml of  deionized water were added in a screw-capped vial and homogenized by vibration. 
After 24 hours of  immersion, 5 ml of  liquid was pipetted and neutralized with sulfuric acid. After that, it 
was titrated with 0.02 M silver nitrate with the indicator of  potassium chromate to determine the chloride 
content. In this way, the free chloride in unit volume of  mortar in certain layer can be calculated as Eq. (3) 
shown:

       (3)
Here:

X     the free chloride content in mortar, mg/cm3 mortar;

    the concentration of  silver nitrate, 0.01964 M;

    the consumed volume of  silver nitrate, mL;

    the molar mass of  chloride, 35.45 g/mol;

     the dry density of  mortar, g/cm3;

     the mass of  mortar powder, 4g;

Fick’s 2nd law can be used to describe the non-steady diffusion of  chloride in mortar. The equation of  Fick’s 
second law can be expressed as:

       (4)
The solution of  Eq. (4) is Eq. (5):

  (5)
Here: 
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    the chloride content of  surface layer, mg/cm3; 

    the back ground content of  chloride in mortar, mg/cm3;

     the apparent chloride diffusion coefficient, cm2/month;

     the depth from the exposed surface, mm;

     the exposure time, month;

Based on Eq. (5), the apparent chloride diffusion coefficient can be determined by fitting the diffusion 
profile with this equation.

2.2.2 Chloride binding capacity of  sound and carbonated mortars
After the mortars were cured in lime-saturated water for 3 weeks, slices with 10mm in thickness were cut 
from the middle of  mortar prims and then stored in a box to initiate the carbonation. The carbonation 
is carried out under the condition that 20±2 oC, 70±5 % in relative humidity and 20±3 vol.% in CO2 
concentration. One week later, the slices were removed from the carbonation box, followed by drying 
in a vacuum oven at 50 oC for 24 hours. Thereafter, the slices were ground to powder less than 74 μm in 
diameter. Then, exact 20g of  mortar powder and 30 ml of  0.5 M lime-saturated sodium chloride solution 
were added in screw-capped vials. The vials were placed on an oscillator and shaken at the frequency of  200 
times to avoid sediment. After the mortar powder was exposed for 1 month, 10 ml of  exposure solution 
was pipetted out and diluted to 250 ml with deionized water. Then, 0.02 M sliver solution was used to 
titrate the chloride in 5 ml of  diluted exposure solution with the indicator of  potassium chromate, as did in 
Section 2.3.2. In this way, the chloride bound by per gram of  mortar powder can be calculated. 

Meanwhile, the chloride binding capacity of  samples free of  carbonation (cured in lime-saturated water for 
4 weeks) was also detected in the same way. 

2.2.3 Formation of  hydrates
Before and after the test of  chloride binding capacity, the mortar powder was examined by Malvern 
Panalytical Empyrean diffractometer from 8o-28o, 0.01o per step and 2o/min to identify the assemblage of  
hydrates.

3. Results and discussion

3.1 Physical properties
Table 2 shows some important basic physical properties of  mortars including spread diameter, compressive 
strength at 56 days, porosity at 6 months and dried bulk density at 6 months. The addition of  GWC 
shows negligible impacts on the workability of  fresh mixtures, despite that numerous literatures reported an 
obvious degradation of  workability of  coral aggregate concrete due to absorption of  mixing water [2,9,5]. 
This means that the porous structure of  coral is significantly destroyed and the mixing water absorption 
by coral materials is prevented. Meanwhile, a remarked reduction of  compressive strength and increase of  
porosity are also observed. It is ascribed to the dilution effect induced by GWC addition, which results in 
loose structure of  hardened mixture. GWC addition also leads to modest reduction of  dried bulk density, 
probably due to less mixing water chemically bound in GWC blended mortars.

With the addition of  MK, the compressive strength of  GWC mortar is dramatically improved and porosity 
is significantly reduced, indicating that a densified microstructure is achieved. One well-known mechanism 
is that the pozzolanic reaction of  MK to form cementitious products. However, another mechanism 
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exclusively existed in the system with carbonate materials is that the reaction of  aluminum from pozzolans 
with calcium carbonate to from carboaluminate, which densifies the boundaries between carbonate materials 
and bulk paste [2]. The addition of  MK also increases the dried bulk density of  mortar. This may be related 
to the improved packing density and more water bound during hydration. 

Table 2 Physical properties of  mortars

Mix Spread diameter Compressive strength Porosity Dried bulk density
mm MPa % kg/m3

REF 165 48.3 17.96 2115.1
10C 162 41.5 19.33 2114.8
20C 164 34.0 20.61 2085.4
30C 159 25.4 21.47 2064.3

5M20C Not measured 46.0 19.54 2085.9
10M20C Not measured 49.9 17.37 2094.6

3.2 Effect of  carbonation on chloride binding capacity 
Fig. 1 presents the chloride binding capacity of  sound and carbonated samples. It is obvious that the chloride 
binding capacity of  mortars can be reduced with GWC addition due to dilution effect, and improved with 
MK addition because of  additional aluminum supplement. It is also observed that the blended mortars 
seem to experience a larger reduction in chloride binding capacity after carbonated. As already reported, the 
blended cement mixtures are easy to be carbonated compared to plain one because less calcium is available 
for CO2 to react in blended ones [14-16]. Besides, it is also accepted that the formation of  chloroaluminate 
and chloride adsorption on C-S-H gels can be benefited in the presence of  sufficient calcium ions [21-24]. 
As in this study, the calcium ions in blended mortars can drop faster than plain one during carbonation 
due to the less calcium hydroxide available in blended samples. As a result, a more remarkable reduction of  
bound chloride is resulted for blended mortar. This means that for the concrete structures serve in chloride-
rich environment, carbonation-induced steel corrosion may be the synergy of  pore solution neutralization 
and bound chlorides reversing to free ones.

Fig. 1 Chloride binding capacity of  sound and carbonated mortars 

3.3 Effect of  carbonation on phase assemblage

3.3.1 Hydration production before chloride exposure
Fig. 2  illustrates the XRD patterns of  sound and carbonated samples before chloride exposure. The assemblage 
of  hydrates is ettringite (Et, ), hemicarboaluminate (Hc, ), monocarboaluminate (Mc, 

), calcium hydroxide (CH) and calcite (Cc). It is evident that the addition of  GWC improves 
the formation of  Mc, which means GWC can perform the similar reactions to limestone and involve in 
the formation of  carboaluminate [19,25]. After 5 wt.% MK included, the height of  Mc diffraction peak 
almost maintains the same, but the width increases obviously, indicating more Mc formed. With the further 
addition of  MK, a peak corresponding to Hc is generated, which is a type of  carboaluminate formed when 
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reactive calcium carbonate is insufficient. As reported [25], only small fraction of  limestone is reacted, 
probably the surface layer of  limestone particles, because of  the low solubility of  calcite in pore solution. 
As in this study, although 20 wt.% of  GWC can theoretically transform all aluminum in binder to Mc, 
actually only small fraction of  carbonate in the surface layer of  GWC particle can be considered as reactive. 
Thus, the use of  10 wt.% MK can result in formation of  Hc. 

Comparing to sound samples, the diffraction of  CH is significantly reduced in carbonated ones, which 
is attributed to the reaction between CO2 and CH to form calcite. Besides, it is also observed that the 
diffraction of  Et and Mc of  carbonated samples is stronger than that of  sound ones. A large number of  
literatures have proved that calcite can stabilize Et at the expense of  monosulfoaluminate (Ms, ) 
as shown in Eq. (6) [26,27,11,28]. During carbonation, the formation of  calcite is favored and the reaction 
shown in Eq. (6) is promoted. As a result, Et is further stabilized and stronger diffraction is observed after 
carbonation. Due to more calcite formed after hydration, more aluminum in MK can react with calcite 
to form monocarboaluminate, and also more calcite in system favors the transformation from Hc to Mc. 
The transformation of  Hc to Mc is also observed elsewhere for the long-cured cement with alumina-rich 
pozzolans, which is attributed to the continuous dissolving calcite [11].

    (6)

Fig. 2 XRD pattern of  sound and carbonated mortars before chloride exposure (Et: ettringite; Hc: 
hemicarboaluminate; Mc: monocarboaluminate; CH: calcium hydroxide; Qz: quartz: Cc: calcite; Ar : 
aragonite)

3.3.2 Hydration production after exposure
Fig.3 illustrates the XRD patterns of  sound and carbonated samples after chloride exposure. After exposed 
to chloride solution, Hc and Mc convert to Friedel’s salt (Fs, ) for both sound and carbonated 
samples, as Eqs. (7) and (8) expressing [10,21]. During these reactions, the carbonates and hydroxyls 
previously bound in interlayers of  Mc and Hc are replaced by chlorides at the expense of  CH. However, the 
carbonated samples have higher ability to form Fs than sound ones. It is ascribed to the fact that less CH 
is available in carbonated samples for the formation of  Fs [19]. The less Fs formed in carbonated samples 
after chloride exposure results in fewer bound chlorides. 

                           (7)

               (8)
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 (9)

Concomitantly, chloride exposure process increases the diffraction intensity of  Et, indicating more Et 
formed. This phenomenon can be explained by two effects. The first one is that the sulfates in Ms and its 
solid solution is replaced by chloride, and the released sulfates react with Ms to form delayed Et in return 
[21]. The relevant reaction is depicted in Eq. (9). The second is that the sulfates previously adsorbed on the 
C-S-H gels are desorbed during chloride exposure [44-46]. Since chlorides can adsorb on C-S-H gels during 
exposure, the sulfates previously bound on C-S-H gels will reverse to free ones, and as a result promoting 
Et formation. It is also observed that after chloride exposure the diffraction of  Et in sound mortars 
increase more remarkably than that in carbonated ones, indicating that sound samples have higher ability 
to form delayed Et during exposure. This phenomenon can be also attributed to the different amount of  
CH in sound and carbonated sample. The higher amount of  CH can support a constant transformation of  
Ms to Et as depicted in Eq. 9. For the carbonated mortars, the CH available for the formation of  Et is not 
as much as that in sound ones during chloride exposure. In this way, the reaction depicted in Eq. 9 may be 
restrained to some extent, and therefore less delayed Et is formed.

Fig. 3 XRD patterns of  sound and carbonated mortars after chloride exposure (Fs: Friedel’s salt)

3.4 Chloride diffusion profile and diffusion coefficient 
Fig.4 illustrates the free chloride diffusion profiles of  mortars after 5 months of  chloride exposure. The 
use of  GWC significantly promotes the chloride diffusion by increasing the chloride content and chloride 
ingress depths in mortar, because the loose structure is achieved with GWC addition as verified in Section 
3.1. This means use of  GWC in concrete structure is expected to result in higher risk of  chloride-induced 
corrosion of  embedded steel bars when serving in a chloride-rich environment. 

After 5 wt.% MK is included, the microstructure of  GWC blended mortar is densified as already proved 
in Section 3.1 and chloride diffusion is significantly restrained as a result. It is observed that 5 wt.% MK 
incorporation in GWC blended mortars achieves lower chloride penetration depth compared to REF 
sample. The higher amount of  MK is found to further benefit the chloride resistance of  GWC blended 
mortar. 
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Fig.4 Free chloride profile of  mortars after exposed in sodium chloride for 5 months

To further investigate the effect of  GWC and MK on chloride diffusion of  mortar, the apparent chloride 
diffusion coefficient is calculated by using Eq. (5) to fit the chloride diffusion profile. Since all the mortars 
show very similar background of  chloride content as shown in Fig.1, the background of  chlorides is fixed 
at 0.20 mg/cm3 mortar during fitting. The fitted apparent chloride diffusion and chloride concentration in 
surface layer are shown in Table 3. The chloride diffusion coefficient is almost doubled after 20 wt.% is 
incorporated. However, the chloride diffusion coefficient is dramatically reduced with MK addition. The 
chloride diffusion coefficient of  GWC blended mortar declines to 1/2 of  REF sample for 5 wt.% and 1/3 
for 10 wt.% addition. It is accepted that the chloride diffusion in saturated concrete is governed by pore 
structure and chloride binding capacity [29]. The reduced porosity of  GWC blended mortar with MK 
addition can inhibit chloride diffusion with no doubt. Since MK is an alumina-rich pozzolans, the chloride 
binding capacity of  cement blend can be greatly modified with MK addition. Concerning that, the chloride 
binding capacity of  the mixtures should be evaluated. 

As for the free chloride content in surface layer (  in Table 3), GWC addition increases and MK addition 
reduces it. It is related to the porosity of  mortars. Since GWC addition increase porosity, more chloride 
can intrude into the surface layer and improve chloride content. However, although porosity is further 
reduced with 10 wt.% addition, the chloride concentration of  surface layer demonstrates a considerable 
increase. This phenomenon is probably linked to the carbonation of  surface layer of  mortar. As mentioned 
in Sections 3.2 and 3.3, chloride binding of  hardened cement mixture is significantly determined from CH 
available. As a result, the sample with the highest amount of  mineral admixtures (namely 10M20C) and 
therefore the lowest ability to resist carbonation can suffer a higher reduction of  bound chloride content 
due to the excessive declination of  CH during carbonation. This indicates that with the gradual carbonation 
during chloride exposure the large amount of  chlorides previously bound in the surface layer of  10M20C 
can reverse to free ones and increase the free chloride content in surface layer.

Table 3 Chloride diffusion coefficient and chloride content in surface layer of  mortar

Mix

cm2/month mg/cm3

REF 25.16 6.02 0.996
20CP 43.19 6.70 0.997

5M20C 13.88 5.58 0.994
10M20C 8.04 6.17 0.982
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4. Conclusions

This work prepares metakaolin (MK)-ground waste coral (GWC) based marine mortars exclusively 
serving on islands far from mainland. The chloride binding and hydration product formation of  sound 
and carbonated mortar were investigated. The chloride binding capacity and porosity are combined to 
explain the variation in chloride diffusion behaviors observed in different mortars. Based on the results and 
discussion, the following conclusions can be drawn:

• GWC can involve in the formation of  carboaluminate with the aluminum from either clinker or MK. 
Carbonation can further promote carboaluminate formation and convert hemicarboaluminate to 
monocarboaluminate due to more carbonate available in the system;

• During chloride exposure, hemicarboaluminate and monocarboaluminate transform to Friedel’salt 
and meanwhile delayed ettringite formation is favoured. These transformations are carried out at the 
expense of  calcium hydroxide. Therefore, for the carbonated samples, the formation of  Friedel’salt 
and delayed ettringite can be inhibited to some extent due to less calcium hydroxide available in a 
carbonated system;

• Addition of  GWC imposes negligible influence on the workability of  fresh mortar mixture, but harms 
the mechanical properties and microstructure of  hardened mixture due to dilution effect. These 
degradations can be compensated by MK addition due to the synergy of  secondary C-S-H gels and 
carboaluminate formation.

• Due to the densification of  matrix and improved chloride binding capacity of  GWC mortar, the 
chloride diffusion coefficient is sharply reduced with MK addition. The mortar with couple use of  20 
wt.% GWC and 5 wt.% MK achieves half  the chloride diffusion coefficient of  plain mortar during a 
exposure duration of  6 months. And, the even higher amount of  MK achieves even lower chloride 
diffusion coefficient.
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Abstract 

The development of  a full circular approach regarding road construction materials requires new and 
fundamental innovations. More in particular the recycling of  RAP stemming from open-graded pavements 
is a challenge as oxidation has progressed significant during the more than a decade of  service life of  
the surface layer, which results in a brittle, glassy material with poor flexibility and limited self-healing 
properties. Furthermore, these pavements are often produced using polymer modified bitumen and the 
re-compatibilization of  aged binders requires deep insights into oxidation-induced phase behavior effects. 
In the present paper the option of  rejuvenation of  high RAP mixes will be reported using pre-blended 
bitumen with selected rejuvenators. These pre-blended materials are compared to regular soft bitumen, i.e. 
bitumen with a high maltene content, and other more softening materials. The interaction of  rejuvenator 
blended bitumen with recovered binder obtained from oxidized RAP is studied by means of  AFM and 
rheology. It is demonstrated that a full in-depth rejuvenation and re-compatibilization of  the oxidized 
mastic can be accomplished, which is an important prerequisite for successful high RAP mix design. 
Dense and open-graded asphalt mixes consisting of  at least 50% RAP can be designed without quality 
and durability implications. Furthermore, the re-compatibilization of  aged bitumen is also successfully 
accomplished  in-situ for open-graded or semi-open graded pavements, like porous asphalt and SMA. It 
has been demonstrated that the newly developed rejuvenating preservation technique for these pavements 
results in a significant reduction of  stone loss and in an increase of  the service life of  the road of  at least 
50%. The latter has been determined for numerous pavements treated with the rejuvenator containing 
bituminous emulsion during a period of  over five years, using LCMS monitoring techniques.     

Keywords – asphalt recycling, rejuvenation, porous asphalt, road maintenance

1. Introduction

Durability of  bitumen  is a concern as bitumen undergoes oxidative ageing during production and service-
life of  asphalt pavement. Extent of  oxidative ageing depends on the molecular make-up of  bitumen that 
can vary depending on nature and source of  the crude oil and refining process, environmental condition 
and mix design (Robertson et al., 1991). 

Dutch highway road-network is mostly constructed using porous asphalt due to its numerous advantages; 
for instance driving comfort resulting from low noise level and less spraying of  water during rain fall (The 
et al., 2016). On the contrary, the life-span of  porous asphalt is rather limited. Due to its open structure 
and high porosity of  porous asphalt, bitumen is exposed to ambient oxygen and temperature conditions. 

http://www.latexfalt.com
mailto:bertjan.lommerts@latexfalt.com
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Oxidative ageing causes an increase in molecular interaction within bitumen due to irreversible nature of  
the chemical reactions that take place during oxidation (Petersen et al, 1984). Oxidative ageing has more 
severe effect on two-layer porous asphalt, where the top layer is made of  polymer modified bitumen. 

An obvious change in physical property in oxidized bitumen is seen from its viscosity, stiffness increase 
and its limited adhesion property. As a result, loss of  stones (i.e. raveling) and cracking are observed as 
main distress mechanisms in porous asphalt. Excessive raveling determines the critical pavement condition 
(Figure 1) and eventually the end of  service life of  porous asphalt (Kneepkens et a.l., 2004, The et al., 2016, 
Lommerts et al., 2016).

Figure 1: Improvement of  pavement service life through rejuvenation.

As a solution to this undesirable effects of  ageing of  pavement materials, different strategies are implemented 
in practice. Among them preventive and reconstructive (i.e. recycling) treatments are popular where additive 
is used to replenish aged binder properties. These additives are commonly known as rejuvenator (Nahar et 
al., 2014, Lommerts et al., 2016).

At critical pavement condition, the wearing coarse is recycled to construct new asphalt pavement. Recycling 
of  road materials is a common practice in the Netherlands since 1970 in the base asphalt layers with 50% 
to 70% allowable limit of  recycled asphalt pavement (RAP) (Nahar et al,, 2014).  In current practices, the 
contractors are increasing the allowable limit of  RAP and also adapting horizontal recycling; recycling of  
old wearing to new wearing course. Using a rejuvenator will be inevitable to revitalize highly aged, polymer 
modified bitumen containing wearing course.

Within the scope of  this work, rejuvenator is developed with the purpose of  restoring the mechanical and 
adhesive properties of  bitumen during recycling and also during pavement maintenance in order to extend 
the service-life, Figure 1. This paper presents ageing susceptibility of  bitumen and the effectiveness of  
rejuvenator in restoring the intrinsic properties of  bitumen after being laboratory aged. 

The first part of  the paper presents the mechanical property restoration potential of  rejuvenator. It is 
measured by comparing the penetration, softening point and other mechanical properties of  neat, laboratory 
aged bitumen from pressure aged vessel (PAV), rejuvenated bitumen blends and the same system after 
being aged, as shown in Table-1.
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Next part focuses on fundamental property of  rejuvenated bitumen like mutual compatibility and phase 
behavior at the microstructural level. These properties are assessed for neat, aged, rejuvenated bitumens 
and aged rejuvenated system by using AFM and DSC.

This paper demonstrates methods that can clearly distinguish neat and aged bitumen and can evaluate 
rejuvenation potential of  rejuvenator at fundamental level. The research also present a practical approach 
for in-situ rejuvenation of  highly aged porous asphalt suitable for pavement preservation. This research 
is useful to predict durability of  bitumen, compatibility of  rejuvenator in base bitumen and long term 
performance of  rejuvenated bitumen systems.

2. Materials & Methods

2.1 Material and sample preparation
Bitumen of  penetration grade 70/100 from Total refinery is used for this research. The sample is aged in 
the laboratory using Pressure Ageing Vessel (PAV) for 65 hours at temperature 85°C and pressure 21 bar. 
Then rejuvenator is blended with aged bitumen to adjust the penetration to its neat value. Following that the 
rejuvenated binder system is aged again using the same PAV procedure for its investigation on susceptibility 
to ageing. Mechanical tests are performed with the focus on low and high temperature properties of  all the 
samples. Finally, microstructural and thermal behavior of  neat, aged and rejuvenated samples are measured 
using AFM and DSC technique.

Figure 2: Assessment scheme for evaluation of  a rejuvenator.

For AFM study bitumen specimens are prepared by applying approximately 20 mg of  sample on the 12-mm 
AFM sample substrate (i.e. steel disks of  0.5 mm thickness). The specimens are then heated for 30 seconds 
at 100°C on a heater plate to obtain a smooth bitumen film. Later, in order to have same thermal history 
for all the specimens, they are conditioned in an oven at 100 °C for 15 minutes. Prior to AFM imaging, the 
specimens were stored in closed petri dishes at the imaging temperature 21°C for 24 hours.

To perform thermal analysis using DSC, 10mg sample was taken in Tzero aluminium pans and was sealed 
with hermetic lids that are obtained from TA instruments.

Instrument and operational mode

Atomic Force Microscope (AFM) 

Dimension Icon from Bruker AFM was used for this research, Figure 3(a). For AFM imaging, a cantilever 
with a tip of  nominal end radius 8nm is scanned over the sample surface by a piezoelectric scanner. The 
changes in tip-sample interactions result in deflection of  the cantilever which is measured by an optical-
lever detection system. 

In this research, Tapping-mode AFM was used to characterize the bitumen specimens. In this mode, the 
probe is driven near to its first resonant frequency. While the probe is scanned across the sample, amplitude 
is kept constant. In this way the tip maintains an intermittent contact over the sample surface by exerting 
moderate force that is suitable for bituminous materials. 
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(a) AFM (b) DSC

Figure 3: AFM instrumental set-up and operation principle: a) Dimension Icon-AFM set-up b) 
Differential scanning calorimetry (DSC) set-up from TA instruments.

The oscillating cantilever dissipates different amount of  energy as it interacts with material heterogeneity 
on the sample surface, resulting two major sets of  data simultaneously: topography and phase-contrast. 
Each image type provides specific information with respect to the sample surface. Topography images 
provide information of  relative height of  the various features of  the material and phase contrast images 
present relative damping of  oscillating cantilever which can again be related to cumulative measure of  
stiffness and adhesion forces between probe and the sample.

Probe and measuring environment

Cantilever RTESPA from Bruker which have nominal resonance frequency of  300 kHz and spring constant 
of  40 N/m  is used for this research. Probe was scanned by 1 Hz (1 line/s) at ambient condition, 21 °C. 
Images are collected in 10×10 µm2 scan size with pixel resolution of  512×512. 

Differential Scanning Calorimeter (DSC): 

DSC – Q2000 from TA instruments has been used to perform thermal analysis in bitumen (Figure 3b). 
While a conventional thermal analysis (DSC) is performed in bitumen, it provides a thermogram showing 
an overlap in endo- and exothermic events. Hence, Temperature modulated (M)-DSC is used to characterize 
bitumen that can distinguish overlapping thermal events. 

In this method, a sinusoidal temperature fluctuation is superimposed over a linear heating or cooling rate. As 
a result, the sample temperature provides a sinusoidal response and there is a delay between the modulated 
heat flow and the response of  the material. This results in a reversing (i.e. that responds to a change in 
heating rate) and non-reversing signal. Samples were measured with heating rate of  3 K/min between -90 
and 150 °C. Analysis and deconvolution of  the reversing and non-reversing signals were done using the 
TA software.

3. Results & Discussion

3.1 Mechanical properties 
Mechanical tests are conducted in all samples to reveal the high and low temperature performance of  
materials. A small addition of  4.5% of  rejuvenator to PAV aged bitumen could recover penetration and 
softening point and restore other properties as presented in Table 1.

All mechanical properties confirm recovery of  functional properties of  bitumen after addition of  
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rejuvenator. Penetration, softening point and low temperature properties data show that the rejuvenated 
system is more stable against oxidation compared to neat bitumen system. Low temperature flexibility is 
improved after adding rejuvenator and this rejuvenated system keeps its flexibility at low temperature after 
being aged in PAV.

Table 1: Mechanical properties of  bituminous systems.

Material properties Neat bitumen PAV aged 
bitumen

Rejuvenated after 
PAV

Rejuvenated after PAV+additional 
PAV

Penetration (1/10mm) 79 29 80 46

ΔCp (J/g°C)- DSC 0 0.17 0 0.05

Low temperature properties

Glass transition temperature Tg 
(°C)- DSC -17 -17 -24 -23

Frass breaking point(°C) -15 -8 -18 -16

High temperature properties

Softening point; R&B (°C) 45.4 55 47.8 53.6

G′ ratio at 60°C 
(aged/neat bitumen) 1 9.8 3.4 10.7

3.2 Phase behavior of  neat, aged and rejuvenated bitumen
Mutual compatibility of  the rejuvenator and the base bitumen can be revealed by phase behavior of  the 
system. An incompatibility may induce an additional phase to separate out, if  there is a discontinuity in 
the molecular distribution. This phenomenon can occur in highly aged bitumen as well as in the presence 
of  rejuvenator if  it is not fully compatible with the base bitumen. Phase separation characteristics of  
bitumen in neat state, after oxidation and rejuvenation have been investigated using AFM. Topography and 
phase images obtained using this technique are presented in Figure 4. Mutual compatibility of  the resulted 
molecular classes after oxidation  or addition of  rejuvenator can easily be evaluated using this technique.  

AFM images in Figure 4 confirm existence of  two phase system (i.e. elongated domains and matrix) for 
all bitumen samples. Two-phase microstructure is a characteristic feature of  bituminous materials and has 
been reported in numerous literature (Nahar et al., 2014, Nahar et al., 2016).

Building blocks of  this domains are assumed to be co-association of  asphaltene and wax (≥C40) fraction 
of  bitumen (Lesueur et al, 2009, Hofko et al., 2015, Nahar et al, 2016). Asphaltenes are known to self-
associate to form an aggregate  as inverted micelle of  few molecular units and these aggregates mostly tend 
to flocculate to form a particle of  asphaltenes of  2-30nm. These particles have a polar core and an apolar 
exterior (Yen, 1975). It is speculated that, the apolar exterior may act as an interaction sites for the apolar 
fraction, such as microcrystalline wax component of  bitumen. Thus, these asphaltene particles first may act 
as a scaffold for the attachment of  the wax molecules. While cooling from molten state of  bitumen (i.e. a 
single phase system in terms of  mechanical response properties) these domains phase separate following 
nucleation and growth mechanism (Nahar et al., 2016). 
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Figure 4: Phase and thermal behavior of  (a) neat (b) aged and (c) rejuvenated bitumen. 

After PAV ageing, an enhanced agglomeration is observed in the domain phase compared to neat bitumen, 
Figure 4a and 4b. From the phase image, a significant increase in phase shift is observed in the matrix 
phase of  PAV aged bitumen. Phase images show the cumulative effect of  the material property such as 
stiffness and adhesion of  the probe to the material. From controlled nano-mechanical measurement it is 
known earlier that the phase showing higher phase shift corresponds to a stiffer and less adhesive phase 
and vice-versa (Nahar et al., 2016). Thus, the phase image also shows the proof  of  hardening of  bitumen 
at microstructural level as expected after oxidation of  bitumen.

During the process of  oxidation, mostly polar functional groups, ketones and sulfoxides are formed in 
bitumen (Petersen, 1984). A characteristic shift from aromatics to resinous components are commonly 
known to occur in oxidized bitumen (Handle et al., 2017). This result in an increase in molecular interaction 
and as a consequence more asphaltene tend to agglomerate in oxidized bitumen. This change in physico-
chemical property at molecular level translates to its change in mechanical properties showing increase in 
viscosity and modulus. 

The added rejuvenator is compatible with the base bitumen as no foreign phase was observed in the 
blend. Re-dispersion of  the domain phase is also observed through rejuvenation. Rejuvenated bitumen has 
shown property restoring performance from both the rheological data and microstructural properties of  
the binders. Compatibility aspects and thermal behavior of  neat, aged and rejuvenated bitumen

Thermal events like change in specific heat capacity can be detected from the reversing curve from MDSC 
thermograms. An example of  such a thermogram is shown in Figure 5(a) and the results of  neat, aged and 
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rejuvenated bitumens are presented in Figure 4 a, b and c respectively coupled with AFM images. 

The thermograms can provide insights on mutual compatibility of  the phases in bitumen after oxidation 
and evaluates compatibility between the pre- blended rejuvenator and the base bitumen. Some useful 
parameters extracted from the data are glass transition temperature (Tg) of  the maltene phase, heat capacity, 
ΔCp measured at Tg. After oxidation the Tg shifts to a higher temperature and by rejuvenation again shifts 
back to neat bitumen state confirming the low temperature flexibility of  the material.

Figure 5: (a) Example of  a thermogram showing glass transition and clearance temperature with 
corresponding ΔCp. (b) Difference in specific heat capacity; ΔCp at clearance temperature can be 
correlated to oxidation and rejuvenation characteristics of  bitumen.

3.3 In-situ rejuvenation technology for preservation of  porous asphalt 
A novel multi-component emulsion Modimuls® ZV is introduced to the market to preserve open graded 
porous asphalt. Modimuls® ZV emulsion contains rejuvenating components with different breaking 
properties which can be sprayed onto the road surface using standard spraying technique. This rapid 
breaking emulsion is subsequently forced into the open structure by an high pressure jet air flow to facilitate 
impregnation of  the components that can revitalize old oxidized bitumen in porous asphalt. Maintenance 
of  porous asphalt and SMA using this technology has shown evidence to restore the functional properties 
of  asphalt meeting the anti-skid requirements which has been concluded from extensive research on asphalt 
cores taken from trial sections (The et al., 2016, Lommerts et al., 2016). Some of  the pavement surfaces 
were two-layer open graded asphalt, that were constructed using polymer modified bitumen. Modimuls® 
ZV technology has been validated by Dutch national roads agency Rijkswaterstaat (RWS) as in-situ rapid 
pavement maintenance technique to extend the service life of  porous asphalt (The et al, 2016). Modimuls® 
ZV incorporates various functional properties such as good wetting of  the internal structure of  the open 
graded asphalt resulting good distribution of  the binder. It promotes replenishment of  asphalt to restore 
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viscoelastic and adhesive properties throughout the depth of  asphalt. Abrasion tests such as Rotating 
Surface Abrasion Test (RSAT) are conducted on asphalt cores taken from Modimuls® ZV treated pavement 
sections of  highways A6, A50, A73, A30, A1, A12. The results have shown a significant reduction in stone 
loss. Using Laser Crack Measurement System (LCMS) monitoring technique, degree of  raveling in time has 
been determined from treated test sections. Treated pavement have been proven to be raveling resistant 
compared to untreated section. This simulates an increase in service life of  more than 5 years (The et al., 
2016).

4. Conclusions

Effectiveness of  rejuvenator is evaluated through mechanical and fundamental assessment within the scope 
of  work. From mechanical test results, it is apparent that addition of  rejuvenator shows desired property 
recovery which is comparable to neat bitumen. Mutual compatibility and phase behavior of  bitumen and 
rejuvenated systems have been successfully measured at microstructural level by using AFM and DSC. 

The data provides useful information on miscibility of  the rejuvenator to the base bitumen and mechanism 
of  rejuvenation. Ageing susceptibility of  bitumen and rejuvenated system are also evaluated and compared 
using the aforementioned techniques. AFM data sets provide insight on phase behavior and microstructure 
properties. While the durability aspects, low temperature properties of  the bituminous systems are 
understood from ΔCp and Tg value from DSC.

From the overall results, it is concluded that a good rejuvenator is compatible with base bitumen and is 
resistant to oxidation. The rejuvenation strategy in bitumen has been proposed in Figure 6. 

Figure 6: Inf luence of  ageing and rejuvenation through replenishing volatiles and re-dispersion of  
asphaltene agglomerates.

During the process of  ageing some volatiles (i.e. fraction of  maltenes) are lost and some functional groups 
are oxidized in bitumen. This creates a  shift in solubility parameter of  the molecular fractions within the 
material and as a result more segregation of  molecules occur (Figure 6b). Rejuvenator replenishes the 
lighter molecular fraction, maltenes and re-disperses the agglomerated molecules of  aged bitumen.

Modimuls® ZV is proven as a fast applied, cost effective maintenance technique to extend the service life 
of  porous asphalt. This maintenance technique is applicable to wide range of  open graded asphalt, SMA 
and has the potential to replenish aged polymer modified bitumen. And service life of  the open-graded 
asphalt pavement is demonstrated to extend more than 5 years. In this way the technology contributes to 
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low carbon foot print in the life-cycle cost of  asphalt pavement. 
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Stress-strain behaviour of  steel confined 
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Abstract 

 Currently, utilization of  recycled concrete aggregates is limited to non-structural applications owing to 
inferior properties. On the other hand, effect of  confinement due to transverse reinforcement is ignored in 
the current design practice of  concrete compression members. The focus of  this study is to improve the 
performance of  recycled aggregate concrete through confinement by pre-existing transverse reinforcement 
i.e., steel spirals in compression members leading towards sustainable construction. For this purpose, 
concrete cylinders were cast with 0%, 50% and 100% replacement ratios of  recycled concrete aggregates and 
confined by steel spirals having pitches of  20 mm, 30 mm and 40 mm. Axial stress-strain behaviour of  steel 
confined recycled aggregate concrete was examined in this study. Results showed that improved ductility 
and post peak behaviour were observed with the increase in confinement pressure. Increase in peak stress, 
peak strain and ultimate strain of  concrete specimens was also observed with the increase in confinement 
pressure. Concrete specimens having 50% and 100% replacement ratio of  recycled concrete aggregates and 
confined with 20 mm pitch of  spiral reinforcement showed peak stresses higher than unconfined control 
specimens. Moreover, all the confined recycled aggregate concrete specimens showed peak strain, ultimate 
strain and toughness higher than unconfined control specimens. Currently, no such work is available in the 
extant literature to predict the axial stress-strain behaviour of  steel confined recycled aggregate concrete. 
Based on the experimental results, a stress-strain model is proposed in this study. For this purpose, the 
effect of  replacement ratios of  recycled concrete aggregates is incorporated by modifying the parameters 
of  stress-strain model for spirally confined normal aggregate concrete. The proposed model can effectively 
predict the stress-strain behaviour of  both steel confined normal and recycled aggregate concrete.

Keywords: Spiral steel confinement, Recycled aggregate concrete, Axial stress-strain behaviour.

1. Introduction

A large amount of  construction and demolition waste is produced every year around the globe. 
Approximately, 0.2 billion tons of  concrete waste is produced annually in mainland of  China [1]. Many 
attempts have been made by the researchers to use concrete waste as a raw material in the production of  
new concrete termed as recycled aggregate concrete (RAC). However, RAC shows inferior properties as 
compared to normal aggregate concrete (NAC). Utilization of  recycled concrete aggregates (RCA) in the 
production of  concrete resulted into 20% and 40% reduction of  compressive strength and elastic modulus 
as compared to NAC, respectively [2, 3]. Due to inferior performance, practical applications of  RAC are 
very limited. 

Various techniques were adopted by the researchers to improve the performance of  RAC [4-6]. For this 
purpose, either the adhered mortar is removed or strengthened. To remove the adhered mortar, techniques 
such as mechanical grinding, heat grinding, pre-soaking in water and pre-soaking in acid are used [7, 8]. 
Similarly, treatment of  RCA through polymer emulsion, pozzolan slurry, calcium carbonate bio deposition, 
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sodium silicate solution and carbonation can strengthen the adhered mortar [7, 8]. However, most of  these 
techniques are not energy efficient and cost-effective solutions to improve the properties of  RAC. Concrete 
production cost can be increased to a great extent by adopting these techniques. Moreover, processing of  
a large amount of  RCA is not a feasible solution for the construction industry. Therefore, there is still an 
utmost need to improve the properties of  RAC by adopting an energy efficient and cost-effective solution.

Inferior performance of  RAC can also be improved through different confinement techniques. Xiao et 
al. [9] and Zhao et al. [10] explored the use of  fibre reinforced polymer (FRP) as the confining material 
for RAC. Improved strength was observed for RAC confined with FRP as compared to conventional 
concrete. Spiral steel can also be used to confine RAC. This article focuses on the behaviour of  RAC 
cylinders confined with steel spirals. For this purpose, twenty-seven concrete cylinders confined by spiral 
reinforcement with varying confinement pressures and replacement ratios of  RCA were tested under 
axial compression. Currently, no model is available in the extant literature to predict the axial stress-strain 
behaviour of  steel confined RAC. Based on the experimental results, a stress-strain model is also proposed 
in this study. For this purpose, the effect of  replacement ratios of  RCA is incorporated by modifying the 
parameters of  stress-strain model for spirally confined NAC. The proposed model can effectively predict 
the stress-strain behaviour of  both steel confined NAC and RAC.

2. Methodology

2.1 Materials
In this study, normal concrete aggregates (NCA) and RCA were used with maximum size of  14 mm. Table 
1 shows the physical properties of  these aggregates. Particle size distribution of  NCA and RCA is shown 
in Figure 1.

Mix designs of  concrete used during the study are presented in Table 2. The steel spirals were made of  3 
mm diameter wire and had the yield strength of  688 MPa. The cross-sectional area of  the spiral is 7.55 mm2.
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Figure 1: Particle size distribution of  coarse aggregates.

Table 1: Physical characteristics of  coarse aggregates.

Physical characteristic NCA RCA

Bulk density (kg/m3) 1512 1413

Specific gravity 2.53 2.32

Water absorption (%) 2.06 7.61
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Table 2: Details of  mix designs.

RCA replacement ratio Cement Sand NCA RCA Water 

% kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

0 451.5 708.7 822.5 - 202.1
50 451.5 708.7 411.3 411.3 224.9
100 451.5 708.7 - 822.5 247.5

2.2 Methods
Twenty-seven (27) concrete cylinders (150 x 300 mm) confined by spiral reinforcement (with no longitudinal 
reinforcement and concrete cover) having 20 mm, 30 mm and 40 mm pitches of  spirals and 0%, 50% and 
100% replacement ratios of  RCA were prepared and tested under axial compression. Table 3 shows the 
details of  test specimens.

Table 3: Details of  test specimens.

Specimen label Pitch of  spiral Replacement ratio of  RCA

mm %

R0 - 0

R50 - 50

R50S20 20 50

R50S30 30 50

R50S40 40 50

R100 - 100

R100S20 20 100

R100S30 30 100

R100S40 40 100

All the specimens were tested using an MTS machine and axial displacement of  the specimens was measured 
through two linear variable displacement transducers.

3. Results and discussion

3.1 Effect of  RCA replacement ratios
Stress-strain behavior of  concrete specimens is presented in Figure 2. A higher initial slope and peak were 
observed in case of  R0 specimens as compared to R50 and R100 specimens. For R0 specimens, descending 
part of  the curve was also observed higher in comparison with R50 and R100 specimens. 
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(b)

(c)

Figure 2: Effect of  replacement ratios of  RCA on stress-strain curves of  concrete specimens.

This may be attributed to the sudden collapse i.e., more brittle failure of  R50 and R100 specimens after the 
peak load as compared to R0 specimens. In previous study, Xiao et al. [11] also observed steeper descending 
branches of  stress-strain curves of  RAC as compared to NAC. The curves of  R50S20, R50S30 and R50S40 
were also observed higher than R100S20, R100S30 and R100S40, respectively. However, confinement effect 
was observed more prominent in case of  confined R100 (R100S20, R100S30 and R100S40) specimens than 
confined R50 (R50S20, R50S30 and R50S40) specimens. In previous study, Wang et al. [12] also reported 
increase in strength and ductility enhancement of  confined concrete with the reduction in concrete strength. 
Therefore, steel confinement is an effective way to improve the performance of  RAC.

3.2 Effect of  confinement pressures
Stress-strain behavior of  RAC with respect to different confinement pressures is presented in Figure 3. 
All the stress-strain curves showed a linear relationship in the ascending branch however, ductility and 
post peak behavior were observed different with the increase in confinement pressure. Higher stress-strain 
curves of  RAC were observed for high confinement pressures as compared to low confinement pressures 
and unconfined concrete specimens. Figure 3 shows the movement of  peak strain towards the right side 
of  the curve with the increase in confinement pressure. Specimens with high confinement pressure also 
showed high energy dissipation capacity through increase in area under the curve as compared to specimens 
with low confinement pressure or unconfined specimens. All the unconfined specimens showed brittle 
behavior whereas, ductility enhancement was observed in case of  confined specimens with the increase in 
confinement pressure. This may be related to the increase in effective area of  confined concrete core with 
the decrease in pitch of  spiral reinforcement [12   It can be seen that increase in confinement pressure 
significantly affected the compressive strength, stiffness and energy absorption capacity of  RAC.
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Figure 3: Effect of  confinement pressures on stress-strain curves of  concrete specimens.
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3.3 Stress-strain relationship
Table 4 shows the results of  peak stress, peak strain, ultimate strain, modulus of  elasticity and toughness of  
concrete specimens obtained through stress-strain curves. With the increase in replacement ratio of  RCA, 
reduction in peak stress, peak strain, ultimate strain, elastic modulus and toughness was observed. However, 
increasing confinement pressure improved the peak stress, peak strain, ultimate strain and toughness of  
specimens. Still, all the confined specimens showed further reduction in elastic modulus of  concrete, which 
may be attributed to the shrinkage of  concrete around spiral reinforcement.  According to the theory of  
the multiaxial stress state, peak stress of  concrete can be greatly enhanced through lateral confinement 
pressure [12]. Various researchers also reported the improvement in performance of  concrete through 
lateral confinement [12, 13]. 

Concrete specimens having 50% and 100% replacement ratio of  RCA and confined with 20 mm pitch 
of  spiral reinforcement showed peak stresses higher than unconfined control specimens. Moreover, all 
the confined RAC specimens showed peak strain, ultimate strain and toughness higher than unconfined 
control specimens. Therefore, inferior performance of  RAC can be improved by providing the confinement 
through spiral reinforcement.

Table 4: Test results of  concrete specimens.

Specimen label Peak stress Peak strain Ultimate strain Elastic modulus Toughness

MPa MPa MPa

R0 49.7 0.0025 0.0031* 24300 0.07
R50 41.5 0.0023 0.003* 24300 0.06

R50S20 54.5 0.0049 0.0194+ 20500 0.18

R50S30 48.5 0.0036 0.0144+ 21400 0.12
R50S40 45.1 0.0035 0.0118+ 21500 0.10
R100 38.2 0.0022 0.0026* 22000 0.05

R100S20 52.3 0.0046 0.02+ 21000 0.17
R100S30 46.5 0.0035 0.0148+ 21300 0.11
R100S40 42.8 0.0033 0.012+ 21500 0.10

* with respect to sudden drop of  load

+ with respect to first fracture of  spiral

3.4 Analytical modelling

3.4.1 Database and existing models
Table 5 shows the summary of  experimental database used in this study. As most of  the experimental 
studies involve the role of  longitudinal reinforcement, limited test results are available in the literature 
regarding the effect of  spiral steel confinement on concrete. Moreover, no data is available in the present 
literature regarding stress-strain behaviour of  spiral steel confined RAC. Table 6 presents the summary of  
existing stress-strain models for peak stress and peak strain of  spiral steel confined NAC. 

 In the models, and  are the peak stresses of  confined and unconfined concrete specimens, respectively; 
and  are the peak strains (i.e., strain corresponding to peak stress) of  confined and unconfined 

concrete specimens, respectively;  is the confinement pressure;  and are the yield strength and 
diameter of  spiral steel reinforcement, respectively;  and  are the cross-sectional areas of  spiral and 
longitudinal steel reinforcement, respectively;  is the centre to centre spacing of  spiral steel reinforcement 
and  is the diameter of  confined concrete specimens.
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Table 5: Summary of  experimental database.

Researchers Diameter Number
Concrete strength Confining pressure 

Type of  concrete

mm MPa MPa
Richart et al. [14]

254 18 14.7 1.0-10.4 NAC

Mander et al. [15]
500 15 24.0-32.0 1.0-4.3 NAC

Sheikh and Toklucu [16]
203-356 27 29.7-30.5 1.7-6.8 NAC

Assa et al. [17]
145 24 25.0-85.0 2.5-28.3 NAC

Li et al. [18]
240 14 52.0-82.5 1.8-20.2 NAC

Wei and Wu [19]
150 12 36.4 3.2-12.9 NAC

Present study 150 18 37.2-43.0 1.8-3.5 RAC

3.4.2 Stress-strain behaviour
In this study, Mander et al. [22] model (for spiral steel confined NAC) is used to predict the stress-strain 
behaviour of  spiral steel confined RAC. The model is expressed as follows:

(1)

where

(2)

(3)

(4)

Where,  is the elastic modulus of  concrete specimens. Parameters such as  and  are considered 
critical in the above-mentioned model to determine the behaviour of  spiral steel confined concrete 
specimens. In this study, these parameters are predicted for steel confined NAC through different existing 
models using the experimental database. Then, the best performing model is selected and further modified 
to incorporate the effect of  RCA replacement ratios.

Table 7 presents the comparison between different existing models in predicting the peak stress and peak 
strain of  spiral steel confined NAC. The performance of  existing models is evaluated using the following 
error index [19]:

(5)

where n is total number of  confined concrete specimens and Exp. & Ana. are experimental and analytical 
results of  specimens, respectively. Based on the error index, Wei and Wu [19] model can be considered as 
the best performing model to predict the peak stress and peak strain of  steel confined NAC. In this study, 
Wei and Wu [27] model is further modified to incorporate the effect of  RCA replacement ratios. For this 
purpose, regression analysis of  the experimental database is performed and following model is proposed.

(6)

(7)
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where

(8)

(9)

Where, R is the RCA replacement ratio ranging from 0 (i.e., 0% RCA replacement ratio) to 1 (i.e., 100% 
RCA replacement ratio). 

Table 6: Existing models for spiral steel confined NAC.

Model Peak stress Peak strain Parameters
Richart et al. 

[20]

Shah et al. 
[21]

Mander et al. 
[22]

El-Dash and 
Ahmad [23]

Hoshikuma 
et al. [24]

Razvi and 
S a a t c i o g l u 

[25]

Assa et al. 
[17]

Li et al. [18]

Wei and Wu 
[19]
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Table 8 shows the performance of  proposed model to predict the peak stress and peak strain of  both steel 
confined NAC and RAC. It is observed that the proposed model can be effectively used to predict the peak 
stress and peak strain of  both steel confined NAC and RAC with an average error index of  5% and 14%, 
respectively. Equation 4 for elastic modulus of  concrete specimens is also further modified to incorporate 
the effect of  RCA replacement ratios as follows:

(10)

Table 7: Prediction of  peak stress and peak strain for steel-confined NAC.

Model

fcc/fc Ɛcc/Ɛco

fcc, ana. / 
fcc, Exp.

SD COV 
Error 
index 

Ɛcc, ana. / 
Ɛcc, Exp.

SD COV 
Error 
index 

% % % %
Richart et al. [20]

1.02 0.13 13.08 11.86 1.06 0.23 24.25 19.74

Shah et al. [21]
0.79 0.17 13.21 19.62 0.87 0.34 29.72 26.17

Mander et al. [22
]

1.05 0.12 12.85 12.10 1.15 0.24 27.65 21.91
El-Dash and Ahmad [23]

0.88 0.22 19.41 12.35 0.48 0.86 41.13 111.75

Hoshikuma et al. [24]
1.34 0.14 19.16 39.67 1.46 0.18 26.97 32.33

Razvi and Saatcioglu [25]
1.09 0.11 11.86 13.63 0.91 0.33 30.43 25.91

Assa et al. [17]
0.84 0.11 9.27 15.15 0.80 0.35 28.06 31.55

Li et al. [18]
1.01 0.41 41.24 22.07 1.94 0.35 66.94 53.14

Wei and Wu [19]
1.02 0.11 11.59 10.26 1.07 0.23 24.26 19.78

Proposed 1.02 0.11 11.59 10.26 1.07 0.23 24.26 19.78
SD = Standard deviation & COV = Coefficient of  variation

Ultimate strain (i.e., strain corresponding to first fracture of  spiral steel reinforcement) of  spiral steel 
confined NAC and RAC can also be calculated by equation 11, which is modified form of  ultimate strain 
model proposed by Wei and Wu [19] .

(11)

Where,  is the utimate strain of  steel confined specimens and  is the fracture strain of  spiral steel 
reinforcement. 

Table 8: Prediction of  peak stress and peak strain for steel-confined NAC and RAC.

Model

fcc/fc Ɛcc/Ɛco

fcc, ana. / 
fcc, Exp.

SD COV Error 
index 

Ɛcc, ana. / 
Ɛcc, Exp.

SD COV Error 
index 

% % % %

Proposed 1.01 0.05 5.36 4.77 1.01 0.14 13.57 14.37
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3.4.3 Performance of  model
Figure 4 presents the comparison between the experimental and analytical stress-strain curves of  spiral 
steel confined RAC. The analyical stress-strain curves are observed close to the experimental results. Based 
on the results, proposed model can be effectively used to predict the stress-strain curves of  spiral steel 
confined NAC and RAC. However, the proposed model is based on a limited test database and detailed 
experimental study is required to further improve the model. 

(a)       (b)

(c)

(c)      (d)

(e)

(e)      (f)

Figure 4: Comparison of  proposed stress-strain model with experimental results of  steel confined 
RAC.
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4. Conclusions

This article focuses on the behavior of  RAC cylinders confined with steel spirals. For this purpose, 
twenty-seven concrete cylinders confined by spiral reinforcement with varying confinement pressures and 
replacement ratios of  RCA were tested under axial compression. Based on the study, following conclusions 
are drawn:

• Improved ductility and post peak behaviour of  confined recycled aggregate concrete specimens were 
observed with the increase in confinement pressure.

• Increase in peak stress, peak strain and ultimate strain of  concrete specimens was also observed with 
the increase in confinement pressure. 

• Concrete specimens having 50% and 100% replacement ratio of  recycled concrete aggregates and 
confined with 20 mm pitch of  spiral reinforcement showed peak stresses higher than unconfined 
control specimens.

• All the confined recycled aggregate concrete specimens showed peak strain, ultimate strain and 
toughness higher than unconfined control specimens.

• Increase in confinement pressure improves the stress-strain behaviour of  specimens. Therefore, inferior 
performance of  RAC can be improved by providing the confinement through spiral reinforcement.

• Based on the experimental results, a stress-strain model is proposed in this study. For this purpose, 
the effect of  replacement ratios of  recycled concrete aggregates is incorporated by modifying the 
parameters of  best performing stress-strain model for spirally confined NAC.

• The proposed model can effectively predict the stress-strain behavior of  both spiral steel confined 
NAC and RAC.
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Abstract 

Rapid urbanization and infrastructure development around the globe is causing surge in the construction 
and demolition (C&D) waste generation resulting into exhaustion of  natural resources and waste disposal 
problems. Recycling of  C&D waste in the concrete is considered a sustainable way. However, recycled 
concrete aggregates (RCA) with inferior properties are produced as compared to virgin natural aggregates. 
This study aims to improve the RCA performance utilizing different treatment methods and to evaluate 
the properties of  the resulting recycled aggregate concrete (RAC). For this reason, modified carbonation 
treatment along with four other treatment methods (i.e. carbonation, acetic acid immersion, acetic acid 
immersion with rubbing and acetic acid immersion with carbonation) were adopted to improve the quality 
of  RCA. Variety of  physical properties of  RCA were evaluated to understand the effect of  treatment 
methods. Compressive, split tensile and flexural strength tests were performed on all the concrete mixes 
incorporating treated RCA. Moreover, stress-strain behavior of  RAC with treated and un-treated RCA was 
also studied. 20% and 17% drop in the water absorption was observed for the RCA treated by the modified 
carbonation and carbonation techniques, respectively. Decrease in the crushing value was also observed 
for the all the treated RCA. Mechanical properties of  RAC incorporating treated RCA were also enhanced, 
with the maximum improvement observed for mixes having RCA treated by the modified carbonation 
and acid immersion with rubbing methods. For instance, 24% and 28% rise in compressive strength was 
noticed in the modified carbonation and acid immersion with rubbing treated RCA mixes, respectively. 
Scanning electron microscopy of  RAC incorporating treated RCA also showed a dense microstructure as 
compared to un-treated RCA mix. Therefore, RCA treated by modified carbonation and acid immersion 
with rubbing techniques can be used in the production of  sustainable concrete having enhanced mechanical 
performance leading towards eco-friendly and clean construction.

Keywords: Recycled aggregate concrete, accelerated carbonation treatment, acid treatment, mechanical 
performance, stress strain behaviour.

1. Introduction

Swift development, population growth and industrialization around the globe are generating huge amount 
of  construction and demolition (C&D) waste. On the other hand, natural resources are being depleted and 
shortage of  landfill sites is also becoming a major problem nowadays. For instance, China produces around 
200 million tons [1], while Japan, USA and European countries generate about 900 million tons of  C&D waste 
each year [2] . Similarly, Australia produces around 7.5 million tons of  C&D waste annually [3] . Therefore, 
recycling of  C&D waste in new construction projects in the form of  recycled concrete aggregates (RCA) 
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is considered as the best possible way to protect environment and preserve natural resources. Utilization 
of  RCA in the new construction projects has already been promoted by many countries worldwide [4] . 
However, inferior properties of  RCA as compared to natural coarse aggregates (NCA) result into lower 
quality concrete in terms of  mechanical and durability performance [4, 5] . This reduction of  mechanical 
and durability performance of  recycled aggregate concrete (RAC) may be attributed to the old adhered 
mortar with RCA and higher amount of  interfacial transition zone (ITZ) in the RAC as compared to 
natural aggregate concrete (NAC) [6, 7]. Replacement of  RCA with NCA results into the reduction of  
the compressive strength and elastic modulus of  concrete [4, 8-10]. 20-40% loss in split tensile strength 
was also reported by previous researchers [11, 12] . Flexural strength and modulus of  elasticity of  RAC 
was also dropped in the past studies [12-15] . Due to inferior performance of  RAC as compared to NAC, 
application of  RCA is restricted to low level non-structural applications such as road subbase material 
[4] . Enhancement of  the inferior properties of  RCA has been studied by many researchers in the past 
[16] . Different techniques were adopted to improve the performance of  RAC including improvement of  
concrete mixing method, coating of  RCA, addition of  supplementary cementitious materials (SCM) in 
RAC, removal of  adhered mortar from RCA surface [4, 16] . Altering the concrete mixing method by using 
two stage mixing and triple stage mixing with SCM  can surge the compressive strength of  RAC [17-19] . 
RCA surface coating is another positive method for the enhancement of  inferior performance of  RCA’s. 
For example, higher density resulting in to improved compressive strength was detected by surface coating 
of  RCA with silica fume and fly-ash [20]  Similarly, Katz also observed 15% rise in compressive strength of  
RAC by incorporating silica fume treated RCA [21] . Moreover, shear and compressive strengths of  RAC 
can be improved up to 30%  and 15% respectively by treating RCA with paste having inorganic admixtures 
[22] . SCM incorporation in the RAC can enhance the ITZ and cement matrix ensuing the improved 
durability and mechanical performance. About 9% surge in the 10 years compressive strength of  RAC was 
also observed after using the fly ash [23] . The mortar adhered on the surface of  RCA has adverse effects on 
the mechanical and durability performance of  RAC [16, 24] . Therefore, exclusion of  old adhered mortar 
from the surface of  RCA is a helpful method to improve the performance of  RCA in the resulting RAC. 
Old adhered mortar can be removed using different methods i.e. mechanical and heat grinding of  RCA 
[25-27]  and pre-soaking of  RCA in water and acidic solutions [28, 29] . There are certain disadvantages 
of  these adhered mortar removal techniques i.e. increased consumption of  energy as well as higher CO2 
emission, higher amount of  waste fine material production causing environmental burden and increase of  
chloride and sulphate contents in RCA resulting into inferior durability performance of  concrete [4, 16] 
. Calcium carbonate deposition on the surface of  RCA through bio deposition and carbonation methods 
can enhance the performance of  RCA. Bio deposition of  calcium carbonate using the bacteria can decrease 
the water absorption of  RCA and improves the quality of  resulting concrete [30] . However, most of  the 
techniques cannot be applied at a large-scale due to higher cost, difficult execution, time consumption and 
other environmental issues [4, 16] .

To avoid the short comings of  the acid treatment of  RCA, low concentration of  acetic acid has been used 
in the past study [31] . Acetic acid reacts with calcium hydrate (C-H), calcium silicate hydrate (C-S-H) and 
calcium carbonate in the old adhered mortar of  RCA. The adhered mortar loses the strength due to the 
reaction and can be removed from RCA surface by mechanical rubbing. Acetic acid treatment of  RCA 
is cheaper, safer and cleaner as compared to other acid treatments [31]. Moreover, value added products 
can be obtained after RCA treatment with acetic acid and waste acetic acid solution after treatment can be 
used as an admixture in concrete [31, 32]. Accelerated pre-carbonation of  RCA has been recognized as the 
most feasible method to improve the mechanical and durability performance of  RAC [4, 7, 16]. During the 
accelerated pre-carbonation, calcium carbonate is produced on the surface of  RCA as a reaction product 
resulting into dense pore structure [1, 4]. Therefore, the enhanced microstructure of  pre-carbonated RCA 
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results into much improved performance in terms of  water absorption, density and crushing strength 
leading towards RAC with improved properties.

Although various investigators have studied different treatment methods of  RCA to enhance the inferior 
performance of  RAC as compared to NAC. Limited work is available regarding the comparative assessment 
of  different treatment methods of  RCA with respect to the performance of  RAC for the similar source of  
RCA. This study aims to investigate the effect of  different RCA treatment techniques on the compressive 
strength, split tensile strength, flexural strength, elastic modulus and stress-strain behaviour of  RAC. For 
this purpose, five different treatment techniques of  RCA, i.e. carbonation, acetic acid immersion, acetic acid 
immersion with rubbing, acetic acid immersion with carbonation and modified carbonation were adopted 
during the study. Treatment techniques like carbonation and acetic acid immersion are considered most 
effective and environment-friendly techniques in improving the properties of  RAC [4, 31]. These techniques 
were further improved in this study to achieve enhanced RAC performance. For this purpose, acetic acid 
immersion with rubbing, acetic acid immersion with carbonation and modified carbonation techniques 
were performed on RCA to explore the effect of  improved treatment techniques on the performance of  
RAC.  Moreover, this study also explores the effect of  different treatment methods on the stress-strain 
behaviour of  concrete with treated RCA. 

2. Methodology

2.1 Materials
RCA having maximum aggregate size of  20 mm and less than 5% impurities were used in this study. 
Crushed granite fragments were used as NCA. Figure 1 depicts the grading of  NCA and RCA. Table 1 
shows the physical properties of  NCA and RCA used in this study. RCA possesses approximately five times 
higher water absorption than NCA, which may be attributed to the adhered mortar on the surface of  RCA. 
Portland cement of  type P.II52.5R and river sand having apparent density of  2600 kg/m3 were used. Tap 
water was used for all the concrete mixes prepared in this study. All the fine and coarse aggregates were 
dried in oven for 24 hours at 105oC before the production of  concrete. Due to high water absorption, 
RCA absorb a large amount of  water needed for hydration of  cement in the first few minutes of  concrete 
mixing [33]. Therefore, additional water was added with respect to the water absorption of  fine and coarse 
aggregates in all the concrete mixes for better control of  the water content. Similar method has been 
adopted in the past studies [14, 15].

2.2 Treatment of  RCA
Accelerated carbonation treatment method was used to obtain carbonated recycled concrete aggregates 
(C-RCA) [4]. RCA were pre-conditioned at 25oC and relative humidity of  50% to provide RCA with 
essential moisture content for accelerated carbonation i.e. 40-70%.  Afterwards, RCA were placed in air 
tight steel chamber with a capacity of  about 100 litres and vacuumed to -1.0 bar. CO2 was then inserted 
in the chamber and 100% CO2 concentration with +0.8 bar pressure was maintained for 24 hours in the 
chamber. 
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Figure 1: Grading of  NCA and RCA.

Table 1: Physical properties of  the aggregates used in the study .

Type of  aggregates Water absorption Oven dried specific 
gravity Bulk density Crushing value Adhered mortar

% kg/m3 % %
NCA 1.3 2.51 1513 27.0 -
RCA 6.85 2.17 1414 31.0 34.5

C-RCA 5.65 2.23 1438 30.46 33.5
A-RCA 6.44 2.24 1367 30.17 31

AR-RCA 6.35 2.22 1415 29.25 28
AC-RCA 6.76 2.24 1394 29.64 32
MC-RCA 5.47 2.25 1442 30.74 34

 
During the accelerated carbonation process, reactive components in the old adhered mortar of  RCA are very 
essential for the performance enhancement of  RCA [34]. Therefore, the accelerated carbonation treatment 
was modified by first submerging RCA in lime saturated water for 24 hours and then allowing them to dry 
at 25oC and relative humidity of  50% for three days to introduce some additional calcium into the pores of  
old adhered mortar artificially. Afterwards, RCA were carbonated using the same accelerated carbonation 
technique discussed above to obtain modified carbonated recycled concrete aggregates (MC-RCA). 

RCA were washed and dried after immersion in the 3% acetic acid solution for 24 hours to remove the 
old adhered mortar and to obtain acetic acid treated recycled concrete aggregates (A-RCA), similar to 
previous study [31]. Moreover, mechanical rubbing for 5 minutes was also performed on A-RCA using an 
empty concrete mixer to obtain acetic acid treated and rubbed recycled concrete aggregates (AR-RCA). 
Furthermore, A-RCA were carbonated in the accelerated carbonation chamber to produce acetic acid 
treated and carbonated recycled concrete aggregates (AC-RCA).

2.3 Methods
ASTM C127 [35] and BS 812-110 [36] were followed to calculate the water absorption, specific gravity, 
crushing value and bulk densities of  all the treated and un-treated aggregates. The old adhered mortar 
content of  the treated and untreated RCA was evaluated using method developed by  Abbas et al. [37]. 
Table 2 shows the mix details of  all the concrete mixes prepared in this study. All the concrete mixes were 
prepared according to ASTM C192 / C192M - 16a [38] using a double shaft concrete mixer. Workability 
of  all the concrete mixes was observed between 100-200 mm and no segregation or bleeding was noticed 
in any of  the mix proportions. For each mix twelve (12) concrete cylinders having diameter 150 mm and 
height 300 mm were prepared and cured for 28 and 90 days in moist curing chamber with temperature 
20oC and relative humidity 95%. Moreover, three concrete prisms (75 mm x 75 mm x 275 mm) were also 
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prepared and cured for 28 days.

After the curing of  28 and 90 days, split tensile and compressive strength tests were performed on the 
concrete cylinders according to ASTM C496 / C496M-17 [39] and ASTM C39 / C39M-18 [40], respectively. 
To examine the stress-strain behaviour, applied load and deformation of  specimens were measured during 
the test. MTS machine having capacity of  3000 KN was used for the compression and tensile tests. Load was 
recorded using a data acquisition system and the axial deformation was recorded using four linear variable 
displacement transducers (LVDTs) mounted at 90o relative to each other. All the concrete specimens were 
tested under displacement control at the rate of  0.3 mm/min. Modulus of  elasticity of  all the specimens 
was also determined using Equation 1. 

          (1)

Where, E is the modulus of  elasticity of  concrete, ϵ1 is the strain value of  0.00005, σ1 and σ2 are the 
stresses corresponding to ϵ1 and 0.4xpeak stress, respectively and ϵ2 is the strains corresponding to σ1. 
Flexural strength of  the concrete prisms (75 mm x 75 mm x 275 mm) was calculated at the age of  28 days in 
accordance with ASTM C293 / C293M-16 [41]. In addition to the mechanical performance, microstructure 
of  treated and un treated RAC was also observed using Quanta FEG 250 scanning electron microscope.

Table 2: Mix proportions of  concrete with treated and untreated RCA.

Constituents
Concrete ID

NAC RAC C-RAC A-RAC AR-RAC AC-RAC MC-RAC

Cement (kg/m3) 288.06 288.06 288.06 288.06 288.06 288.06 288.06

Sand (kg/m3) 528.82 528.82 528.82 528.82 528.82 528.82 528.82

NCA (kg/m3) 710.18 - - - - - -

RCA* (kg/m3) - 663.71 674.98 641.85 664.57 654.12 639.94

Water (kg/m3) 138.27 138.27 138.27 138.27 138.27 138.27 138.27
Extra water (kg/m3) 9.23 45.46 42.93 41.34 42.20 41.60 35.00

*Concrete ID’s C-RAC, A-RAC, AR-RAC, AC-RAC and MC-RAC, RCA shows the amount of  
respective treated aggregates.

3. Results and discussion

Table 1 depicts the physical properties (i.e. water absorption, specific gravity, bulk density, crushing value, 
and old adhered mortar content) of  all types of  coarse aggregates used in this study. It was observed that 
all the treated RCA showed improved performance in terms of  physical properties, similar to previous 
studies [7, 16].

Table 3: Effect of  RCA treatment on the mechanical performance of  RAC.

Concrete ID
Compressive strength Split tensile strength Flexural 

strength
Modulus of  

elasticity28 days 90 days 28 days 90 days

MPa MPa MPa GPa
NAC 27.81 31.09 3.40 4.3 7.06 28.55
RAC 18.91 22.96 2.58 3.3 4.15 18.49

C-RAC 21.60 27.75 2.82 3.79 5.06 20.02
A-RAC 21.03 25.79 2.62 3.2 4.52 21.44

AR-RAC 23.60 30.48 3.17 3.42 6.65 23.82
AC-RAC 21.17 24.07 2.76 3.25 4.74 20.73
MC-RAC 24.27 29.00 3.07 3.75 5.28 23.52

Table 3 depicts the average compressive strength of  tested specimens after 28 and 90 days of  curing. The 
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average compressive strength values of  NAC specimens were observed as 27.8 and 31.1 MPa for 28 and 
90 days, respectively, which reduced to 18.9 and 23.0 MPa, respectively for the 100% replacement ratio of  
RCA. Moreover, increase in compressive strength with the curing age was observed for all the specimens. 
Drop in compressive strength of  RAC may be attributed to the presence of  porous adhered mortar and 
weak ITZ in the RCA [12]. Similar reduction in compressive strength due to 100% replacement ratio of  
RCA was also reported by many researchers [12, 42]. Increase in compressive strength was observed for 
the mixes incorporating treated RCA. Accelerated carbonation treated RCA mixes (C-RAC, AC-RAC and 
MC-RAC), depicted rise in compressive strength as compared to RAC as shown in Table 3. For instance, 
14.2 and 28.3% increase in 28-day compressive strength was observed for the C-RAC and MC-RAC 
specimens as compared to RAC specimens, respectively. This increase in the compressive strength may 
be attributed to filling of  pores in the old adhered mortar by the CaCO3 after the accelerated carbonation 
reaction, similar to previous studies [16, 34]. Table 3 also shows higher compressive strength values for the 
acetic acid treated RCA mixes (A-RAC, AR-RAC and AC-RAC) as compared to RAC mix. For example, 
24.8% increase in the compressive strength was noted for the AR-RCA specimens as compared to RAC 
specimens. Removal of  old adhered mortar due to acetic acid with rubbing treatment densifies the pore 
structure of  AR-RAC resulting into increased compressive strength akin to previous study [31]. For the 
accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum 28-day 
compressive strength was observed for the MC-RAC and AC-RAC specimens respectively. Similarly, for 
the acid treated RCA incorporated specimens, maximum and minimum 28-day compressive strength was 
observed for the AR-RAC and AC-RAC specimens respectively. Moreover, Table 3 also shows that 85% 
and 87% compressive strength of  NAC can be achieved by using acetic acid with rubbing and modified 
carbonation treatment techniques, respectively. Therefore, the adverse effects of  RCA can be offset by 
above mentioned treatments making RAC suitable for structural use resulting into sustainable and eco-
friendly construction.

Table 3 displays the average modulus of  elasticity values of  all the tested specimens after 28 days of  curing. 
Drop in elastic modulus values was observed for RAC specimens as compared to NAC specimens. For 
instance, the average modulus of  elasticity value of  NAC specimens was observed as 28.55 GPa, which 
reduced to 18.49 GPa for the 100% replacement ratio of  RCA. Similar reduction in modulus of  elasticity 
was also observed by Xiao et al. [43] for the concrete specimens with 100% replacement ratio of  RCA. The 
drop in the elastic modulus of  RAC may be attributed to the inferior modulus of  elasticity of  RCA due 
to the presence of  porous old adhered mortar [43]. Rise in the modulus of  elasticity values was observed 
for the mixes incorporating treated RCA as compared to RAC mix. Approximately, 29% and 27% increase 
in the modulus of  elasticity values was observed for AR-RAC and MC-RAC specimens, respectively as 
compared to RAC specimens. The increase of  modulus of  elasticity after RCA treatment may be related 
to the removal of  porous old adhered mortar by acetic acid with rubbing treatment [31] and densification 
of  adhered mortar through CaCO3 precipitation by modified carbonation treatment of  RCA [34]. For the 
accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum modulus 
of  elasticity was observed for the MC-RAC and C-RAC specimens respectively. Similarly, for the acid 
treated RCA incorporated specimens, maximum and minimum modulus of  elasticity was observed for 
the AR-RAC and AC-RAC specimens respectively. Table 3 also shows that around 83% of  modulus of  
elasticity of  NAC can be attained by using acetic acid with rubbing and modified carbonation treatments.

Table 3 depicts the split tensile strength of  the concrete specimens made with treated and untreated RCA 
at two different ages (i.e. 28 and 90 days). Drop in split tensile strength was observed for the mix containing 
RCA as compared to NAC. However, the mixes having treated RCA showed improved split tensile strength 
as compared to untreated RCA mix. For instance, 24% reduction in the split tensile strength was observed 
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for RAC as compared to NAC, similar to previous study [12] . Moreover, 22.8% and 18.8% rise in the split 
tensile strength was noted for AR-RAC and MC-RAC, respectively as compared to RAC. This may be due 
to removal of  loose mortar after acetic acid with rubbing treatment [31]  and pore filling by CaCO3 after 
the lime carbonation treatment [34]. It was also observed that the split tensile strength of  all the treated and 
untreated aggregate mixes increased with the age of  concrete. 

             a)                                                                               b)                                   

       c)                                                                               d)      

            e)                                                                                 
Figure 2: Effect of  RCA treatment on the stress-strain behaviour of  a) C-RAC specimens b) MC-
RAC specimens c) AC-RAC specimens d) A-RAC specimens, and e) AR-RAC specimens.
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For the accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum 
28-day split tensile strength was observed for the MC-RAC and AC-RAC specimens respectively. Similarly, 
for the acid treated RCA incorporated specimens, maximum and minimum 28-day split tensile strength 
was observed for the AR-RAC and A-RAC specimens respectively. AR-RAC and MC-RAC gained 
approximately 93% and 90% of  split tensile strength of  NAC. Therefore, acetic acid with rubbing and 
modified carbonation treatment may be considered helpful techniques to improve the quality of  RAC 
resulting in eco-friendly and sustainable construction.

Table 3 shows the 28 days flexural strength of  all the tested concrete specimens. Reduction in the flexural 
strength was observed for all the RCA incorporated concrete specimens as compared to NAC. This may be 
attributed to the poor bond between old and new cement pastes in RAC. Similar observations were reported 
in previous studies [12, 44]. However, increase in flexural strength was noted for the RAC incorporating 
treated RCA as compared to RAC. For instance, 22% and 27% rise in the flexural strength was observed for 
the C-RAC and MC-RAC specimens, respectively as compared to RAC specimens. This may be attributed 
to the densification of  concrete pore structure by CaCO3 deposition resulting into improved ITZ and 
better bond between old and new cement pastes [34]. Moreover, about 60% increase in the flexural strength 
was observed for the AR-RAC specimens as compared to RAC specimens. This increase in flexural strength 
may be due to the removal of  weaker adhered mortar by the acetic acid and rubbing treatment of  RCA [31]. 
Similar increase in the flexural strength due to RCA treatment was also reported in previous studies [4, 34]. 
For the accelerated carbonation treated RCA incorporated concrete specimens, maximum and minimum 
flexural strength was observed for the MC-RAC and AC-RAC specimens respectively. Similarly, for the 
acid treated RCA incorporated specimens, maximum and minimum flexural strength was observed for the 
AR-RAC and A-RAC specimens respectively. Therefore, acetic acid treatment with rubbing and modified 
carbonation methods can be adopted to improve the mechanical performance of  RAC.

Figure 2 shows the effect of  different types of  RCA treatments on the axial stress strain curves of  all the 
concrete specimens. Change in the shape of  the stress strain curves was observed for RAC specimens as 
compared to NAC specimens. For example, RAC specimens showed more flatter stress strain curves as 
compared to their counterpart i.e. NAC. Moreover, smaller initial slope (modulus of  elasticity), lower peak 
value (compressive strength) and steeper descending branches of  stress strain curves were observed for 
RAC specimens, which may be attributed to more brittle nature of  RAC. Similar observations were reported 
by past researchers [45]. Smaller area under stress strain curves of  the RAC specimens as compared to 
NAC specimens also shows reduced energy absorption capacity of  the RAC specimens. In the case of  
accelerated carbonation treated RCA mixes (C-RAC, AC-RAC and MC-RAC), improved stress strain curves 
were observed as compared to RAC as depicted in Figure 2. Similar improvement was also reported in 
the past research [46]. The effect of  RCA treatment in relation to strength improvement was observed 
maximum for MC-RAC specimens and minimum for AC-RAC specimens. Moreover, Figure 2 also shows 
higher stress strain curves for the acetic acid treated RCA mixes (A-RAC, AR-RAC and AC-RAC) as 
compared to RAC mix. Maximum improvement in stress strain behaviour was observed for the AR-RAC 
specimens, reflecting the positive impact of  acetic acid immersion with rubbing treatment in increasing 
energy dissipation capacity of  RAC.

Figure 3 shows the microstructure of  RAC, AR-RAC and MC-RAC after the compression test. In case of  
RAC, porous microstructure with weak bond between mortar paste and RCA was observed. Large cracks 
were also observed in RAC, mainly on the interface of  mortar paste and RCA. In case of  AR-RAC and MC-
RAC, dense microstructure was observed. Bond between mortar paste and treated RCA was also observed 
better than untreated RAC.
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3a)

3b)

3c)
Figure 3: Microstructure of  a) RAC specimens b) AR-RAC specimens, and c) MC-RAC specimens.

4. Conclusions

Following conclusions can be drawn from this study

1. Physical properties of  treated RCA (i.e., water absorption, crushing strength and bulk density) were 
improved as compared to untreated RCA. 

2. Rise in split tensile strength of  RAC was observed for treated RCA as compared to untreated ones. 
However, 28 days split tensile strengths of  AR-RAC and MC-RAC were observed 93% and 90% of  
split tensile strength of  NAC, respectively.
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3. Flexural strength was also improved due to RCA treatment. Flexural strengths of  AR-RAC and MC-
RAC were observed 94% and 75% of  flexural strength of  NAC, respectively.

4. Improved stress-strain behaviour i.e., increase in compressive strength, elastic modulus and energy 
dissipation capacity was observed for RAC with treated RCA as compared to RAC with untreated 
RCA. The stress-strain behaviour of  AR-RAC and MC-RAC was observed very close to the stress-
strain curves of  NAC reflecting the positive impact of  RCA treatment techniques such as acetic acid 
immersion with mechanical rubbing and modified carbonation on the performance of  RAC.

5. Although increase in compressive strength and modulus of  elasticity of  RAC was observed for treated 
RCA as compared to untreated RCA. Compressive strength and modulus of  elasticity of  RAC with 
treated RCA were observed lower than NAC. However, compressive strengths of  AR-RAC and MC-
RAC were observed 85% and 87% of  compressive strengths of  NAC, respectively. Similarly, values of  
elastic modulus of  AR-RAC and MC-RAC were observed 83% and 82% of  elastic modulus of  NAC, 
respectively. Therefore, treatment techniques such as, acetic acid immersion with mechanical rubbing 
and modified carbonation may be considered helpful to improve the properties of  RAC resulting into 
eco-friendly and sustainable construction.
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Abstract

Sustainable construction is the major concern for environment and different techniques are being adapted 
to foster the goal of  sustainability. This study aims to investigate the performance of  crushed tested 
concrete samples obtained from the concrete research institutions. The concrete samples are crushed to 
achieve the aggregates that are used to prepare new samples and tested to examine compressive strength. 
The compressive strength of  samples prepared with normal aggregates concrete (NAC) are compared 
to compressive strength of  recycle aggregates (RAC) to create a conclusion. It was examined from the 
experimental results that recycle aggregates have the potential to replace the normal aggregates.  

Keywords: recycle aggregates, tested aggregates, compressive strength.

1. Introduction

Globally, the demand of  aggregates has increased up to 26.8 billion tons per year [1]. The rapid use of  
natural aggregates is a universal matter of  concern; thus intense pressure is coming on the construction 
industry to propose a sustainable solution without compromising the performance of  concrete. A large 
quantity of  construction waste is generated by demolishing the structures or the damage caused to material 
while manufacturing. This waste mostly ends up being discarded in landfills. The use of  waste concrete 
as recycled aggregates in new concrete is beneficial from the view point of  sustainability and resources 
reservation. In this regard, the study for the utilization of  various recycled building materials is promoted. 

A large number of  experimental studies have been carried out in recent times to explore the procedures, 
uses and properties of  recycling of  construction waste and recycled material. In past many researchers have 
investigated the effect of  recycled coarse aggregate on concrete compressive strength.

Wang et. al. (2011) carried out an experimental study to investigate the effect of  recycled coarse aggregate 
on concrete compressive strength. The experiment was carried out with 30 concrete mix proportions to 
achieve the compressive strength in the range of  20 to 60 MPa. The cubes were casted from natural 
coarse aggregate concrete as well as recycled coarse aggregate concrete. The 28-days results show that the 
concrete strength is affected by the strength of  different types of  recycled aggregates used. The effect of  
type of  aggregate was more obvious for high strength concrete as compared to normal weight concrete [2]. 
Another experimental study undertaken by Khan et. al. (2018) used a concrete mix of  1:2:4 using water-
cement ratio of  0.4 and 0.5 and varying percentages of  recycled coarse aggregate [3]. Azzawi (2016) tested 
recycle aggregate concrete made from crushed tile and concluded that the tensile strength, compressive 
strength and elastic modulus are affected with the use of  recycled aggregate replacing more than 25% of  
natural coarse aggregate [4].  
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2. Experimental setup

2.1 Preliminary tests for aggregates
This study targets the comparison of  compressive strength of  concrete made with natural coarse aggregate 
and recycled coarse aggregate with varying water-cement ratio of  0.50, 0.60 and 0.70 at different mix 
proportions i.e. 1:2:4 and 1:4:8. To examine the behaviour of  recycle aggregate concrete (RAC), following 
tests were conducted to observe the characteristics of  aggregates, both natural and recycled, before using 
it in concrete:

(a) Water-absorption test

(b) Apparent specific gravity

(c) SSD specific gravity 

(d) Bulk specific gravity

The detailed results of  preliminary tests are shown below in Fig. 1. ASTM 127-93 prescribes the procedure 
to measure and calculate the water absorption, apparent specific gravity and bulk density. As summarized 
in the standard, the procedure is followed as a sample of  aggregate is washed, drained and placed in a wire 
basket and immersed in water for 24 hours. The sample is weighed while submerged in water. The aggregate 
is then removed from water after 24 hours and transferred to an absorbent cloth to surface dry. This surface 
dried sample is then weighed. After that, the sample is placed in oven to dry and then weighed after 24 
hours. With the relationships of  mass and weight the specific gravity and absorption are calculated [5].

Figure 1: Different test results for NCA and RCA

The specific gravity for natural aggregates ranges from 2.5 to 3.0 and for recycled aggregates it ranges 
from 2.3 to 2.6. The water absorption capacity for natural aggregates is 0.1% to 2.0% and for recycled 
aggregates it is 3% to 12%. It was noted that recycled aggregate showed higher water absorption capacity 
as compared to natural aggregate but it lies within the range specified for recycled aggregate. The apparent 
specific gravity, SSD specific gravity and bulk specific gravity tend to decrease for the recycled aggregate as 
compared to the natural aggregate. 

2.2 Concrete mix
The concrete mix design is the critical parameter in the success of  the recycle aggregate concrete. The 
calculation of  the mix design consists of  ordinary Portland cement, coarse aggregate, fine aggregate and 
water. The Ordinary Portland cement (Type I) used in this study conforms to BS-EN 197-1:2000 and its 
chemical composition and physical properties are shown below in Table 1. Two kinds of  concrete mixes 
were used i.e. 1:2:4 at water-cement ratio 50%, 60% and 70% whereas the concrete mix of  ratio 1:4:8 
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with the water-cement ratio 70% was used. Trial concrete mixes were carried out at 50% and 60% at 1:4:8 
concrete ratio but were not suitable as concrete started to crumble and adequate mixing was not possible. 

Table 1: Chemical composition and physical properties of  OPC used (Manufacturer’s specifications, 
only MgO and SO3 specification available)

Chemical Composition of  OPC Physical Properties

MgO 1.50 Fineness (cm2/gm) 2800
SO3 2.50 Initial setting time(min) 120

Insoluble residue I.R. 0.30 Final setting time (hrs) 3.25
Loss on ignition L.O.I. 1.65 Soundness (mm) 0.50

Lime Saturation Factor L.S.F. 0.91 Compressive strength 28-d (N/mm2) 45.0

The ratio of  concrete mix remained same for both natural coarse aggregate (NCA) and recycled coarse 
aggregate (RCA). The fine aggregate passed through #4 sieve and the fineness modulus of  2.8 was calculated. 
Whereas, natural coarse aggregate was used with maximum size of  10 mm. The recycled aggregates were 
fetched from the debris located at the reinforced concrete lab at Sir Syed University of  Engineering and 
Technology, Karachi. The left-over aggregates are around one to two years old. Before using the recycled 
aggregate, the aggregates were crushed into approximate 15 mm size and were allowed to sieve through 19 
mm and retained at 9.5 mm. The detail of  the concrete mixes is shown in Table 2 and Table 3:

Table 2: Mix proportion at 1:2:4

Type of  aggregate 
(concrete ratio)

Mix Proportions
(kg)

Water/ cement ratio

Cement Fine aggregate Coarse 
aggregate

NAC (1:2:4)

1.34 2.68 5.36 0.50

1.34 2.68 5.36 0.60

1.34 2.68 5.36 0.70

RAC (1:2:4)

1.34 2.68 5.36 0.50

1.34 2.68 5.36 0.60
1.34 2.68 5.36 0.70

Table 3: Mix proportion at 1:4:8 ratio 

Type of  aggregate 
(concrete ratio)

Mix Proportions
(kg) Water/  cement 

ratio
Cement Fine aggregate Coarse aggregate

NAC (1:4:8) 0.725 2.90 5.80 0.70
RAC (1:4:8) 0.725 2.90 5.80 0.70

2.3 Workability test
The workability of  the freshly made concrete of  all the mixes was also tested according to ASTM C143-90a. 
The slump test was used in order to test the consistency and adequacy of  w/c ratio of  the concrete mixes. 
The results indicated low workability for all the concrete mixes which was suitable for road construction. 
The test results are shown below in Figure 2. There was no slump observed at w/c ratio of  0.50 for 1:2:4 
concrete mix, both using natural coarse aggregate and recycled coarse aggregate. 
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Figure 2: Slump test results for concrete mixes (1:2:4 and 1:4:8) at varying w/c ratios

3. Experimental program

With the calculated mix, 32 cubes of  size 150 mm x 150 mm x 150 mm were casted according to BS 1881: 
PART 108: 1983. The concrete cubes were casted in total in which 24 cubes were prepared at mix design 
ratio (1:2:4 at w/c of  0.50, 0.60 and 0.70) and 8 cubes were prepared at mix design ratio (1:4:8 at 0.70 
w/c). Similarly, total 32 samples of  reinforced concrete beams of  size 500 mm x 100 mm x 100 mm were 
casted, out of  which 24 beams of  concrete ratio 1:2:4 at w/c of  0.50, 0.60 and 0.70 and 8 beams were of  
concrete ratio 1:4:8 at w/c of  0.70. The beams were provided with four rebar of  #4 size (12.7mm nominal 
diameter). The specimens were un-moulded after 24 hours and kept for curing under standard conditions 
as prescribed by ASTM C192-90a, for 28 days. The cubes were tested under compression on 28 days using 
Compression Testing Machine (CTM) as per the procedure described in ASTM C36-86. 

There are two loading methods used for testing the flexural strength of  a specimen, which are third-point 
loading and centre point loading. In this study the beams were tested under centre-point loading as shown 
in Figure 3. The specimen was tested on Universal Testing Machine (UTM) and loaded continuously with 
a constant load rate until failure. 

Figure 3: Flexural testing of  RCA beam specimens on UTM
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4. Results

Due to limited testing facilities, this study is only examined for the compressive strength of  concrete cubes 
and flexural strength of  reinforced concrete beams. 

4.1 Compressive strength of  concrete cubes
Table 4 shows the results for the cube specimens tested under compression. The results indicate that the 
test cube achieved substantial strength at w/c ratio of  0.70 when used with the concrete mix proportion 
of  1:2:4 and it tends to increase for the mix proportion of  1:4:8. The lower w/c ratio makes proper mixing 
harder. Also, the recycled aggregate was not wet enough and it absorbed more water than required thus 
leaving less water for the hydration process to be completed and gain strength. The compressive strength of  
recycled aggregate concrete cubes decreases by 35% at w/c ratio of  0.6 for M15 concrete and it increases 
by 27% for M7.5 concrete.

Table 4: Average compressive strength of  control cubes (NAC) and test cubes (RAC) at 28 days

Concrete Mix W/C Ratio Average Compressive Strength MPa (Ksi)

Control Cubes (NAC) Test Cube (RAC)

1:2:4 0.50 24 (3.47) 2.34 (0.34)

1:2:4 0.60 19.30 (2.80) 12.82 (1.86)

1:2:4 0.70 14.50 (2.10) 13.20 (1.91)
1:4:8 0.70 0.41 (0.06) 0.55 (0.08)

4.2 Flexural strength of  reinforced concrete beams 
Table 5 shows the results for the beam specimens’ flexural strength. The results show that at higher w/c 
ratio the flexural strength of  beams casted with NCA and RCA shows good agreement and very less 
difference can be seen, however, at lower w/c ratios the flexural strength of  NCA beam specimen was at 
least 50% higher as compared to RCA beam specimens.

Table 5: Flexural strength of  control beams (NAC) and test beams (RAC) at 28 days

Concrete Mix W/C Ratio Flexural Strength MPa (Ksi)

Control Beams (NAC) Test Beams (RAC)

1:2:4 0.50 26.33 (3.82) 10.06 (1.46)
1:2:4 0.60 29.78 (4.32) 19.37 (2.81)
1:2:4 0.70 25.78 (3.74) 23.16 (3.36)
1:4:8 0.70 8.75 (1.27) 8.06 (1.17)

5. Conclusions

The experiments carried out in this study conclude the following:

• For recycled aggregate concrete, the 28-days compressive strength can be obtained close to that of  
natural aggregate concrete at water-cement ratio of  0.7 (both 1:2:4 and 1:4:8), whereas their strength 
was noted to decrease than the control concrete for the same mix proportions at water-cement ratio 
of  0.50 and 0.60.

• It is suggested that the recycled aggregates must be used in wet condition to yield better result for 
compressive strength.

• The cracking of  the recycled concrete beams was comparable to the typical concrete beams, with a 
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linear elastic behaviour before the first flexure cracks occurred, and then the main steel yielded, and 
eventually the concrete crushed.

• The beams without shear reinforcement fails at a much lower value of  cracking load. This happened 
due to the fact that the weakest link in recycled concrete is the mortar adhered to the recycled aggregate 
and it fails more rapidly as compared to natural aggregate concrete. 

• Aggregate interlock and bond between concrete and the reinforcement are mechanisms that seem to 
work correctly in reinforced concrete beams made with recycled coarse aggregate.

Further experiments are advised to understand more about the behaviour of  concrete prepared with recycle 
aggregates. 

6. Acknowledgments

The authors would like to thank Sir Syed University of  Engineering and Technology, Karachi for providing 
resources and Higher Education Commission, Pakistan for the financial support. The authors are also 
highly grateful to undergraduate students Muhammad Ahsan Siddiqui, Hassan Raza, Muhammad Ismail 
and Fahad Ali of  Civil Engineering department, Sir Syed University of  Engineering & Technology for their 
contribution in this research.

7. References 

[1]Ashraf  M. Wagih, H. Z. E.-K., Magda Ebid, Samir H. Okba (2013), Recycled costruction and demolition 
waste as aggregate for structural concrete.” HBRC Journal: 193-200.

[2]Wang Z., W. L., Cui Z., Zhou M. (2011), “Effect of  recycled coarse aggregate on concrete compressive 
strength.” Trans. Tianjin University17: 229-234.

[3]Khan A. R., F. S., Ayub T. (2018), Mechanical properties of  concrete made up from recycled coarse 
aggregates. 14th ASEC Conference in Jordan. Jordan University of  Science & Technology.

[4] Al-Azzawi, A. A. (2016), “Mechanical properties of  recycled aggregate concrete.” ARPN Journal of  
Engineering and Applied Sciences11(19): 1-6.

[5]ASTM, A. (2004 & 1993), Standard Method of  Test for Specific Gravity and Absorption of  Coarse 
Aggregate.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

652

IC
SBM

 2019
ID

 034

Increasing the reactivity of  modified ferro 
silicate slag by chemical adaptation of  the 

production process

P.P. Sivakumar1-3, L. Arnout4, T. Lapauw4, E. Gruyaert2, N. De Belie1, S. Matthys1

1 Magnel Laboratory for concrete Research, Department of  Structural Engineering, Ghent University, 
Tech Lane Ghent Science Park, Campus A, Technologiepark Zwijnaarde 60, B-9052 Ghent, Belgium. 

2 Technology Cluster Construction, Structural Mechanics and Building Materials, Department of  Civil 
Engineering, KU Leuven, Gebroeders De Smetstraat 1, B-9000 Ghent, Belgium.

3 SIM vzw, Technologiepark 48, Zwijnaarde B-9052 Ghent, Belgium. 

4 Resourcefull BVBA, Dekenstraat 10, B-3000 Leuven, Belgium. 

Abstract 

Modified Ferro Silicate (MFS) slag can be used as an alternative Supplementary Cementitious Material (SCM) 
to make concrete sustainable and to enhance the circular economy. Given their pozzolanic characteristics, 
these MFS slags can be used as SCM. However, due to the low CaO content of  the MFS slag, they have 
slower reaction and dissolution rate than Ca rich by-products such as Ground Granulated Blast Furnace 
slags (GGBFS). Increasing latent hydraulic properties of  the slag could potentially also increase the overall 
reactivity of  the slag. In this respect, the objective was set to increase the CaO content of  the MFS slag, 
by addition of  CaCO3 during its fuming process. In order to investigate the feasibility, at first, lab scale 
tests were performed and reported in this paper. Currently available MFS slag was remelted and chemically 
adapted at 1220 ± 10 °C. Two mixes were synthesized in which respectively 10 and 20  wt.% of  CaCO3 was 
added to the MFS slag. After melting the slag in a reducing atmosphere, it was water quenched in order to 
obtain an altered slag with a high glassy phase comparable to the current MFS slag. Chemical composition 
and mineralogy of  CaCO3 altered MFS slag was determined and its reactivity was assessed by the novel R³ 
reactivity assessment technique proposed by RILEM TC 267-TRM. Finally, altered MFS slag was compared 
with the unaltered MFS slag to study the influence of  CaO content on the slag reactivity and dissolution. R3 
Calorimetric analysis and CH consumption showed an enhanced dissolution rate for altered slag suggesting 
that incorporation of  CaO in the system tends to improve the reactivity. Moreover, XRD and in-situ XRD 
analysis of  the R3 hydrated paste provided sufficient information that increasing the Ca content in the glassy 
phase tends to improve the dissolution of  Fe which contributes to formation of  Fe-AFt and stable Fe-Mc 
after 24 h. 

Keywords: modified ferro silicate slag, thermal and chemical alteration, supplementary cementitious 
materials, reactivity assessment, compressive strength.

1. Introduction

In Europe, annual production of  Copper (Cu) slag has reached approximately 5.56 million tons [1–3] 
and in Belgium, about 132,240 tons of  secondary Cu slags are produced by Belgian recycling plants [4]. 
Management of  the Cu slag is a huge burden to industries due to the increasing need for Cu metal on 
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the world market [5]. Cu slags can be usually categorized as 1) Cu slag generated from pyro metallurgical 
refining of  Cu ore, 2) Secondary Cu slag synthesized from pyro metallurgical refining of  metal scraps or 
recyclable materials. Depending on the production process of  the Cu metal, the chemical composition and 
mineralogy of  the obtained Cu slag may vary. In general, Cu slag is a siliceous rich glassy material due to the 
quick solidification by water quenching. 

Beside management of  Cu slag, more general problems for which an urgent solution is needed are global 
warming and resource shortage. One of  the main contributors to global warming and resource shortage 
is the cement industry. To decrease the adverse effect on the environment, supplementary cementitious 
materials (SCM) based on Cu slag can be used for concrete. SCM based on Cu slags represent a viable 
alternative to widely used pozzolanic sources such as fly ash, silica fume, metakaolin etc., due to their silica 
rich glassy phase which potentially contributes to pozzolanic reaction [6]. By incorporating these Cu slags 
without any further modification as SCM in concrete, sustainability and circular economy can be easily 
achieved. 

Different scientific publications have laid a foundation and showed Cu slags can be used as an SCM in 
combination with Ordinary portland cement (OPC) to make concrete [5–9]. In the work of  Moura et al. 
[10], Cu slag was used as a pozzolanic SCM to make concrete with 20 wt.% replacement level (relative to the 
cement weight). Investigations such as compressive strength, splitting tensile strength, absorption rate by 
capillary suction and carbonation rate were carried out on the Cu slag replaced concrete. The authors finally 
concluded that addition of  Cu slag to the concrete increased the concrete axial compressive and splitting 
tensile strength (after 28 days), decreased the absorption rate by capillary suction and the carbonation 
depth, thus improving the mechanical properties and durability. In addition, in the work of  Al-Jabri et al. 
[11], concrete incorporating 13.5 wt.% of  Cu slag and 1.5 wt.% of  cement by-pass dust (CBPD) was tested 
for compressive strength, tensile strength, flexural strength and stress-strain behaviour at three water to 
binder ratios of  0.5, 0.6, 0.7. Findings of  the authors showed an adverse effect on the early age mechanical 
properties due to the low CaO content (6 wt.%) in Cu slag compared with 63 wt.% in OPC. 

In addition, Zain et al. [12] evaluated the influence of  Cu slag on the hydration mechanism for OPC mortars 
with a replacement level of  0 wt.%, 2.5 wt.%, 5 wt.%, 7.5 wt.% and 10 wt.% (through thermogravimetric 
analysis and compressive strength). It was reported that addition of  Cu slag induced no significant change 
in the hydration mechanism of  OPC, however increased initial and final setting time were observed. Early 
age strength of  the Cu slag mortar was generally lower than the reference mortar and the ideal replacement 
level for the optimum strength at (1, 3, 28, 90, 180 and 365 days) was 5 wt.% replacement level. In the work 
of  Tixier et al. [8], effect and hydration of  Cu slag in the presence of  lime or cement were investigated. 
Three types of  paste such as 1) 95 wt.% Cu slag + 5 wt.% hydrated lime (water/solid = 0.23) 2) 85 wt.% 
Cu slag + 10 wt.% micro silica + 5 wt.% hydrated lime (W/S = 0.23)  3) 85 wt.% OPC + 15 wt.% Cu 
slag (W/S = 0.23) were subjected to semi quantitative XRD and TGA/DTA. The authors stated that 
paste containing Cu slag and hydrated lime showed reduction in CH content after 28 days indicating the 
pozzolanic properties of  the Cu slag.  

Several authors provided information that incorporation of  Cu slag as SCM showed induced dissolution 
rate of  the system (clinker + Cu slag) leading to a slower reactive behaviour and strength contribution. 
This behaviour is usually observed due to the low content of  CaO and increased SiO2 content in the glassy 
phase of  the granulated Cu slag making it to exhibit pozzolanic properties. When CaO content would be 
increased in the glass phase, Cu slag could be used as a SCM with improved reactivity. So, in this paper, 
the CaO content is increased in a proprietary Modified Ferro Silicate (MFS) slag (secondary Cu slag) by 
remelting the slag in the lab at 1220 ± 10 °C with addition of  CaCO3 and followed by water quenching to 
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obtain a CaO rich glassy slag. Reactivity of  the altered MFS slag was examined by novel reactivity tests for 
supplementary cementitious materials, as proposed by RILEM TC 267-TRM [13]. Reactivity assessment 
is termed as R3 and R3 stands for rapid, reproducible and relevant. The assessment uses chemicals such as 
KOH, K2SO4, CaCO3 and CH to activate the SCM by mimicking the alkaline pore solution created by OPC. 
Reactivity of  the SCM can be calculated by investigating the CH consumption and heat release of  the paste.

2. Methodology

2.1 Materials
Patented MFS slag from Metallo Belgium was used as the starting material for thermal processing. Two 
mixes were created including 90 wt.% MFS slag + 10 wt.% CaCO3 (termed as “MFS-C1”) and 80 wt.% 
MFS slag + 20 wt.% CaCO3 (termed as “MFS-C2”). Lab grade KOH, K2SO4, CaCO3 and CH (less than 
5 wt.% CaCO3) were used to synthesise R3 model paste. Concentrated H2SO4, HF, H3BO3, Ce(SO4)2 were 
used as a reagent to determine the Fe2+ions content in the MFS slag by titration method.   

2.2 Methods

2.2.1 Synthesis, characterisation of  MFS and altered MFS slag powder and mortar 
Chemical composition of  the MFS and altered MFS slags was determined by wavelength-dispersive X-ray 
fluorescence spectrometer. Mineralogy of  the MFS slag and altered MFS slag were determined using X-ray 
diffraction. 10 wt.% internal standard (crystalline ZnO) was used for XRD preparation to quantify the 
diffractogram pattern using Rietveld analysis (3 iteration). Two samples containing 90 wt.% MFS slag + 
10 wt.% CaCO3 and 80 wt.% MFS slag + 20 wt.% CaCO3 were fired separately for 1 h at a maximum 
temperature of  1220 ± 10 °C in a closed Fe crucible, using an induction furnace (Type TF 4000, Indutherm 
GmbH, Germany). The thermally remelted MFS slag was water quenched by tilting, to obtain a glassy phase 
content around 90 wt.%. The quenched raw material was milled in an attritor mill (Wiener 1S). Specific 
surface area and particle size distribution of  the milled slag were assessed by the Blaine method (EN 196-6) 
and laser diffraction analysis respectively. The obtained particle size distribution and specific surface area 
of  the slag powder is given in Table 1.

Table 1: Particle size distribution and specific surface area of  the MFS and altered MFS slags

Component

                                Particle Size                          

Specific Surface 
Area (cm2/g)d10 (µm)                         d50 (µm)                     d100 (µm)

MFS 2.9        12.0              45.5 3800 ± 190

MFS-C1 3.5        15.4              49.4 3750 ± 190

MFS-C2 3.1        13.4              47.3 3800±  190

2.2.2 Fe2+/ Fe3+ measurement in the MFS slag
The titration method used to determine the quantitative presence of  Fe2+ ions in the MFS slag was adopted 
from [14]. The setup includes a magnetic stirring plate, teflon beaker, argon atmosphere and reagents such 
as H2SO4, HF, H3BO3, Ferroine indicator, Ce(SO4)2 and H2O. First, 0.1 g of  MFS slag was added to 20 ml 
of  demineralised H2O in a teflon beaker closed by a lid. Next, 4 ml of  40 wt.% H2SO4 and 2 ml of  50 wt.% 
HF were also added to the suspension containing MFS slag and H2O. In order to completely dissolve the 
MFS slag and to neutralise the HF, the mixing was carried out for 2 h using a magnetic stirrer. After 2 h, 2.5 
g of  H2BO3, 5 ml of  40 wt.% H2SO4, and 1 ml of  0.0001 M ferroine indicator were added to the solution 
containing MFS slag. Then the prepared solution was titrated against 0.01 M Ce(SO4)2 until the end point 
(orange red to colourless). From the titrated volume, FeO content of  the MFS sample can be calculated 
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using equation (1) whereas M.W is the molecular weight (g/mol), vol is the volume (ml) and conc is the 
concentration (M). A scaling factor of  10 was used in the denominator to convert ml (volume of  CeSO4) 
and mass (g) into wt.%.  Fe2+ ions content in the MFS slag was finally obtained from the ratio of  FeO 
content obtained from titration and FeO content obtained from XRF (equation 2). Three iterations were 
carried out and the average value was mentioned as the final Fe2+ content. 

      (1)

                                                              (2)

2.2.3 Reactivity assessment of  MFS and altered MFS slag by R3

The mix design used to synthesise R3 modelled paste as published in [13] is given in Table 2. All components 
used in the preparation of  paste were stored at 40°C for 24 h. After 24 h, the R3 model paste was synthesised 
using the mix design mentioned in Table 2 and cured at 40°C for 7 days. Hydration of  the R3 paste is 
stopped through solvent exchange by placing it in isopropanol for 15 minutes. The hydration stopped 
sample was later stored in an oven at 40 °C till the experiments were carried out. CH consumption through 
TGA analysis was investigated in the hydration stopped 7 days old R3 paste as explained in [13]. Isothermal 
calorimetry at 40°C was used to measure the heat release during the hydration of  the R3 paste over a period 
of  7 days [13]. An X-ray diffraction scan with a step size 0.020° and counting time of  2.5 s per step in a 
2θ range from 5° to 15° was recorded on the hydration stopped 7 days old R3 samples to investigate the 
presence of  crystalline binder phases. In-situ XRD measurement was carried out during the first 24 h on 
the R3 modelled paste with a step size 0.020° and counting time of  1.5 s  per step in the 2θ range from 
7° to 20°. In the experiment described, a total of  88 scans were recorded in the period of  24 h with an 
acceleration voltage and current of  40 kV and 40 mA respectively. The in-situ measurement was carried 
out at 40°C and during the measurement all samples were covered with kapton film (7.5 µm thickness) to 
prevent carbonation and dehydration of  the sample.

Table 2: Mix design for R3 model paste

Component SCM CH H2O KOH K2SO4 CaCO3

Mass (g) 11.11 33.33 60 0.24 1.2 5.56

3. Results and discussion

3.1 Characterisation of  the MFS slags 
The chemical composition in Table 3 shows that FeO and SiO2 make up more than 80 wt.% of  the MFS 
slag 3. On the contrary only ~ 4 wt.% of  CaO is present in its initial content. MFS-C1 and MFS-C2 slags 
showed presence of  nearly 10 wt.% and 15 wt.% CaO respectively (Table 3). Mineralogy of  the MFS slag 
quantified through the Rietveld analysis shows that MFS slag possesses slightly higher content of  glassy 
phase than MFS-C1 and MFS-C2 (Table 4). This is due to the fact that MFS slag was synthesised and 
quenched at the industrial scale whereas the MFS-C1 and MFS-C2 were remelted slags quenched at lab 
scale. The titration method used to determine the Fe2+ ions content showed presence of  90 wt.% Fe2+ 
ions (Table 5), suggesting the contribution of  Fe in the hydration mechanism can also be due to Fe2+ as 
explained in section 3.2.3. Fe2+ content was determined only for MFS slag and not for altered MFS slag. 
However, Fe2+ content for altered MFS slag can also be reported as 90 wt.% assuming no change of  
oxidation state could occur during the thermal processing of   (MFS slag) in a Fe crucible since MFS slag 
stays in equilibrium with the Fe crucible. 
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Table 3: Chemical composition of  the MFS slags and altered MFS slags in wt.%

Component FeO SiO2 Al2O3 CaO Others

MFS 42.7 38.2 9.0 3.8 6.3

MFS-C1 40.9 36.7 8.5 9.4 4.5

MFS-C2 38.9 34.8 8.1 14.2 4

Table 4: Mineralogy of  the MFS slag and altered MFS slags in wt.%

Phase Glass Spinel Others

MFS 92.7± 0.8 6.7 ± 0.5 0.7 ± 0.2

MFS-C1 88.4± 1.2 9.2 ± 0.9 2.1 ± 0.8

MFS-C2 87.6± 1.6 9.9 ± 0.4 2.5 ± 0.5

Table 5: Fe2+and Fe3+ content in the MFS slag in wt.%

Fe2+/ Fe3+/ Fe2+/Fe3+ Fe3+/Fe2+

90 10 9 0.11

3.2 Reactivity screening of  MFS slags by R3 assessment 

3.2.1 Calorimetric analysis 
The evolution of  heat during the hydration reaction of  SCM is considered vital because it can give an idea 
on the reactivity of  the SCMs. The isothermal calorimetry was used to assess the evolution of  heat as per 
the RILEM TC 267-TRM protocol (Figure 1). From Figure 1a, three main exothermic peaks were observed 
(after discarding the initial 1 h) upon the activation of  MFS slags with alkalis. From Figs. 1a and 1b, the 
following is observed:

1. Initial heat release (Fig. 1a) within the region of  1 to 2 h is possibly due to the rapid dissolution of  the 
reactive ions such as SO4

2-, CO3
2- present in the R3 modelled paste. As seen in Fig 1a), the heat release 

in this region for the MFS slag is subjected to a retardation effect possibly due to the presence of  Zn 
ions in higher amount compared to MFS-C1 and MFS-C2. 

In addition, heat release between 4 to 6 h is generally dissolution of  ZnO and residual elements present 
in MFS slag. For instance [15] studied the hydration of  OPC in the presence of  Zn ions and stated that 
Zn2+ ions in presence of  alkaline medium tend to form species such as Zn(OH)3

-, Zn(OH)4
2- and/or 

Ca(Zn(OH)3)2.2H2O resulting in an exothermic reaction and retarding effect. Moreover, altered MFS slags 
showed lower heat production rate in this region and retardation effect compared to the MFS, due to the 
presence of  less ZnO (loss of  ZnO during thermal processing). For instance [16-17] proposed a model and 
optimum process for continuous fuming of  Zn bearing residues. It is stated in their findings that liquidus 
temperature of  ZnO in the system of   CaO-FeO-Fe2O3-PbO-SiO2-ZnO ranges from 1100 to 1200 °C. 
With their findings, it can be assumed that ZnO can be lost during re-melting of  the MFS slag at 1220 °C 
for 1 h.   

Gradual increase in the heat release can be found in the region from 20 to 60 h (Fig. 1b). This peak possibly 
indicates the participation of  Ca ions from slags to form binder phase such as C-S-(A)-H, AFt or AFm 
phases since this peak is more pronounced for “Ca” modified MFS slags. Moreover with increase in CaO 
content in the glass phase as for MFS-C2, an enhanced heat profile can be observed. 

Although, the MFS-C1 and MFS-C2 showed enhanced heat release in the duration between 20 to 60 h, 
cumulative heat production (Figure 1c) for the MFS-C1 & MFS-C2 slag was only slightly higher than for 
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the MFS slag due to the increased heat profile of  MFS slag between 4 to 8 h.  

Figure 1 Analysis of  the R3 model paste: a) calorimetric profile ti l l  10 h -  heat production rate 
(J/h.g.SCM) vs hydration time (h); b) calorimetric profile ti l l  60 h -  heat production rate (J/h.g.SCM) 
vs hydration time; c) calorimetric profile -  cumulative heat production (J/h.g.SCM) vs hydration time  

3.2.2 CH consumption
CH consumption calculated for the MFS slag along with MFS-C1 and MFS-C2 as per the RILEM TC 
267-TRM protocol is shown in Fig. 2a. From this figure, it can be seen that Ca altered MFS slags have 
consumed higher amount of  CH compared to the MFS slag, possibly due to pozzolanic reaction. This 
seems contrary to the initial expectation that presence of  Ca in the system tends to improve the latent 
hydraulic properties by self-reacting with H2O to produce C-S-H along with CH [18-19] which would imply 
decreased CH consumption for Ca rich MFS slags. However, the actual results can most likely be attributed 
to the enhanced slag dissolution rate which increases with the increasing CaO content in the system. Due to 
this reason, more CH is consumed by the Si2+ ions as a result of  pozzolanic activity than for the MFS slag. 
For instance, [20] studied the early hydration mechanism of  the alkalis with slag (GGBFS) with different 
sodium activators. The author finally concluded that early hydration of  the slag in the presence of  alkalis 
is more dominated by the Ca2+ dissolved from the slag than by the initial pH of  the activators. Due to this 
fact, presence of  Ca2+ ions in the glassy phase of  MFS-C2 improves the dissolution rate and reactivity. In 
addition, [13] also published the results of  a Round Robin Test (RRT) conducted on wide range of  SCM as 
per R3 model. From their results, it is noted that calcium rich fly ash (Ca/Si = 0.3) showed comparable result 
in CH consumption as MFS-C2 (Ca/Si = 0.4). However, silica rich fly ash (Ca/Si = 0.01) showed decreased 
CH consumption compared to the MFS-C2. Thus supporting the hypothesis that increased Ca2+ could also 
enhance the pozzolanic reaction, thus consuming more CH.
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Figure 2 Analysis of  the R3 modelled paste: a) CH consumption from TGA analysis; b)XRD analysis 
of  the R3 modelled paste

3.2.3 XRD analysis
XRD analysis of  the R3 hydrated paste at 7 days shows the possible formation of  crystalline binder phases 
with the MFS slags (Fig 2b). The main hydration products as a result of  pozzolanic reaction or latent 
hydraulic behaviour are usually C-(A)S-H, AFt and AFm. However, these reaction products strongly depend 
on the chemistry of  the SCMs. Upon activation of  the SCM, the glassy phase of  SCM slowly dissolves and 
releases continuously Ca2+, Si2+, Al3+, and OH- ions (depending on its mineralogy) into the solution, which 
precipitate as calcium silicate hydrates C-S-H, ettringite (AFt) and/or AFm phases. Commonly occurring 
AFm phases are Al-hemi carbonate (Al-Hc) and Al-mono carbonate (Al-Mc). Moreover, [21], [22] proposed 
that hemi carbonate is usually unstable with respect to mono carbonate in presence of  CO3

2-. 

MFS slag and Ca altered MFS slags contain about 40 wt.% FeO (Fe2+ = 90 wt.%, Fe3+ = 10 wt.%) in their 
glassy phase. Upon activation of  the MFS slags, preferably Fe 2+ ions can dissolve and form Fe containing 
AFm and/or AFt [23]. From XRD analysis, three distinct peaks in the range around the 2θ= 9–9.2°, 11-
11.3° and 12-12.3° can be observed. It can be speculated that due to the presence of  low Al content in 
the MFS slag these peaks around 2θ= 9.1°, 11° and 12.1° correspond to the Fe incorporating AFt phase, 
Fe-Mc and Fe-Hc respectively. For instance, [23–26] proposed that a main peak at 2θ= 9.13° corresponds 
to Fe-AFt, 2θ= 11° corresponds to Fe-Mc and 2θ= 12.1° corresponds to Fe-Hc. As also seen in Fig 
2, the presence of  the Fe- AFt and Fe-Mc are only noticed for the Ca altered slag, possibly proposing 
that increasing Ca content in the glassy phase tends to improve the dissolution of  Fe which contributes 
in formation of  Fe-AFt and stable Fe-Mc. In addition [27] proposed that Al3+ in the AFt phase can be 
substituted by Fe3+ as well as by Cr 3+.  Moreover, it is quite important to distinguish between the AFt/
AFm phase incorporating Al and/or Fe due to the possible formation of  solid solution series between 
Al-ettringite and Fe-ettringite [28]. Solid solution is a solid mixture a containing minor component (in this 
case: Al3+) within the crystal lattice replacing the major component (in this case: Fe2+) [29–31]. For instance, 
due to the presence of  Al3+ ions in the MFS slag and Ca rich MFS slag,  Fe-AFt and Fe-Mc/Hc found from 
XRD analysis can also incorporate Al3+ ions. Further investigations through synchrotron X-ray absorption 
spectroscopy or Mössbauer spectroscopy are needed to verify the contribution of  Fe in hydration and 
incorporation of  Al3+ ions in the system.
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3.2.4 In-situ XRD measurement of  the R3 hydrated MFS slags
Investigation of  the evolution and devolution of  the crystalline phases for the first 24 h in the R3 modelled 
paste was carried out by in-situ XRD. In-situ XRD analysis of  the R3 modelled paste did not show formation 
of  a crystalline phase in the first 24 h (Figure 3). As discussed in the XRD analysis results, MFS slag and Ca 
altered MFS slag showed presence of  AFt (2θ= 9.1 °) and AFm (2θ=11 ° and 12.1 °) phases after 7 days. 
However, no phase evolution can be seen from in-situ XRD stating that phases such as AFt and AFm tend 
to form only after 24 h in R3 modelled paste for MFS slag and Ca adapted MFS slags. With respect to the 
CH, no clear change in intensity can be observed around 2θ = 18 ° for all samples suggesting that CH could 
be consumed only after 24 h. 

Figure 3 In-situ XRD analysis of  the R3 modelled paste: a) MFS; b) MFS-C1; c) MFS-C2

4. Conclusions
In this work, the reactivity of  proprietary MFS slag was improved by thermal and chemical alteration at 
1220 ± 10 °C for 1 h with CaCO3 at lab scale. Reactivity assessment through RILEM TC 267-TRM showed 
that Ca rich MFS slag showed improved reactivity in both calorimetric analysis and CH consumption. The 
following can be stated as the main findings of  this work: 

1. As the heat release is attributed to the dissolution and formation of  the phases, it was observed that 
MFS-C2 showed slightly increased heat production rate compared to MFS and MFS-C1 indicating that 
the presence of  “Ca” in the system tends to increase the reactivity. 

2. Enhanced slag dissolution was observed with increasing CaO in the MFS-C1 and MFS-C2. Thus, more 
CH was consumed by the Si2+ in the system as a result of  pozzolanic activity compared to MFS slag.   

3. Zn2+ ions from MFS slag in presence of  alkaline medium tend to form species such as Zn(OH)3
-, 

Zn(OH)4
2- and/or Ca(Zn(OH)3)2.2H2O resulting in a retardation effect and strong heat release. 

However, further investigation through pore solution analysis is needed to verify the dissolution and 
participation of  Zn2+ ions from the MFS slag. 
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4. XRD analysis after 7 days showed that increasing the Ca content in the glassy phase tends to improve 
the dissolution of  Fe which contributes to the formation of  Fe-AFt and stable Fe-Mc. However, in-situ 
XRD used to investigate the reaction mechanism did not show formation of  binder for the first 24 h 
and suggested that the Fe-AFt and stable Fe-Mc likely formed after 24 h.  

To increase the reactivity of  the current industrial MFS slag,  a promising solution is addition of  CaCO3 to 
the production process. However, industrial implementation of  this process may raise questions regarding 
the sustainability since addition of  CaCO3 to the production process also emits CO2 which contributes to 
the global warming. So, as a next step, an industrial by-product with glassy phase containing mainly CaO in 
its chemical composition will be used as an additive for the thermal processing of  the MFS slag. By using 
this by-product as a raw material for thermal processing, increased circular economy will be achieved.   
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Abstract

In Switzerland, concrete fines from construction and demolition waste (C&DW) are usually down-cycled 
for low quality purposes. Therefore, companies have few incentives to improve the demolition process 
separating the coarse aggregates, sand and the hardened cement matrix. The use of  concrete fines from 
demolition waste, however, could increase value added for companies if  properly used in the cement and 
concrete production. These could be used either to replace part of  the raw materials in clinker production 
or as supplementary cementitious materials (SCM’s) reducing the clinker content in cement. Furthermore, 
they can also be used to replace virgin sand in the concrete production. All these alternative uses of  
concrete fines will effect CO2-emissions in the Life-Cycle of  concrete as well as resource consumption and 
production costs. 

In the ongoing research project “CLOSE”, we investigate alternative uses of  fines from construction 
and demolition waste and evaluate their benefits from an environmental and an economic perspective. 
We also assess possible effects on the quality of  concrete produced with these secondary materials, also 
considering the carbonation of  the concrete fines. We work in close collaboration with cement producer 
JURA Materials, as industry partners, using simulation methods as well as comprehensive material testing 
according the Swiss standards for cement and concrete.material testing. For the evaluation of  environmental 
and economic impacts, we use Life-Cycle-Assessment focussing on GWP (including the effect of  carbon 
uptake by carbonisation of  crushed concrete) as well as cost calculation methods. It is a feasibility study 
to identify the most promising use of  recycled concrete fines and show requirements for appropriate 
demolition processes and preparation process as well.

In this early-stage paper, we focus on using crushed concrete fine as a raw material substitute in cement 
production and discuss the chemical composition of  construction and demolition waste (C&DW), the 
carbon uptake and Life-Cycle-Assessment (LCA). First preliminary results are presented and discussed.

Keywords: concrete, cement, recycling, construction and demolition waste, LCA

1. Introduction

In Switzerland, around 15 million tons of  construction & demolition waste (C&DW) were produced in 
2014 [1], of  which approximately 7 million tons are concrete and mixed demolition waste (e.g. masonry). 
According recent studies [2], [3] the amount of  construction waste from building construction will increase 
significantly due to a higher demolition and renovation ratio. It is assumed, that the amount of  C&DW in 
the building construction will increase to 9 million tons in 2025. In Figure 1 it can be seen, that the biggest 
increase is to be expected in concrete waste, as the amount of  mixed construction waste will remain stable. 
This is due to the fact, that there is an increasing demolition ration of  buildings from 1961 and younger, 
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which are mainly made of  concrete. Today, the highest demolition rate is still at buildings aged around 60 
to 70 years (build 1947 until 1960), where the share of  masonry is higher than concrete [2].

Figure 1: Development 2005-2025 of  construction waste by material group in the building 
construction [2]

As result of  the increasing amount of  waste, the Federal Office for the Environment of  Switzerland(FOEN) 
declared in 2016, that all waste such as municipal waste or construction and demolition waste “must be 
recycled or recovered for energy” [4]. The condition is, that the recovery “does less harm to the environment 
than (a) any other form of  disposal; and (b) the manufacture of  new products or the acquisition of  other 
heating fuels”. In addition, the “Recovery must be carried out according to the state of  the art”. Around 
70-80 % of  the overall C&DW, as of  today, is recycled for building materials, while the rest is deposited 
or burned in waste incineration plants [1], [5]. However, most of  the processed C&DW is “down-cycled” 
into materials with subordinate technical requirements such as lean concrete or as road subbase material 
[6]. One reason for the Downcycling is the crushed concrete sand with grain sizes smaller than 4 mm. The 
European Cement Research Academy [7] states, that the re-use of  crushed concrete is a challenge due to 
the less favourable properties of  the crushed concrete fines.

By considering the above-mentioned amount of  concrete waste in the building construction sector in 
Switzerland, it becomes clear, that there is a high potential in the optimisation of  the use of  the crushed 
concrete sand. In 2015, approximately 2.5 million tons of  concrete waste have accrued. When crushing this 
concrete waste to aggregate of  a typical grading curve (for example Fuller 0/32 mm), we can estimate, that 
there is a share of  around 35 % (0.875 million tons) of  crushed concrete fines 0/4 mm. As stated before, 
this sand is usually used for low-quality purposes, which means, that the special properties of  the sand, for 
example the possible reactivity of  the cement paste, remains unused. 

The Swiss cement and concrete industry makes a major contribution to the recycling of  waste. As shown 
in Figure 2, secondary materials are used in various processes along the value chain as alternative fuels and 
raw materials (AFR) in cement kilns, as supplementary cementious materials (SCMs) in the cement mill or 
concrete production or as aggregates in concrete production. This common practice reduces the burden 
on the environment in three ways: by saving natural resources (lime, marl, gravel, sand, coal and oil), by 
reducing waste and by reducing greenhouse gas emissions [6]. The latter effect in particular is decisive, as 
the contribution of  the cement and concrete industry to the greenhouse effect is considerable, accounting 
for around 8% of  total carbon dioxide emissions worldwide [8]. For years, the industry has been using 
conventional technologies to reduce CO2 emissions: increasing energy efficiency, clinker substitution and 
the use of  alternative fuels. However, their potential has now largely been exhausted. As a result, little 
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progress is being made in reducing CO2 emissions [9], [10].

Figure 2: value chain of  cement and concrete

[11] suggest that recycling of  concrete fine from demolition could further reduce CO2 emissions in the 
concrete product system. Yet, quality of  crushed sand has a significant influence on the possibilities of  
returning the crushed sand to cement and concrete production. On the one hand it depends on the methods 
of  concrete demolition treatment [12]–[14] and on the other hand it is also influenced by whether the 
storage of  concrete demolition increases the uptake of  CO2 in the cement paste. This storage is currently 
being discussed in the cement industry in order to make an additional contribution to climate protection 
[15]–[17]. 

This is where the here presented research project CLOSE comes in. Its aim is to optimize the usage of  
concrete demolition waste, especially the crushed concrete fines as a by-product. The economic efficiency 
of  concrete recycling will be significantly improved if  this crushed sand can be used profitably in cement 
and concrete production. In the CLOSE project, three technically viable applications of  this crushed 
sand are to be evaluated according to sustainability criteria with a focus on climate protection, resource 
conservation and waste avoidance.

In order to develop concrete specifications for the further development of  concrete demolition processing 
methods, it must be known which crushed sand quality is to be aimed for. This requirement depends on 
how the crushed sand is returned to the cement and concrete production. Possible applications (see Figure 
2) would be: (i) as a raw meal substitute, (ii) as additives in cement mills or concrete production or (iii) as 
aggregates in concrete production. 

Looking at the year 2015, 4.2 million tons of  cement where produced in Switzerland [9] which corresponds 
to a consumption of  raw materials of  approx. 5 million tons. Considering the above calculated amount of  
available crushed concrete fines (0.875 million tons), the possible substitution of  raw material in the clinker 
production is calculated to 17 %. In the same period, 39.8 million tons of  concrete where produced [18]. 
Assuming, that around 70 % of  the concrete is aggregate and 35 % of  that is the fine fraction of  sand 0/4 
mm, the amount of  virgin sand used for the concrete production is approx. 9.75 million tons. That leads to 
a maximum substitution ratio of  concrete fines of  9 %, assuming that all of  the available crushed concrete 
fines are usable. 

Based on these interrelationships, an evaluation of  the possible application sites of  crushed sand represents 
an essential prerequisite for the development of  suitable processing methods.
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In the project, the following research questions are to be answered:

1. To what extent can CO2 emissions be reduced in cement production (taking carbonation into account)?

2. To what extent can the consumption of  natural resources (lime, marl, gravel, coal and oil) in cement 
production be reduced by recycling crushed concrete sand?

3. What are the risks for cement and concrete quality?

4. What are the requirements for the quality and quantity of  the cement paste present in the crushed sand? 

In this paper, we focus on using crushed concrete fine as a raw material substitute in cement production. 
By investigating the chemical composition, calculating the carbon uptake and investigating the life cycle of  
concrete regarding the carbon uptake, we try to answer the first and second above-mentioned questions.

2. State of  research

2.1 Concrete fines as raw material for the clinker production
In recent years, several studies have dealt with the quality of  construction and demolition waste and their 
use in the cement and concrete production. On the one hand, the focus was placed on the treatment 
processes of  C&DW, on the other hand several studies investigated the quality of  the aggregates for the use 
as a raw material in the cement industry and came to the conclusion, that the fine aggregate can be used as 
a raw material [6], [7], [14], [19], [20]. 

2.1.1	 Chemical	composition	of 	the	crushed	concrete	fines
Raw materials containing calcium (Ca), silicon (Si), aluminium (Al) and iron (Fe) as main components are 
used for the production of  cement clinker [21]. These are usually limestone, clay and marl.  Therefore, the 
chemical composition of  the crushed concrete determines the possibilities for the usage of  the concrete 
fines [22]. 

One study stated [14], that “if  the recycled material consists mainly of  concrete, it can serve as a CaO-
containing component in cement production, if  the proportion of  bricks predominates, it can be used as 
an Al2O3 carrier.”. Several studies investigated the chemical composition of  recycled concrete fines [14], 
[19], [20], [23]. As recycled crushed concrete sand mainly contains CaO and SiO2 it is particularly suitable 
as a clay substitute in clinker production due to its chemical composition [22]. However, depending on the 
used virgin aggregate (silicate or calcite), the content of  CaO and SiO2 may vary significantly (see Table 1), 
which makes it essential to determine the chemical compositions of  the material which is to be utilized.

Table 1: chemical composition of  crushed concrete materials [22]

[M-%] SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3

Crushed 
concrete 
materials
n = 65

Ø 64.8 6.1 2.5 12.3 1.2 1.7 0.8 0.6

Min 16.0 2.1 0.9 5.0 0.4 0.3 0.1 0.3

Max 77.9 9.2 4.2 37.5 6.5 4.9 1.7 1.3

2.1.2 Burnability
One aim of  the project is to investigate the possibility to minimize the environmental impact by using 
crushed concrete fines. As the burning process of  the clinker production represents the highest energy 
demand in the value chain, it is essential, that the usage of  crushed concrete fines as a substitute for raw 
material does not lead to a higher energy demand or higher CO2-emmissions. According to [6], a reduction 
of  the firing temperature when using crushed concrete fines as substitution is possible, which would reduce 
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the energy demand of  the clinker production. However, it must be noted, that the synthesis of  C3S does 
not take place completely during the firing process, which leads to a low early strength [20], [23]. The higher 
the substitution rate, the lower is the C3S content, which, in the end, leads to a loss of  compressive strength.

2.2 Carbon uptake
Concrete is able to capture CO2 in its service life through carbonation, leading to a significant decrease of  
the total CO2 emissions in the value chain of  concrete [24], [25]. In this process, the CO2 from the air is 
bound by the calcium hydroxide Ca(OH)2 in concrete forming calcium carbonate CaCO3. As this process 
depends on several boundary conditions like accessible surface, cement composition, concrete quality or 
exposure conditions [26], there is no consensus in research as to how much CO2 can be rebound. The 
values in recent studies vary between 10 and 40 % [16], [25], [27]. 

2.2.1 Surface area
Even if  the values of  the possible uptake fluctuate in current research and are subject to uncertainties, all 
studies clearly show that the CO2 absorption in the recycling phase is significantly higher than during the 
lifetime (see Figure 3), as the crushing of  the concrete significantly increases its specific surface area and 
exposes areas that have not yet been carbonated. It is stated that crushed construction and demolition waste 
(C&DW) can bind more CO2  than the concrete in the actual construction and, therefore, contributes to 
further reduce CO2 emissions if  prepared and stored in a favorable way [26], [28]. 

2.2.2 Water-Cement-Ratio
A higher water/cement ratio (w/c-ratio) causes a higher porosity leading to a higher surface area exposed 
to CO2. According a recent study [29], the carbonation rate is highest at a w/c-ratio of  0.6. Another study 
[30] also concluded that mortar and concrete with a higher w/c-ratio can bind more CO2 as another study 
set am optimum w/c-ratio at 0.45 [31]. 

2.2.3 Humidity
According to [33], the maximum speed of  carbonation can be achieved at a relative humidity of  60 to 80%. 
Humidity plays an important role for two reasons. Firstly, the presence of  water is a prerequisite for starting 
the chemical reaction. On the other hand, too much moisture inhibits the reaction, as the CO2 can penetrate 
less quickly. Therefore, a relative humidity of  50 to 70% is assumed to be optimal for carbonation [26].

2.2.4 Targeted carbonation
Due to the carbonation process the density of  the cement paste increases, while the porosity decreases. This 
is due to the fact that the end product of  the chemical reaction, CaCO3 has a higher density than the starting 
product Ca(OH)2. For this reason, there are already several studies dealing with targeted carbonation. The 
aim is not only to reclaim CO2, but also to improve the properties of  the crushed sand. According to [15], 
[31], [33], the treatment of  aggregates with CO2 leads to an increase in bulk density and thus to a reduction 
in porosity. In particular, capillary porosity is reduced, which has a positive effect on compressive strength 
compared to a reference concrete with the same aggregate. 

In the case of  using the crushed concrete fines as substitute of  raw material in the clinker production, as 
described in this paper, a low carbonation ratio is desired, as otherwise the bound CO2 must be released 
again in the combustion process in the clinker production.
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Figure 3: Rebinding of  CO2 by carbonation of  concrete [32]

2.3 Life-Cycle-Assessment of  concrete
Life cycle assessment (LCA) is a methodological framework used to assess environmental impacts of  a 
product or service from a life cycle perspective, including resource extraction, production, use and end-of-
life activities (e.g. waste treatment). Its development started in the 1960s focusing on the comparison of  
environmental impact of  consumer goods and first studies in the construction sector appear in the1980s 
[34]. A common methodological framework wasn’t developed until the late 1990s when the International 
Organization for Standardization (ISO) published its 14040 series [35], [36]

Since then, the interest in LCA rapidly increased. It encouraged the development of  a specific methodological 
framework for LCA of  building materials and products with a set of  environmental data defined by pre-set 
categories of  parameters based on the ISO14040 series. It results in Environmental Product Declarations 
(EPDs) and was standardized on a general level by ISO (ISO Technical committee (TC) 59 ‘Building 
Construction’) [37] as well as by the European Committee for Standardization (CEN) in its Technical 
Committee (TC) 350 ‘Sustainability of  construction works’. This led to the emergence of  EPD programs 
(mostly in Europe, Canada and the US) that started developing and publishing specific methodological 
frameworks for product categories, called PCRs (Product Category Rules). In 2015, [38] state that more 
than 28 EPD programs exist worldwide  referring to ISO 14025” (…), providing more than 2256 PCR 
documents and more than 3600 EPDs. Yet, the growing number of  LCA studies for construction materials 
also revealed the need to further develop the method [34], [39]–[42]. 

Looking at different LCA studies for concrete there is a surprisingly wide rage in the results for different 
environmental impacts such as Global Warming Potential (GWP) or Cumulative Energy Demand (CED). 
Some of  this variation can be explained by the use of  different data sources or methodological choices 
[38], [43], [44]. Yet, even within an identical methodological framework using the same data sources, results 
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can vary up to 100% for the same type of  concrete [45]. For LCA experts, this reveals the need to further 
develop the method [34], [39]–[42].

Along the value chain of  cement and concrete production several strategies have been identified to reduce 
environmental impacts [11], [46]–[48]. The most significant strategies are:

• improving the energy efficiency of  cement plants and substituting fossil fuels in the cement kiln

• reducing the clinker content in cement (clinker to cement ratio)

• reducing the cement content in concrete

• optimizing the use of  concrete in construction

By implementing all strategies in parallel by different stakeholders, it is claimed, that CO2-emissions of  
concrete production worldwide could be reduced by about 80 % until 2050 [47].

Considering carbonation, it is assumed, that recycling demolished concrete could further reduce CO2 
emissions from the cement and concrete industry. At the same time, the consumption of  mineral raw 
materials can be reduced [19]. Two effects are decisive for this:

Through the targeted processing and storage of  concrete demolition, the rebinding of  CO2 in the cement 
paste can be significantly increased. Individual studies estimate that 10-15% of  the amount of  carbon 
dioxide produced in the cement kiln during clinker production can be bound during a few years [26], [49]. 
Carbonation causes limestone to form and compact in the cement stone. This limestone can be used as a 
secondary raw material in cement production.

The production of  concrete granulate also results in a fine fraction (crushed sand) consisting of  sand, 
hard cement stone and fine foreign particles (such as wood and plastic particles). Due to insufficient 
quality, crushed sand is not yet used in a targeted manner. The CO2-intensive cement stone is lost unused. 
However, this material could be reused in cement and concrete production and thus contribute to reducing 
environmental pollution. 

The described project will evaluate to what extent the environmental impacts of  the cement and concrete 
industry can be reduced by further developing processes for recycling concrete demolition. The focus is on 
the use of  crushed sand - a residue from the recycling process - in various processes along the value chain 
(Figure 2).

2.4 Standards
In Europe, the chemical composition of  cement is defined  in EN 197-1:2011 [50]. This standard limits 
the main and secondary constituents as well as their respective contents. The development of  low CO2-
cement with high substitution rates of  the constituents would not be possible within the framework of  
this standard. As the Swiss cement industry aims to reduce the CO2 emissions caused by the cement 
production, the guideline 2049 [51] was published to expand the possible usage of  inorganic components 
and to support the usage of  sustainable cement. In this guideline, new technical requirements and limits of  
the main and secondary constituents are set which make it possible to develop new cement compositions. 
This guideline also regulates the requirements and tests for the durability of  concrete produced with the 
new cement.

However, these standards would only be relevant in the case of  the use of  crushed sand as a supplementary 
cementitious material in the cement mill. When using the crushed concrete sand as a substitute of  raw 
material in the clinker production, the requirements for the clinker in accordance with the standards is given 
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by calculating the setting parameters to produce the respective reference clinker (see 3.2).

3. Methodology and Data

To determine the properties of  the crushed concrete fines and estimate the potential for their use as 
alternative raw material, several testing methods and calculations are used. These are described in the 
following subsections.

3.1 Polarized light microscopy
As a first indicator to validate the possible usage of  the crushed concrete fines, the ratio of  aggregate to 
hardened cement paste is assessed. For this purpose, a sample of  the crushed concrete fine 0/4 mm is poured 
into a fluorescent plastic compound and processed into a thin section. This thin section is then examined 
under the petrographic microscope and the ratio of  aggregate to hardened cement paste estimated.

Figure 4: microscopic image in polarized light

In Figure 4 a picture of  crushed concrete fines collected within this project can be seen. First preliminary 
result of  this first sample have shown that the content of  hardened cement paste is approximately around 
15 %. Further microscopic investigation will lead to results that are more robust.

3.2 XRF 
To determine the chemical composition of  the crushed concrete fines, an X-ray fluorescence spectroscopy 
(XRF) with wavelength dispersive spectrometers is carried out. The specific elements of  the sample are 
identified by measuring the energy of  the emitted radiation, while the amount of  the elements are measured 
by the intensity of  the emitted radiation. With the elements Calcium oxide (CaO), Silicon dioxide (SiO2), 
Aluminium oxide (Al2O3) and ferric oxide (Fe2O3) the setting parameters lime saturation factor (LSF). 
silicate modulus (SM) and alumina modulus (AM) can be calculated as follows:

(1)

(2)
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(3)

These parameters are then used to calculate the needed amounts of  raw materials to produce a pre-defined 
reference clinker with corresponding properties. With the results, we can estimate how much raw material 
can be replaced by the crushed concrete fines.

First preliminary results of  XRD-analysis in this study can be seen in Table 2. These samples of  processed 
C&DW were collected in two different recycling centres in Switzerland. It can be seen, that the contents 
of  the relevant elements (CaO, SiO2, Al2O3 and Fe2O3) can differ significantly. Especially the difference 
of  around 13 % in the content of  CaO must be noted, as it has a crucial impact on the usage of  the 
crushed concrete fines. This difference results in different lime saturation factors (LSF), which are used 
to determine the maximum substitution rate in cement production. [21] states, that the LSF for ordinary 
portland cement should be between 92 and 102. Since the LSF of  the investigated samples is between 21 
and 28 (see Table 2), the assumption can be expressed that these samples are only partly suitable to be used 
as substitution in the cement production. Therefore, further investigations are needed before a definitive 
statement can be provided.

Table 2: preliminary XRF results of  two samples of  crushed concrete fines

 sample 1 sample 2

particle size mm 0-4 0-4
ignition loss % 23.50 20.88

SiO2 % 47.66 41.12

Al2O3 % 5.22 4.87

Fe2O3 % 2.31 2.20

CaO % 39.16 25.96

MgO % 2.32 2.09

SO3 % 0.57 0.40

K2O % 0.98 0.85

Na2O % 0.80 0.63

TiO2 % 0.24 0.22

P2O5 % 0.09 0.09

Mn2O3 % 0.08 0.07

SrO % 0.07 0.06

Cr2O3 % 0.01 0.01

ZnO % 0.01 0.01

Na2O-Eq % 1.10 1.18

LSF  27.78 21.23

SM  6.37 5.82
AM  2.25 2.22

3.3 LCAs of  concrete 
In previous own studies [52] we used an LCA to evaluate how environmental impacts of  concrete product 
systems are affected by 

1. variations of  technical parameters, such as cement content, clinker cement ratio, origin of  aggregate 
or fuel mix, and 

2. alternative methodological choices in LCA, such as allocation regarding carbon uptake. 
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As stated before, the project CLOSE aims to reduce the environmental impacts in the cement- and 
concrete production. In context with the use of  the crushed concrete sand as a raw material substitute, the 
consideration of  CO2 uptake is particularly important (see 2.2). Therefore, the results of  LCAs without 
allocation (see 3.3.2) will be extended with a calculated carbon uptake according [32] (see 3.3.3).

3.3.1 System under investigation
The investigated concrete product system also corresponds to the here described value chain shown in 
Figure 2: We analysed the system with two alternative system boundaries. 

System boundary A “cradle to gate” includes 

• Cement production with kiln and mill with all corresponding up-stream processes needed to supply 
raw materials (lime stone, clay etc.), fuels (coal, oil etc.) and electricity. The supply of  alternative fuels is 
also included, but the allocation of  the associated environmental impacts 

• Concrete production with all corresponding upstream processes needed to supply raw materials (gravel, 
limestone etc.) and electricity. 

• Transport processes between cement and concrete production are explicitly included. All other 
transport processes are modelled as part of  the upstream processes of  supplied materials and energy. 

System boundary B “Cradle to grave” includes the system defined as “cradle to gate” as well as the use 
of  concrete during the service life of  a structure and storage of  crushed concrete at a recycling plant or 
landfill. We model these processes to analyse carbon uptake (see following section). No environmental 
impacts are analysed for these processes.

We compared environmental impacts of  one cubic meter of  concrete (functional unit) of  an ordinary 
construction concrete in Switzerland focussing on the Global warming potential (GWP) according IPCC 
2011 (100 years in kg CO2eq). 

The life cycle inventory was set up in SimaPro 8.5. The data basis for the LCI is ecoinvent Version 3.4 from 
November 2017. As basis, the process “Concrete, sole plate and foundation {CH}| concrete production, 
for civil engineering, with cement CEM II/A | Cut-off, U” in its version 3.0.2.0 was used and modified in 
order to enable varying the concrete mix design. The electricity represents the Swiss electricity production 
mix in 2014. The mix designs of  the respective concrete can be seen in Table 3:

Table 3: mix design of  the concretes for LCA [52]

280 
CEM I 
round

300 
CEM I 
round

320 
CEM I 
round

350 
CEM I 
round

280 
CEM I 
crushed

280 
CEM II 

/ A 
round

280 
CEM II 

/ B 
round

280 
CEM III 

/ A 
round

280 
CEM III 

/ B 
round

280 
CEM III 

/ C 
round

1 2 3 4 5 6 7 8 9 10
cement-content kg/m³ 280 300 320 350 280 280 280 280 280 280

clinker-ratio % 95 95 95 95 95 80 65 35 20 5
blast furnace 

slag % 15 30 60 75 90

gypsum % 5 5 5 5 5 5 5 5 5 5
sand kg/m³ 668 678 678 657 668 668 668 668 668 668

gravel kg/m³ 1221 1241 1212 1201 1221 1221 1221 1221 1221 1221
water kg/m³ 190 190 190 190 190 190 190 190 190 190

Fuel mix Swiss mix 2014
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3.3.2 Results without allocation
Different scenarios were defined to analyse how environmental impacts are affected by variations of  technical 
parameters in LCA. We focus on the technical parameters with a significant influence on environmental 
impacts of  the product system [47]: cement content level, clinker-cement-ratio and geometric shape of  
the aggregates (round vs. crushed). Carbon uptake is not considered as technical parameter because no 
technologies have been implemented up to now to increase CO2 binding during service life and recycling. 
An ordinary construction concrete with 280 kg/m³ and round aggregates was chosen as reference. 

Table 4: results of  LCAs without allocation 

1 2 3 4 5 6 7 8 9 10

IPCC 2011 GWP 100a 
[kg CO2 eq] 231.25 246.94 262.34 285.48 234.13 208.79 186.33 141.42 118.96 96.50

The results of  the LCAs are shown in Table 4. It can be seen, that the environmental impact, calculated as 
GWP, increases as the cement content increases in the mix designs 1 – 4. The increasing usage of  ground 
granulated blast furnace slag in the mixes 6 – 10 results in decreasing CO2-emmissions. The usage of  
crushed aggregate (mix 5) instead of  round aggregates leads to a slight increase of  the GWP of  3 kg CO2 
eq.

3.3.3 Results considering carbon uptake
In DIN EN 16757 [32] an allocation method for the carbon uptake is presented. There, several calculations 
are made to estimate the carbon uptake in total, during service life of  concrete structures and through 
its usage stage and in its end-of-life phase. The formula for calculating the maximum carbon uptake is as 
follows:

(4)

Where the amount of  reactive CaO is about 65 %, the molar weight of  CO2 is 44 g/mol and for CaO 56 
g/mol, respectively [32]. If  we apply the calculation to the mix designs investigated in [52] (see Table 3), the 
following maximum carbon uptake are as follows:

Table 5: results considering CO2 uptake according [32], [52]

1 2 3 4 5 6 7 8 9 10

max. carbon uptake [kg CO2] 136 146 155 170 136 114 93 50 29 7

75 % carbon uptake [kg CO2] 102 109 116 127 102 86 70 38 21 5

In Table 5 it can be seen, that a maximum carbonation would lead to a significant uptake of  carbon dioxide 
from the air, which in turn would lead to a significant lower environmental impact regarding CO2. However, 
it must be noted that the carbonation of  concrete depends on several conditions (see 2.2).Assuming, that 
around 75 % of  the carbonation can be reached during service life and end-of-life phase [32], up to 127 kg 
CO2 can be bound back in the mix 4 with 350 kg cement. Due to its chemical composition, blast furnace 
slag is not able to capture CO2 like ordinary Portland cement, which can also be seen in Table 5 (mix 6 – 10).

3.3.4 Carbon uptake of  crushed concrete in the cement production
This carbon uptake is highly relevant for the usage of  the crushed concrete sand as substitute for raw 
material, as a high carbonation would lead to a high amount of  CO2, which must be expelled again during the 
burning process. However, exactly this amount of  bound CO2 would be used as a credit for environmental 
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product declarations (EPD) as it is not counted as geogenic CO2. In that case, double counting has to be 
considered and avoided. 

A low carbonation, and therefore a low CO2 amount in the substitute would lead to a lower energy demand 
in the burning process as the burning temperatures or burning time can be optimized. This would lower on 
the one side the overall environmental impacts of  the clinker production, but also the economic impacts as 
the production process can be optimized.

4. Discussion and conclusions

Efforts to optimise the recycling of  mineral construction waste today focus on mixed demolition, as there 
are currently too few recycling possibilities for this secondary building material. The demolition of  concrete 
is not yet considered a problem and the potential of  its recycling is not yet sufficiently recognised. 

This will change in the coming years or decades, because:

• The amount of  concrete demolition will increase once the concrete structures from the second half  
of  the last century have reached the end of  their useful life. Since 1960, the proportion of  concrete 
structures/components in the building stock has increased continuously. Therefore, the proportion 
of  mixed demolition in mineral construction waste will decrease in the future and the proportion of  
concrete demolition will increase accordingly.

• The possible uses of  RC concretes in structural engineering will increase and with it the demands 
on the building material. Today, qualitative deficiencies in the concrete granulate are compensated by 
adjustments in the concrete mix design (more cement, more admixtures). This leads to higher costs 
and environmental pollution. In the future, attempts will be made to improve the quality of  concrete 
demolition. 

• The pressure on the cement industry to make its contribution to climate protection is increasing (e.g. 
through higher CO2 fees and measures taken by public clients). Many representatives of  this industry 
see a promising approach to solving this problem by rebinding CO2 in concrete. For this, the greatest 
potential lies in the rebinding capacity in the crushed sand of  the concrete demolition.

For these reasons, efforts to develop new processes for the separation and processing of  C&DW will 
increase significantly in the coming years and further investigations for the usage of  C&DW will be 
necessary. The here described research project improves the decision-making basis for the development of  
new technologies and possibilities to use a material which, until now, is down-cycled.

As this project is still in an early stage, further investigations has to be carried out in order to present robust 
results and discuss these results regarding the alternative uses of  fines from construction and demolition 
waste and their benefits from an environmental and an economic perspective.
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Abstract

When recycling concrete as aggregates, an important part to investigate is to use the fraction of  fine 
recycled concrete aggregates (FRCA) as it constitutes 40-60% of  the crushed concrete. If  the FRCA is 
to be recycled in concrete and mortar, it is necessary to know the properties of  the FRCA to guarantee a 
sufficient performance of  the new concrete, and especially the morphology and water absorption are of  
major importance. This study investigates (FRCA) and methods for measuring water absorption. 

FRCA has a significantly higher water absorption than fine natural aggregates and the attached mortar in 
the FRCA often add binding properties, this makes the standard test difficult to implement. The standard 
testing procedure of  water absorption measurement for FRCA can, therefore, have low reproducibility and 
reliability, due to the assessment of  the saturated-surface-dry state indicates a reliance on the test operator 
and the different properties of  the recycled and natural aggregates. 

In order to investigate methods for measuring water absorption, the FRCA’s properties were characterised, 
and the standard test method, EN 1097-6, was analysed and compared with two proposed methods as 
an alternative. The proposed methods are evaporative methods, where the drying kinetics is measured of  
an initially water-saturated powder layer, by two different test set up and a conductivity method with the 
decreasing conductivity as a function of  the water content. The FRCAs were obtained from demolition 
sites in the area around Copenhagen. The morphology of  the FRCA was studied in a microscope. The 
comparison of  the methods for measurement of  water absorption indicates that measurements by the two 
alternative methods give more cohesion and reliable results for FRCA than the standard method. 

Keywords: Concrete, Recycled concrete aggregates, Fine aggregates, Water absorption
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Abstract 

Concrete manufacturing impacts the environment and construction industry sustainability. The impact is 
reducible by either using less cement or replacing it with secondary cementitious materials (SCMs). Limited 
potential for further reduction has been identified, due to low SCM availability. Fly ash from municipal 
solid waste incineration (MSWI) is an unused material, that could be used as an SCM to further reduce the 
environmental impact. Before implementing MSWI fly ash for use in cement-based materials, its chemical 
and physical properties should be evaluated. The present study aims to evaluate the potential of  using 
untreated MSWI fly ash in cement-based materials and its quality, by comparing the chemical properties of  
MSWI fly ash samples with the chemical requirements of  coal fly ash specified in EN 450-1 2012, as well as 
analysing their potential as filler materials. The screened ash in the present study was sourced from different 
types of  combustion units, in different locations, and from the same location at varying times. MSWI fly ash 
samples were acquired from three different combustion units, located in Denmark, Sweden and Greenland 
respectively. Two fly ash samples were acquired from both the units in Denmark and Greenland, sourced 
several months apart and one from the unit in Sweden. The screening showed that the five fly ash samples, 
based on their chemical properties, were unsuited for use in cement-based materials. The samples potential 
as filler materials were found to be limited for all but one sample that had a slightly finer particle size 
distribution than CEM I cement. 

Keywords: Screening, Characterization, MSWI Fly Ash, Cement

1. Introduction

Construction of  new buildings and infrastructure consume large quantities of  manmade goods and raw 
materials, greatly impacting the environment and sustainability of  the construction industry. In 2016, the 
production of  cement contributed to 8% of  the global anthropogenic CO2 emissions [1]. The environmental 
impact is not caused by production emissions alone, also the large amount of  cement consumed during 
construction [2].

The environmental impact can be reduced by making concrete with less cement, replacing part the cement 
with SCMs [3]. Cement has already been partially replaced with SCMs to great effect, retaining or improving 
the quality of  the concrete, through latent hydraulic or pozzolanic reactions [3]. Limited potential for 
further CO2 reduction has been identified, due to a low availability of  certain SCMs, and can be solved by 
introducing new sources of  SCMs [4].



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

680

IC
SBM

 2019
ID

 053

In the past decades, several countries have introduced changes to their disposal of  municipal solid waste, 
recycling or incinerating the waste instead of  landfilling it. Municipal solid waste incineration results in 
several by-products, such as fly ash that are unused and landfilled, due to its toxic heavy metal content [5]. 
It has been proposed that MSWI fly ash could be used for cement production or in concrete as an SCM [6] 
where the heavy metals can be sequestered, reducing heavy metal leaching [7]. 

Before untreated MSWI fly ash can be utilized in cement-based materials, and the heavy metals sequestered, 
it must first be screened based on its quality. This is accomplished by first characterizing MSWI fly ash 
samples, and evaluate their chemical and physical properties. The chemical properties were evaluated by 
comparing them with the chemical requirements specified in the European standard EN 450-1 2012 [8], 
concerning the content of  chloride, sulphate, free and reactive calcium, silicon dioxide, aluminium oxide, 
iron oxide magnesium oxide, as well as phosphate content and total content of  alkalis. The standard 
specifies a maximum for loss on ignition (LOI) as well. Additionally, the chemical properties are also 
assessed based on a Thermogravimetric analysis and x-ray diffraction analysis and the ashes water solubility, 
pH and conductivity. 

The physical properties were evaluated based on the samples potential as filler materials, by analysing the 
particle size distribution and comparing it with the requirements of  filler materials discussed by Mooseberg-
Bustnes et al. [9] and Scrivener et al. [10]. According to Moosberg-Bustnes et al. [9], particles, less than 
125 µm in diameter can can have a physical effect, filling intergranular voids and improving the packing 
density, and a surface chemical effect by enhancing hydration as nucleation sites. According to Scrivener 
et al. [10] the hydration is only enhanced if  the particle size distribution of  the filler materials is finder 
than the cement used. Furthermore, filler materials may increase the degree of  hydration through dilution. 
Untreated MSWI fly ash has been evaluated before. Previous research has partly focused on fly ash samples 
sourced once from a single type of  combustion unit in a single location. 

The present study evaluates untreated MSWI fly ash, based on ash sourced from different types of  
combustion units, in different locations, as well as samples sourced from the same units several months apart. 
Samples were acquired from three different combustion units located in Denmark, Sweden and Greenland 
respectively. Two samples were taken from both the combustion unit in Denmark and Greenland, several 
months apart, and one sample from Sweden. 

2. Methodology

2.1 Materials
The five fly ash samples evaluated in the present study were obtained from commercial MSW combustion 
units, incinerating waste for heat and power. Two of  the ashes, designated Arc-Fa1 and Arc-Fa2, were 
obtained from Amager Bakke, Denmark, in early 2018 and late 2018 respectively. An additional two ashes 
were obtained from the incinerator in Nuuk, Greenland, designated Nuuk-Fa1 and Nuuk-Fa2, in 2017 and 
2018 respectively. 

The final ash sample was obtained from Ryaverket in Borås, Sweden, designated Rya-Fa, in mid-2018. The 
five fly ash samples were sampled on-site by the operators. Relevant data about the three combustion units 
are included in Table 1. Included data represents the average operating conditions during the periods of  
sampling. 
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Table 1: Average operating conditions of  combustion units during sampling periods. 

Amager Bakke Nuuk Incineration Ryaverket

Furnace Grate Fired Grate Fired Fluidized Bed

Incineration Temp.           
1025 1064 900

Waste type Household/
Industrial

Household/
Construction

Household/
Industrial

Boiler Ash 
separation Gravitation Gravitation/

Cyclone
Gravitation/

Cyclone

Flue gas filter type Electrostatic Electrostatic Textile

Incineration 

Capacity       
1680 40 300

Fly Ash        14.8 0.3 8.9

Bottom Ash 237 4.7 17.8

2.2 Analytical Methods
The evaluated samples were dried at 50°C. Each experiment was made in triplicate, with the exception of  
the XRF and XRD analysis.

2.2.1 Particle size distribution
The particle size distribution of  the five ash samples was measured with a Malvern Mastersizer 2000 particle 
size analyser. The particle size distribution was measured in a dry state. CEM I 52.5 N (MS/LA/≤2) cement 
with a bulk and absolute density of  1.1 and 3.2 g/cm3, was used for comparison between cement and the 
five fly ash samples. A Malvern Mastersizer 2000 determines the particle size distribution based on light 
scattering from spherical particles, although MSWI fly ash does not necessarily contain spherical particles.

Chemical Properties

2.2.2 Loss on Ignition
Loss on ignition (LOI) was measured at 950C using a muffle furnace. 5.000 g ash was ignited, in uncovered 
crucibles for 24 hours, and subsequently cooled in a desiccator, ensuring constant mass had been achieved.

2.2.3 pH and Conductivity
The pH and conductivity of  the ashes were measured on samples suspended in demineralized water, at 
L/S 2.5. Plastic bottles containing 5.00 g ash and 12.5 ml demineralized water was shaken for an hour at 
195 rpm. The pH and conductivity were afterwards measured with a radiometer analytical electrode and 
conductivity meter respectively.

2.2.4 Water Soluble Fraction
The weight percentage of  the water-soluble fraction was measured at L/S 5 with three consecutive washings. 
100.00 g of  ash was mixed with 500 ml demineralized water in an Erlenmeyer flask and shaken manually. 
The liquid phase was decanted through a filter, repeating this step for each wash. After the third washing, 
the entire sample was filtered and dried at 50°C until a constant mass had been achieved, and the mass loss 
weighed. 

2.2.5  Water Soluble anion Content
The content of  water-soluble anions was measured with Ion Chromatography (IC) at L/S 2.5. Samples of  
10.00 g ash were mixed with 25 ml demineralized water in 50 ml bottles and shaken for 12 hours at 195 
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rpm. The liquid phase was extracted with a 0.45 µm filter syringe, and the content of  Cl-, SO4
2-

, and NO3
- 

measured.

2.2.6 Carbonate Content
The carbonate content of  the ashes was determined as an equivalent weight percentage of  CaCO3, 
henceforth referred to as CaCO3 eq, from the volume by reaction with hydrochloric acid. The carbonate 
content in the ashes was determined based on a standard curve made from CaCO3. Samples of  2.5000 g ash 
were mixed with 20 ml 10 % HCl in a tightly closed bottle, connected to a Schiebler apparatus for volume 
readings.

2.2.7 Element content analysis 
The elemental content of  the five fly ash samples was determined using XRF analysis. Elements analysed 
were Si, Al, Fe, Ca, Mg, Na, K, S, Cl and P. The analysis was performed by an external laboratory using a 
SPECTRO Gmbh X-LAB 2000 with a Pd-tube on ash samples ground to a particle size below 200 µm. 
Based on the element content, the equivalent content of  oxides was calculated for comparison with En 
450-1 2012 [8].

2.2.8 X-Ray Diffraction
X-Ray-Diffraction was performed using a PanAlytical X’pert PRO Θ-Θ System, with a target metal anode, 
made from Cu and 5 mm beam masks. Intensities were measured from 0 to 90 degrees. Samples were crushed 
with a mortar in order to increase the fineness, and backloaded into samples holders. Peak identification was 
performed using simple phase identification. The detection limit of  the XRD analysis is > 2 wt. %.

2.2.9 Thermogravimetric analysis
Thermogravimetric analysis was performed using a NETZSCH STA 449 F3 Jupiter, fitted with a silicon 
carbide furnace and top loading. Aluminium oxide forms were filled with approximately 35 mg ash and 
initially heated to 29°C for 10 minutes. After 10 minutes, the temperature was raised to 900°C, at 10°C/
min. Nitrogen was used as a purge gas, at a constant flow of  50 ml/min. The results are included as the first 
derivative of  the temperature dependent mass loss.

3. Results and discussion

3.1 Physical properties
The particle size distributions of  the five ash samples are depicted in Figure 1. Rya-Fa and Nuuk-Fa1 had 
the most similar size distributions, with average d10,50,90 values of  8 µm, 19 µm, 41 µm, and 8 µm, 22 µm, 
53 µm respectively. Arc-Fa1 deviated significantly from Nuuk-Fa1 and Rya-Fa. Arc-Fa1 consisted of  finer 
particles than both Rya-Fa and Nuuk-Fa1, with a d10 value of  3  µm, similar to CEM I cement. Furthermore, 
approximately 28 % of  Arc-Fa1 had a particle size below 10 µm.  Arc-Fa1 was found to contain significantly 
coarser particles than Rya-Fa and Nuuk-Fa1, with d50 and d90 values of  50 µm and 248 µm. 
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Figure 1: Particle size distribution of  the five f ly ash samples and CEM I cement.

Date of  sampling was found to greatly affect the particle size distribution. Arc-Fa2 contained finer particles 
than Arc-Fa1 with a d10 value of  9 µm and approximately 13% of  Arc-Fa2 had a particle size below 10 
µm, with d50 and d90 values of  44 µm and 204 µm respectively. Significant differences could be observed 
between Nuuk-Fa2 and Nuuk-Fa1 as well. Nuuk-Fa2 contained both smaller particles than Nuuk-Fa1, with 
d10,50,90 values of  2, 13 and 49 µm, and in slightly larger amounts, resembling CEM I cement in particle size 
distribution. 

Remond et al. [11] and De Boom and Degrez [12] studied the particle size distribution of  MSWI fly ash. 
Remond et al. [11] determined that MSWI fly ash had a size distribution between class C1 cement and 
the standard sand specified in NF/EN 196-1, with particle sizes between 1 µm and 600 µm, and a d50 of  
approximately 180 µm. They determined that MSWI fly ash had a larger spread in particle size than class 
C1 cement and standard sand. De Boom and Degrez [12] investigated electrostatic precipitator fly ash, with 
particles sizes between 0.1 µm and 1000 µm, and an approximate d50 of  55 µm. De Boom and Degrez [12] 
pre sieved their ashes using a 1000 µm sieve. The evaluated fly ash samples of  the present study, deviate 
from Remond et al. [11] and De Boom and Degrez [12], with the exception of  the samples from Amager 
Bakke. Arc-Fa1 and Arc-Fa2 had similar d50 values as the findings of  De Boom and Degrez [12], and a 
similar large spread as reported by Remond et al. [11]. 

The potential filler effect of  the five fly ash samples in the present study appears limited. According to 
Moosberg-Bustnes et al. [9], the addition of  fine particles, with a maximum size of  125 µm can affect 
cement-based materials in two ways. It can have a physical effect, filling intergranular voids, improving 
the Packing density, and a surface chemical effect by enhancing hydration as nucleation sites. According 
to Scrivener et al. [10] the hydration enhancement is relatively minor for materials with a particle size 
distribution similar to cement and is only improved if  the materials has a finer distribution than the cement. 
Furthermore, filler materials may increase the degree of  hydration through dilution, Scrivener et al. [10]. 
Samples from Amager Bakke had particles larger than 125 µm and are not expected to contribute to the 
packing density or act as nucleation sites. Nuuk-Fa1 and Rya-Fa consisted of  particles below 125 µm, and 
could potentially improve the packing density of  cement-based materials. Both are coarser than CEM I 
and are therefore not expected to enhance the hydration as nucleation sites, only through dilution. Nuuk-
Fa2 consisted of  finer particles than CEM I, and could potentially act as nucleation sites to some extent, 
in addition to improving the packing density, and the degree of  hydration through dilution. Based on its 
potential as a filler material, Nuuk-Fa2 would be the ash best suited for use in cement-based materials.

The obtained results in both the present study and by Remond et al. [11] and De Boom and Degrez [12] 
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suggests that the particle size distribution of  MSWI fly ash can vary greatly, both depending on the location, 
combustion unit type and the time of  sampling. The results indicate that the quality of  MSWI fly ash as a 
filler material varies, between having a filler effect to some extent and potentially no effect at all.

3.2 Chemical properties
The calculated content of  oxides is given in Table 2, together with the chloride concentrations and 
LOI. Included in Table 2 are the requirements specified in EN 450-1 2012 [8], and concentration ranges 
determined in other studies [8,13-24]. The measured pH, conductivity and equivalent CaCO3 are included 
in Table 3. The measured water solubility and water soluble Cl-, SO4

- and NO3
- anions are included in Table 

4. The DTG curves of  the thermogravimetric analysis are shown in Figure 2. The diffractograms from the 
XRD analysis are included in Figure 3. 

The five fly ash samples of  the present study were characterized as having a low calculated content of  both 
SiO2 and Fe2O3, varying between 4.5 and 6.0 respectively. The calculated content of  Al2O3 was found to vary 
between the ash samples. The ashes from Nuuk and Ryaverket had 4.0 and 4.5 wt. % Al2O3 respectively, 
while Arc-Fa1 and Arc-Fa2 had a calculated content of  2.3 and 1.5 wt. % respectively. The evaluated 
samples all contained less reactive SiO2 than specified in En 450-1 2012 [8], and had a combined content 
of  SiO2, Fe2O3 and Al2O3 approximately equal to one-seventh the specified limit in EN 450-1 2012 [8]. 
Based on published literature [8,13-24] the potential SiO2 content in MSWI fly ash varies between 0.1-38.0 
wt. %, and the combined content of  SiO2, Fe2O3 and Al2O3 between 2.1 and 56.1 wt. %. Municipal solid 
waste incineration fly ash could potentially have more than the required 25 wt. % reactive SiO2 but does not 
contain enough SiO2, Fe2O3 and Al2O3 for the combined requirement.

Table 2: Calculated content of  oxides [wt. %] as well as Cl and LOI [wt. %]. 

Included are DS/EN 450-1-2012 limit values and composition range given by published articles [8,13-25]. 

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa En 
450-1 Lit. Range

SiO2 4.9 4.5 4.7 5.6 6.0 ≥25 0.1 – 38.0
Al2O3 2.3 1.5 4.0 4.3 4.5 - 0.1 – 17.2
Fe2O3 1.1 1.0 0.7 0.8 1.7 - 0.5 – 6.8

∑ (SiO2 ,Al2O3,Fe2O3) 8.3 7.0 9.4 10.7 12.2 ≥70 2.1 – 56.1
CaO 21.0 13.4 33.6 40.6 40.6 ≤1.5/10* 7.4 – 42.2
MgO 0.8 0.7 0.9 1.3 1.7 ≤4.0 0.5 – 7.2

Cl 8.9 3.0 20.0 22.0 12.0 ≤0.1 2.9– 31.7
SO3 22.5 35.0 7.7 8.2 8.7 ≤3.0 2.2 – 26.2
K2O 13.3 14.5 10.7 11.3 2.4 - 0.5 – 15.7
Na2O 17.5 9.17 21.6 21.6 6.2 - 2.0 – 17.0

Na2Oeq 26.3 18.7 28.6 29.0 7.8 ≤5.0 2.3 – 26.9
P2O5 1.4 3.0 1.3 1.8 1.7 ≤5.0 0.3 – 1.7
LOI 3.8±0.3 10.7±7.5 31.2±6.1 9.2±0.2 21.4±1.4 ≤9.0** ND

*Free calcium oxide limit / Reactive calcium oxide limit.
**Category C 

The five fly ash samples had calculated contents of  CaO between 13.4 and 40.6 wt. %, MgO between 0.8 
and 1.7, and P2O5 between 1.3 and 3.0 respectively. The five fly ash samples contained less MgO and P2O5 

than the specified EN 450-1 2012 [8] limit and significantly higher CaO  than the specified. The Ca in the 
five fly ash samples are likely not present in the ashes as free or reactive CaO. The XRD analysis, Figure 3, 
indicated that the Ca could be present as either CaSO4 or CaCO3 in the ashes, confirmed by among other 
Remond et al. [11] and Weibel et al. [15] as well, and the thermogravimetric analysis that showed mass loss 
corresponding to CaCO3. Compared to published articles [8,13-24] the calculated content of  CaO, MgO 
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and P2O5 of  the present study exhibited similar variations as the published literature, except Arc-Fa2 that 
had a higher content of  P2O5. 

The measured content of  Cl and the calculated content of  SO3, varied greatly between the five fly ash 
samples of  the present study, 3.0-22.0 wt. % and 7.7-35.0 wt. % respectively. Arc-Fa1 and Arc-Fa2 both 
had low amounts of  Cl and high amounts of  SO3, while Nuuk-Fa1 and Nuuk-Fa2 contained high amounts 
of  Cl and low amounts of  SO3, with Rya-Fa having similar amounts of  Cl and SO3. A similar relationship 
could be observed in the studied articles [8,13-24], where the ashes either had a low Cl and high SO3 
content, or a low SO3 and high Cl content. All five fly ash samples exceed the EN 450-1 2012 [8] limits for 
both Cl and SO3. The published articles studied [8,13-24], show similar results.

The five fly ash samples of  the present study have varying degrees of  calculated Na2Oeq content, that for 
all samples exceed the 5.0 wt. % limit specified in EN 450-1 2012 [8]. With the exception of  Rya-Fa, the 
five fly ash samples of  the present study had a higher calculated content of  Na2Oeq, than reported in the 
published articles [8,13-24]. Although the five fly ash samples of  the present study exceed the Na2Oeq 
criteria, published articles indicate that the MSWI fly ash can contain less Na2Oeq than specified in EN 450-
1 2012 [8].

Large variations in LOI was observed between the five fly ash samples, varying between 3.8 wt. % and 31.2 
wt. %. Variations between samples sourced from the same combustion unit could be observed as well, 
with the LOI increasing by 6.9 wt. % between Arc-Fa1 and Arc-Fa2, and decreasing 22 wt. % between 
Nuuk-Fa1 and Nuuk-Fa2. EN 450-1 2012 [8] specifies LOI limit values of  5.0, 7.0, and 9.0 wt. %. These 
limits are imposed, to inhibit the effect of  unburned carbon on air-entraining admixtures. All of  the fly ash 
samples exceed these limit values, making them unsuited for cement-based materials, with the exception 
of  Arc-Fa1. Although, the measured LOI could be caused by other compounds, such as CO2 release from 
CaCO3 heating. 

The four fly ash samples with an LOI greater than 9 wt. % all had CaCO3 eq contents between approximately 
10 and 13 wt. %, while Arc-Fa1 contained 4.3 wt. % and a LOI of  3.8 wt. %. X-ray diffraction analysis 
indicated peaks for CaCO3 in Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa. CaCO3 peaks were not observed in Arc-
Fa1 and Arc-Fa2, suggesting that a different carbonate phase could be present in Arc-Fa1 and Arc-Fa2 or 
that the HCl used during the CaCO3 eq measurement reacted with other phases than carbonates. 
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Figure 2: DTG analysis of  the five f ly ash samples.

The DTG curves indicated that the majority of  the mass loss occurred after 500C and 700°C. Additionally, 
several small dips occurred between 0 and 500°C, at varying temperatures, potentially indicating mass loss 
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from several different phases. 

According to Galan et al [27], calcium carbonate decomposes between 700 and 1000°C in an N2 atmosphere, 
corresponding to the mass loss after 700°C observed in the present study, indicating that Ca is partially present 
as CaCO3. The observed mass loss between 500 and 700°C could indicate the presence of  an unknown 
carbonate. Arc-Fa2 was found to have the largest fraction of  CaCO3 eq, without showing any significant 
mass loss between 500 and 1000°C, suggesting that the HCl used during the CaCO3 eq measurement reacted 
with other phases than carbonates. Several of  the discrepancies discussed here, regarding the CaCO3 eq and 
TGA measurements cannot be explained and should be investigated further.

Four of  the five fly ash samples were alkaline, with a pH between 11 and 12, and electrical conductivities 
between 90 and 150 mS/cm2. Pedersen et al. [19] measured the pH of  two MSWI fly ash samples from 
different combustion units and determined their pH to be 10.8 and 12.2 respectively. 

The pH of  Arc-Fa2 differs from these results with a pH of  6.47, indicating that ash with a neutral pH can 
be produced as well as alkaline ash. The lower pH of  Arc-Fa2 could be caused by its high ratio of  sulphur 
to other elements. X-ray diffraction analysis indicated the presence of  several different sulphur compounds 
in Arc-Fa2, not observed in the other ash samples.

Table 3: Measured pH, conductivity, equivalent CaCO3 and water solubility of  the five f ly ash 
samples.

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa

pH [-] 12.0 ± 0.1 6.5 ± 0.0 11.6 ± 0.0 11.9 ± 0.0 11.5 ± 0.0

Conductivity [mS/
cm] 113.7 ± 3.5 94.7 ± 1.3 149.6 ± 21.1 146.8 ± 4.5 93.5 ± 1.2

CaCO3 eq
Content [wt.%] 4.3 ± 0.2 13.0 ± 0.1 11.8 ± 0.8 10.4 ± 0.1 9.9 ± 0.1

High solubility in water was observed in the five fly ash samples, varying between approximately 27.7 wt. % 
and 55.7 wt. %. The element content analysis indicated that the majority of  the ash samples contained K, 
Na, Cl and S. The measured K, Na, Cl and S could be present in a soluble form. X-ray diffraction indicated 
that the five fly ash samples either contained NaCl, KCl or both. NaCl or KCl were confirmed as potential 
phases by other studies as well, Remond et al. [11] and Weibel et al. [15]. Of  the five fly ash samples, Rya-Fa 
contained the smallest amount of  potassium, sodium, chlorine and sulphur and was also the least soluble 
ash. Nuuk-Fa1 and Nuuk-Fa2 both contained similar amounts of  K, Na, Cl and S, although Nuuk-Fa1. 
Arc-Fa1 and Arc-Fa2 had varying solubility’s; at 39.4 and 55.7 wt. % respectively. Both had a significantly 
lower content of  Cl than the other fly ash samples, containing higher amounts of  soluble sulphur instead. 

Sulphate was not present as water-soluble anions in as high amounts in Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa, 
indicating that the sulphate where bound in non-soluble form. Arc-Fa1 and Arc-Fa2 also contained non-
soluble sulphate, as the wt. % removed did not match the measured wt. %. Chlorine was removed from 
the ash samples, in amounts matching the wt. % measured with XRF analysis, indicating that the majority 
of  the chlorine in the ashes was water soluble after three washing at L/S 5. The Removed amount of  Cl in 
Rya-Fa, were 5% higher than found with XRF, indicating that the amount of  Cl in Rya-Fa is higher than 
measured with XRF. 
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Table 4: Measured wt. % water solubility and content of  water-soluble Cl-,  SO4
2-

 and NO3
- anions. 

Arc-Fa1 Arc-Fa2 Nuuk-Fa1 Nuuk-Fa2 Rya-Fa

Water Solubility        [wt.%] 39.4 ± 0.5 55. 7 ± 2.3 42.4 ± 1.3 38.0 ± 0.6 27.7 ± 0.9

Cl-                             wt.%] 8.1 ± 0.1 2.3 ± 0.2 19.1 ± 0.9 22.2 ± 0.4 17.6 ± 0.5

SO4
2-

                        [wt.%] 7.5 ± 0.0 21.1 ± 0.6 0.8 ± 0.0 0.6 ± 0.0 0.0 ± 0.0

NO3
-                         [ppm] 194 ± 3 503 ± 17 84 ± 2 270 ± 10 2396 ± 87

Regardless of  the type of  combustion unit, furnace, incineration temperature and flue gas filter type, or the 
country it is located in evaluated in the present study, they all produced fly ash of  insufficient quality for 
use in cement-based materials, when compared to the specified limits in EN 450-1 2012 [8]. The five fly ash 
samples studied did not contain enough reactive SiO2, or Fe2O3 and Al2O3 as specified, and could therefore 
have limited benefits when mixed with cement-based materials. Instead, the ashes exceeded the limits for 
for free and reactive CaO, Cl, SO3, Na2Oeq and LOI, potentially having negative consequences if  mixed 
with cement-based materials. Additional analyses indicated that the ashes did not contain free or reactive 
CaO or that the LOI was exceed due to unburned carbon. Any potentially negative consequences would 
therefore be limited to Cl, SO3 and the total content of  alkalis Na2Oeq. The only limits in EN 450-1 2012 [8] 
not exceeded was the MgO and P2O5 limits. Sampling MSWI fly ash from the same combustion unit months 
apart showed both significant and less significant changes to the chemical properties. Arc-Fa2 contained 
significantly more SO3 and Cl Compared to Arc-Fa1. The differences between the two samples could also 
be observed with the pH, CaCO3 eq and solubility. Arc-Fa2 was more soluble in water and had a neutral pH, 
instead of  an alkaline pH. The two samples had different peaks occurring in their diffractograms as well. 
The two samples could, therefore, have different results when mixed with cement. Nuuk-Fa1 and Nuuk-
Fa1 had a very similar chemical composition with the exception of  a varying LOI, with almost identical 
diffractograms, and could have similar results when mixed with cement. Municipal solid waste incinerators 
are therefore capable of  having both a steady and non-steady output. Regardless of  when the samples was 
sourced, fly ash of  insufficient quality for use in cement-based materials were produced.
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Figure 3: Diffraction graphs of  the five f ly ash samples. Cs = CaSO4, Cc = CaCO3, K = KCl and 
N = NaCl. Other potential phases include CaClOH, K2ZnCl4, KNaSO4 and Mg2NaOH(SO3)2 · H2O. 

When compared to published literature [8,13-24], MSWI fly ash appears to have an average chemical 
composition of  insufficient quality to be used in cement-based materials. Hamernik and Frantz [18] 
studied fly ashes of  above average quality and analysed the pozzolanic activity index, replacing 35% 
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cement with MSWI fly ash containing a combined content SiO2, Fe2O3 and Al2O3 above 50 wt. %.  
They concluded that their MSWI fly ashes had cement pozzolanic indexes comparable to coal fly ash, 
but showed no cementitious properties. Pozzolanic reactions in cement occur between Ca(OH)2 and 
amorphous SiO2 forming C-S-H or with amorphous aluminosilicate forming calcium aluminate hydrate 
phases or calcium aluminate silicate hydrate phases as described by Justness [3]. Any occurrence of  
pozzolanic reactions are therefore limited when the five fly ash samples of  the present study are mixed 
with cement and water, due to the low content of  SiO2, Fe2O3 and Al2O3 and would not have a similar 
effect as described by Hamernik and Frantz [18].
4. Conclusions

The presented study aimed at assessing the quality of  untreated MSWI fly ashes with regard to their use in 
cement-based materials. The assessment was based on the chemical requirements specified in the European 
standard EN 450-1 2012 [8] and potential use as filler materials based on their particle size distribution. 
To assess the filler potential, the requirements for improving the packing density, enhancing hydration 
and dilution effect was used, as discussed by Mooseberg-Bustnes et al. [9] and Scrivener et al. [10]. The 
following can be concluded based on the results.

A total of  five fly ash samples was acquired from three combustion units for the evaluation, Arc-Fa1, 
Arc-Fa2, Nuuk-Fa1, Nuuk-Fa2 and Rya-Fa. Arc-Fa2 and Nuuk-Fa2 were sampled several months after 
Arc-Fa1 and Nuuk-Fa1. Sampling from the same combustion unit several months apart indicated that the 
incinerator in Nuuk produced fly ashes with similar chemical properties, while Amager Bakke (Arc-Fa) 
produced fly ash with varying chemical properties. Regardless of  the time of  sampling, the combustion unit 
type or the units’ location, all the investigated MSWI fly ash samples did not fulfil the chemical property 
requirements specified in EN 450-1 2012 [8].  The samples did not contain enough reactive SiO2 or have a 
high enough combined content of  SiO2, Fe2O3 and Al2O3, indicating limited pozzolanic activity. The five fly 
ash samples exceeded the limits for free and reactive CaO, Cl, SO3 as well as equivalent content of  alkalis 
Na2Oeq and LOI, potentially having several negative consequences if  mixed with cement-based materials. 
Additional tests indicated that the CaO in the could be present as CaCO3 instead of  free or reactive CaO. 
The limits for MgO and P2O5 content were not exceeded.

Contrary to the observed chemical properties, Nuuk-Fa1 and Nuuk-Fa2 was not physically similar and had 
different particle size distributions. Furthermore, it was found that all five fly ash samples had different 
particle size distributions with different potential as filler material when compared to the requirements 
discussed by Mooseberg-Bustnes et al. [9] and Scrivener et al. [10]. Arc-Fa1 and Arc-Fa2 contained particles 
larger than 125 µm and would only improve the packing density and enhance hydration with limited effect. 
The two samples could still potentially improve hydration through dilution. Nuuk-Fa1 and Rya-Fa had a 
particle size distribution less than 125 µm and could potentially improve the packing density. Their particle 
size distribution was coarser than cement and would potentially only enhance hydration through dilution. 
Nuuk-Fa2 had a finer particle size distribution slightly finer than cement and could potentially both improve 
packing density and enhance the hydration of  cement-based materials.
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Abstract

Biomass combustion has long served as a source of  energy. Due to environmental concerns, its use is on 
the rise. Global estimates project that biomass derived ash will reach 476 million tonnes per year. Currently 
limited applications for these biomass-derived ashes exist. A better understanding of  the ash properties 
is needed to find suitable applications. New applications will keep these minerals in the circular economy. 

This work identifies biomass derived ashes with a composition necessary for hydraulic properties. Either the 
ash already contains hydraulic minerals, or it can be processed to yield hydraulic minerals. The investigation 
used information from the Phyllis 2 database and the ALLASKA database. Ash suitability was determined 
by the chemical and mineralogical composition. This was evaluated based on the original biomass source 
and the conversion technology. The first aim of  this study was to identify calcium and silicon rich biomass 
ashes. These ashes can contain hydraulic minerals or have the chemical composition necessary to form them. 
The amount of  cement produced can be reduced if  biomass derived ash is used as a cement replacement. 
The amount of  CO2 associated with cement production can be reduced if  biomass derived ash is used 
to replace cement raw materials. The second aim of  this study was to estimate the potential cement and 
CO2 reduction in the Netherlands. Applicable biomass waste streams available in The Netherlands were 
quantified. Wood and woody biomass (WWB) and herbaceous and agricultural biomass (HAB) contained 
an average of  12.3 and 40.2 M.-% SiO2. WW) contained CaO with a concentration up to 65.0 M.-%. Ashes 
derived from the Organic residues and contaminated biomass (OR-CB)  category paper sludge showed the 
potential to provide both CaO and SiO2. These minerals were present in the necessary quantities to either 
contain clinker minerals or form them. The type of  combustion technique used impacts the ash quality. 
Fluidized beds where shown to produce ashes that have higher contents of  CaO and SiO2. The authors 
identified biomass waste streams were in The Netherlands, with the potential to serve as a source of  energy. 
Verge grass, forestry thinnings, agricultural wastes and industrial wastes can produce valuable ash. These 
streams result in an estimated 2.0 Mtonnes of  ash.

Keywords: Biomass derived ash; Clinker minerals; Alternative cements
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1. Introduction

Biomass’ stake in the production of  energy has increased in recent decades. Currently biomass provides 
about 8% of  the world’s energy for heat, electricity and transportation fuels. According to predicitions 
biomass use could grow to 33-50% by 2050. Of  the total biomass derived energy, 95-98% stems from direct 
combustion [1] which produces biomass derived ash. If  biomass derived energy grows to the predicted 
range, we will produce 476 million tons of  biomass ash annually (assuming 7 billion tons of  biomass 
combusted with a 6.8% ash yield).

Producing energy with biomass instead of  coal has positive environmental impacts [2] but negative impacts 
for the concrete industry. Coal-derived fly ash has partially replaced ordinary Portland cement (OPC) in 
concrete applications for decades. European standard EN-450 only tolerates fly-ash derived from coal 
combustion or co-combustion of  coal and biomass. For co-combustion, the biomass must be clean wood 
and comprise only 50 M.-% or less. At these percentages, coal properties dominate the fly ash properties and 
composition. European standards do not allow pure biomass derived ashes in blended cements. Currently 
this is a minor problem given the small quantities of  biomass ash produced. But with the combustion of  
more biomass and less coal, this problem will grow in the future.

The composition of  biomass derived ash differs from coal-derived ash. Biomass ash often has higher 
alkali metal and chloride contents. These elements can create durability problems in concrete, making 
biomass ash less attractive for concrete applications. To determine if  biomass derived ash is a suitable 
replacement for coal derived ash, researchers have investigated their ability to partially replace cement in 
concrete applications. 

Some biomass ashes are valuable as a partial cement replacement. One such ash is rice husk ash (RHA). Due 
to its high contents of  amorphous silica, RHA can improve the strength and durability of  concrete [3]–[9]. 
When replacing 10 M.-% of  OPC with RHA with a particle size of  6-10 μm, the concrete has a stronger 
interfacial transition zone and lower permeability[3], [10]. Farmers in south east Asia produce RHA when 
the agricultural waste is burnt in open fields. This method of  combustion gives little control over efficiency 
and produces variable ashes. A similar agricultural waste is sugar cane bagasse ash (SCBA). Farmers produce 
SCBA in South America. They combust sugar cane bagasse waste to provide heat and power to processing 
the sugar cane [11]–[14]. Due to more controlled combustion conditions, the ash has a higher level of  
consistency. Replacing 20% of  OPC with SCBA improves the early strength and increases the density of  
the concrete microstructure. The higher density reduces water permeability and chloride penetration [15], 
[16]. Combining different biomass sources before combustion can also produce a functional ash. Thailand 
produces large quantities of  both sugar and rice. These crops result in the annual production of  roughly 66 
million tonnes of  sugarcane bagasse and 10 million tons of  rice husk. Combustion of  82.5% bagasse, 15% 
rice husk, and 2.5% chop wood in small power plants produces electricity for the sugar mills [17]. Using this 
ash to replace 20% of  cement results in a higher compressive strength and a 65% reduction in the chloride 
diffusion coefficient [18]. 

Researchers have also investigated the application of  woody biomass derived ash (WBA) as a cement 
replacement. Using WBA as a partial cement replacement reduces the compressive, flexural, and tensile 
strength of  concrete. But when the SiO2 content is high enough, the strength increases with longer 
hydration times [19]. Unlike RHA and SCBA, WBA contains less SiO2 and does not function as a pozzolanic 
admixture. The chemical and physical properties of  WBA vary greatly and are difficult to predicted [20]. 
But given the predominance of  CaO in woody biomass and the conversion temperatures, reactive calcium 
silicates can be present. 
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Most research into cement replacement with biomass is locally based. Investigations focuses on the use of  
a single regional biomass derived ash. There is limited research on the general trends which would make 
application more widespread. Additionally, when biomass derived ash is used as a cement replacement, 
typically lower replacement rates (10-20%) are evaluated. To have a larger reduction in the CO2 emissions 
associated with cement production higher replacement rates are necessary. One possible method to produce 
a more equivalent cement replacement is to use the biomass derived ash as a clinker raw material replacement. 
Currently the research into the use of  biomass derived ash as a cement raw material replacement is limited 
to a few types of  biomass. Most studies focus on the performance of   municipal sewage sludge [21], [22] 
and waste from the paper industry [23]–[25] as raw materials for the production of  cement 

The presence of  hydraulic minerals in biomass derived ash could allow for higher replacement rates. This work 
seeks to ultimately increase the amount of  cement (or cement raw materials) which are replaced by biomass 
derived ash. Higher replacement rates will lower the CO2 emissions associated with cement production by 
reducing the amount of  clinker produced or reducing the amount of  limestone that is decarbonated in the 
production of  clinker. Additionally, identification of  the biomass sources and conversion technology which 
enables the formation of  hydraulic minerals could enable the intentional production of  hydraulic biomass 
derived ash as a by-product in future energy production. 

The aim of  this study is the identification of  calcium and silicon rich biomass ashes. These ashes can 
contain hydraulic minerals or have the chemical composition necessary to form them. The investigation 
covered the ash production chain from biomass selection through combustion technology. Information 
was obtained from the Phyllis 2 database and the ALLASKA database. The authors assessed the ashes 
on their chemical composition, mineralogy and physical properties. The compositions were assessed on 
parameters like the input biomass and conversion technology. Those parameters which were beneficial 
to the biomass ash composition were identified. The extent to which they can be manipulated to get an 
ash with high potential for application to (partial) replace cement will be assessed.  In the context of  the 
Netherlands, the volume of  the identified biomass waste streams available were quantified.  The amount of  
cement produced can be reduced if  biomass derived ash is used as a cement replacement.  The amount of  
CO2 associated with cement production can be reduced if  biomass derived ash is used to replace cement 
raw materials. The second aim of  this study was to estimate the potential cement and CO2 reduction in the 
Netherlands based on the calculated volumes.

2. Materials and Methods

2.1 Biomass and Biomass Derived Ash Data 

2.1.1 Phyllis 2 database 
Developed within the PHYDADES European project, the Phyllis2 database provides reliable information 
on biomass fuels and biomass ashes. The database contains almost 3000 records of  individual biomass 
or waste materials. The ECN Phyllis scheme groups biomass batches into 16 different classes based on 
practicality and plant physiology. The authors grouped the classes relevant to this study in three distinct 
categories: wood and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic 
residues and contaminated biomass (OR-CB). Segregation of  the data into these categories allowed for 
easier interpretation and drawing conclusions on ash composition based on biomass type.

The authors limited WWB to the class untreated wood. Untreated wood encompasses all fresh wood 
including park wood waste and wood from saw mills. This category includes both hardwoods and softwoods. 
These two divisions cover many individual tree species (such as beech, birch, oak, pine, poplar and willow). 
This category also includes different tree parts, including bark, cork, leaves and needles. 
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The HAB group includes plants, grass, straw and some organic residues. The plant group comprises fruits, 
vegetables and flowers or garden plants and residues from agriculture and horticulture. Grass encompasses 
subgroups like hemp, jute and kenaf  as well as verge grass. Verge grass is a mixture of  different (unidentified) 
grass species. Straw and grass are physiologically similar but here straw refers to the dry stalks of  cereal 
plants after removal of  the grain and chaff. This includes wheat, barley, rice and maize. Husk shells and pits 
are an organic residue included in this group.

The OR-CB includes all organic residue that are not a direct result of  agriculture and horticulture. This 
encompasses waste paper, residues from the food industry, the organic fraction from domestic waste, 
municipal solid waste (MSW) and refuse derived fuel (RDF). Furthermore, OR-CB includes the sludge. 
This covers sludge from sewage water treatment, the paper industry, waste water treatment, and food 
processing. Lastly OR-CB includes treated wood. Treated wood encompasses composted wood, demolition 
wood, preserved wood and particle board.

2.1.2 The Allaska Database
The ALLASKA database was built under the ash program at Värmeforsk (Thermal Engineering Research 
Association) with the intention of  promoting the environmentally responsible utilization of  ashes. The 
database is a collection of  quantitative information on the properties of  residues from combustion 
processes in Swedish power plants. The ALLASKA database contains information on geotechnical data, 
leaching properties, chemical composition, particle size and organic contents of  ash residues coming from 
the combustion of  biomass and waste materials in different types of  boilers. 

In this study, the ALLASKA database analysis was limited to biomass-based fuels. Biomass derived ashes 
were evaluate based on the reactor in which they were generated, i.e. in a pulverised fuel reactor (PF), grate 
stoker furnace (GSF), circulating fluidized bed (CFB) or a bubbling fluidized bed (BFB). 

2.2 Methods of  Analyses
The data from the two different databases was statistically analysed based on their chemical compositions. 
Attention was given to the clinker mineral forming elements (Ca, Si, Al and Fe) and notice was taken of  
those which can have adverse effects on clinker production and cement hydration (alkalis and phosphorous). 
The main objective was to find biomass-derived ashes that 

1. Feature hydraulic properties and can act directly as a cement replacement or 

2. Have the necessary composition to act as a clinker raw material replacement. 

Therefore, the focus of  this specific study was on calcium and silicon rich biomass ashes that could 
potentially contain calcium silicate based hydraulic minerals such as alite (C3S) and belite (C2S) or form 
them when subjected to a secondary thermal treatment. Ashes were sought with CaO concentrations of  
61-69M.-% and SiO2 concentrations of  15-20M.-%. 

3. Results

3.1 Phyllis Database

3.1.1 Clinker Forming Oxides
To determine a relationship between ash composition (express as % of  oxides of  the ash residue) and the 
biomass source, data from the Phyllis database was first grouped into three distinct categories. Subsequently 
the concentrations of  the 4-main clinker mineral forming oxides were examined per category. Figure 1 
depicts the SiO2 fractions for the averaged WWB, HAB and ORCB categorized samples relative to one 
another.
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and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic residues and 
contaminated biomass (OR-CB). Target SiO2 concentration is 15-20 M%.

In view of  a composition that could either contain or produce clinker minerals, the SiO2 fraction of  the 
raw feed should be around 15-20M.-%. Parts of  the interquartile range of  WWB and HAB cover the target 
concentration. WWB shows a range of  0 to 57.2 M.-% with an average of  12.3 M.-%. The median is 8.3 
M.-% and the third quartile group (Q3) covers the desired range. HAB shows a range of  0 to 95.6 M.-% 
with an average of  40.2 M.-%. The median is 41.3 and the second quartile group (Q2) covers the desired 
range. Despite having a median between the other two groups (30.8 M.-%), the interquartile range of  OR-
CB falls above the theoretically favoured range. 

To draw conclusion on the potential applicability of  WWB and HAB ash regarding SiO2 content, the sub-
categories must be examined independently. As can be seen in Figure 2, the sub-category of  husk shell 
& pits covers the desired SiO2 range in its Q2. The median of  husk shell & pits is 20.5 M.-%. The sub-
categories of  WWB are shown in Figure 3. Softwood has a preferable SiO2 concentration to hardwood with 
medians of  15.6 M.-% and 2.4 M.-% respectively. 

Figure 2: SiO2 concentration within the herbaceous and agricultural biomass (HAB) sub-categories: 
grass, reed, husk & pit, barley, corn, wheat straw, rice straw, straw, and agricultural residues from 
the Phyllis database. Target SiO2 concentration is 15-20 M%.
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Figure 3: SiO2 concentration within the wood and woody biomass (WWB) sub-categories: 
bark, hardwood, other, softwood and tropical hardwood from the Phyllis database. Target SiO2 
concentration is 15-20 M%.

With respect to CaO content, theoretical optimal contents of  biomass derived ashes fall in the range of  
61-69M.-%. On average the WWB CaO contents are the highest with a median concentration of  33.3 
M.-% (Figure 4). While the Q3 is below the desired range the fourth quartile group (Q4) included part of  
the range. Both HAB and OR-CB fall significantly below the desired amounts of  CaO but they have a few 
outliers with notable CaO. In the category HAB, one specific sample derived from rape straw contained 
66.0 M.% CaO. The next highest value (50.3 M.% CaO) also originated from rape straw. In the category 
OR-CB, the two highest CaO contents came from paper residue with 60.4 and 57.4 M.-% (Figure 6). 

Figure 4: CaO concentration of  biomass ash samples from the Phyllis database  for the categories 
wood and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic residues 
and contaminated biomass (OR-CB). Target CaO concentration is 61-69 M%.

In Figure 5 both bark and hardwoods feature the highest median CaO content, 39.2 and 36.9 M.-% 
respectively. The Q4 of  hardwood begins to cover the desired range of  CaO. All the other WWB sub-
categories fall below what is necessary. Considering the CaO content of  the hardwoods, no clear trends 
could be identified. While samples of  oak, poplar willow and birch ashes were all found amongst the 25% 
with the highest CaO content, they also amounted to the 25% with the lowest. There is no information as 
to which part of  the trees the samples originated from and as a result, different tree sections could provide 
the explanation for the high distribution. Since tropical hardwood and softwood derived ashes have lower 
CaO contents, they are less suitable for clinker production. 
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While rape straw can potentially provide enough CaO, the remaining biomass sources in the HAB category 
cannot. OR-CB ashes also exhibit a lower average CaO content. But the variability in CaO content of  
OR-CB ashes appeared large, as reflected by a range of  0.2 to 60.4M% and a standard deviation of  13.3. 
Looking deeper at the individual sub-categories, OR-CB derived ashes show trends (Figure 6). Two waste 
paper ashes and two treated wood ashes are outliers and contain substantial CaO. On average, paper sludge 
has the highest CaO contents, but does not have any individual sample that fall into the desired range.

Figure 5: CaO content for individual wood and woody biomass (WWB) derived sub-categories: 
Bark, hardwood, softwood, tropical, other and treated wood from the Phyllis database. Target CaO 
concentration is 61-69 M%.

Figure 6: CaO concentration in OR-BD broken down into sub-categories: RDF & MSW, sewage 
sludge, paper sludge, paper residue from the Phyllis database. Target CaO concentration is 61-69 
M%.

In addition to CaO and SiO2, both Al2O3 and Fe2O3 should be present in the biomass derived ash if  it is to 
be used as a clinker replacement or raw feed for clinker production. Theoretically the ash should therefore 
contain between 3 and 5 M.-% of  each. Concerning the 3 biomass stream categories investigated, most of  
the samples fell in the desired range, however some subcategories were prone to elevated contents of  one 
or both oxides. Paper, RDF & MSW derived ashes, for example, tended to have higher contents of  Al2O3, 
often in the range exceeding 15M.%. Also, sewage sludge ash was generally too high in both Al2O3 and 
Fe2O3. Similar elevated contents of  Al2O3 and Fe2O3 were found in ashes of  treated woods.

3.1.2 Ternary Diagrams
The identification of  the individual oxides is useful; however, the biomass source needs to provide a balance 
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of  multiple oxides to be used as single raw material for clinker production or replacement of  cement. 
Therefor it is useful to view the composition of  the different biomass derived ashes in a ternary diagram 
like the one shown Figure 7. Each point in the plot represents the composition of  a single sample. With 
the main clinker forming oxides normalized to 100% and the samples of  the three biomass categories 
distinguished by colour, trends can be identified and those samples which fall in the desired region can 
be selected. While all three categories are represented within the semi-circle that encompasses the desired 
composition, HAB appears to be the most recurrent. The OR-CB samples appear to be the most disordered 
while both WWB and HAB showing strong tendency to contain more SiO2. Alongside the higher SiO2 

concentration WWB also shows a preference for higher CaO concentrations. Conversely HAB showed 
lower concentrations of  CaO. 

Figure 7: Ternary diagram with the main clinker forming oxides normalized to 100% with the three 
biomass categories (WWB, HAB and OR_CB) distinguished by colour. The semi-circle represents 
the area of  desired composition and HAB appears to be the most recurrent biomass type in this 
range. 

While Figure 7 shows the ternary diagram that includes the oxides necessary for clinker production, in the 
case of  biomass derived ash it is more informative to expand the oxides depicted because the alkali oxides 
can be critical to clinker mineral formation. Therefore, for better visualization of  the oxide proportions 
present, the ash compositions are plotted in a ternary diagram composed of  the three glass science 
categories in Figure 8. Most of  the samples do not fall into the desired range apart from a few. Only two 
HAB samples are found in this section since most of  them were richer in SiO2+Fe2O3+Al2O3 and had low 
levels of  CaO+MgO. A few more OR-CB samples were detected in these composition ranges, however, 
in general they also tended to be richer in SiO2+Fe2O3+Al2O3. WWB has the most biomass samples falling 
in the desired range. Woody biomass tends to be richer in CaO and since larger quantities of  CaO are 
necessary for clinker this appears a more promising biomass source.
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Figure 8: Ternary diagram with the most abundant oxides grouped based on function in clinkering 
and normalized to 100% for the three biomass categories (WWB, HAB and OR_CB) as distinguished 
by colour. The semi-circle represents the area of  desired composition and WWB appears to be the 
most recurrent biomass type in this range.

3.1.3 Physical Properties (Ash content)
In addition to the chemical composition of  the ash, another important characteristic dependent on the 
biomass source is the ash content. To make use of  the biomass ash after biomass combustion there must be 
a significant amount of  material available. The Phyllis 2 database provides the ash content from most of  the 
material entries. As depicted in Figure 9, the mean ash content of  samples grouped in the WWB, HAB and 
OR-CB categories are 2.2% 5.2% and 7.1 M.-% respectively. Although OR-CB showed the highest average 
ash content it also showed the largest standard deviation.

Figure 9: Ash content as a mass percentage of  the total biomass mass for the categories wood 
and woody biomass (WWB), herbaceous and agricultural biomass (HAB) and organic residues and 
contaminated biomass (OR-CB). OR-CB results in the most ash and WWB the least.

3.2 Effect of  Conversion Technology on Ash Composition (ALLASKA Database)
In addition to the biomass source, the conversion technology also affects the composition of  the resulting 
ash. Conversion technology can be grouped together by reactor types, however there can still be differences 
based on operational parameters (i.e. changes in firing temperature). For any given reactor type, the general 
process is consistent. In this section, the average composition of  biomass derived ashes which have been 
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produced in a pulverised fuel reactor (PF), grate stoker furnace (GSF), circulating fluidized bed (CFB) and 
bubbling fluidized bed (BFB) will be evaluated. The biomass selection was limited to wood and woody 
biomass since (as seen in the previous section) this category showed the smallest most accurate range in the 
contents of  the major oxides with the median CaO content being 33.3 M.-% and the median SiO2 content 
being 8.3 M.-%. 

Figure 10: SiO2 content in woody biomass ash after thermal conversion in 4 different boilers; 
pulverised fuel reactor (PF), grate stoker furnace (GSF), circulating f luidized bed (CFB) and 
bubbling f luidized bed (BFB). Target SiO2 concentration is 15-20 M.-%.

Statistical representations of  the SiO2 and CaO contents for ashes produced in a PF, GSF, CFB and BFB 
can be seen in Figure 10 and Figure 11 respectively. After conversion in a pulverised fuel boiler, significantly 
lower quantities of  SiO2 are present relative to the other boilers. Half  of  the samples had contents between 
10.2 and 14.5 M.

-%. 

Figure 11: CaO content in woody biomass ash after thermal conversion in 4 different boilers; 
pulverised fuel reactor (PF), grate stoker furnace (GSF), circulating f luidized bed (CFB) and 
bubbling f luidized bed (BFB). Target CaO concentration is 61-69 M.-%.

While lower, this is not far below the 15-20 M% range which is theoretically required in raw feed to produce 
OPC. The CaO content in the ash produced in a PF is on par with the other technologies, in fact the 
second highest amount. It is interesting to note that the PF ash had a significantly smaller content range 
for both CaO and SiO2, suggesting more consistency in the composition of  the resulting ash. Conversely, 
GSF derived ashes showed a very wide range for both SiO2 and CaO contents. While the average SiO2 

content falls directly in the theoretically required range, the distribution appeared too large and the average 
CaO content falls far below what is theoretically required. Based on these characteristics GSF technology 
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appears less suitable for producing ash useful as raw material for production of  OPC. The CFB and BFB 
derived ashes had remarkably similar SiO2 and CaO contents with the average SiO2 concentration for BFB 
falling slightly above that of  CFC and the average CaO content for BFB falling slightly below that of  
CFB. However, the whole distribution was remarkably similar, as was the range and standard deviation. 
The relatively small differences observed are likely due to the similarities in the combustion technologies 
between these two methods. In terms of  SiO2 and CaO content, these data suggest that both BFB and CFB 
techniques result in an ash with high SiO2 and low CaO relative to the desired ranges. In terms of  producing 
an ash for clinker raw material replacement or cement replacement, PF is most suitable. Concerning the 
oxides of  elements that are present in smaller quantities, less distinct trends can be observed based on the 
combustion system involved. In Figure 12, the average concentration of  oxides (Al, Fe, Mg and K) in the 
range of  2-10 M.-% can be seen and in Figure 13, the minor oxides, i.e. those accounting for less than 2 
M.-% on average (Na, Mo, P and Ti) can be seen for each of  the 4 conversion systems. Concerning the 
minor oxides, there are very few differences and it can be concluded that the conversion system has little 
to no effect on the presence of  minor oxides in the resulting ash. Some variation in the oxides present in 
slightly larger quantities can be observed. The ash resulting from both BFB and CFB had higher average 
contents of  Al2O3 in comparison to GSF and PF. GSF and PF resulted in ashes that contained higher 
amounts of  K2O than either BFB or CFB (5.7 and 10.5 vs 4.1 and 3.4 M.-%).

Figure 12: Distribution of  oxides in woody biomass ash after thermal conversion in 4 different 
boilers (BFB and CFB had higher average contents of  Al2O3). 

Figure 13: Distribution of  minor oxides (i .e. < 2 M.-%) in woody biomass ash after thermal 
conversion in 4 different boilers (the conversion system has little to no effect on the presence of  
these minor oxides). 
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4. Biomass Waste Available in The Netherlands

Using biomass waste streams for energy production can provide an environmentally friendly and 
economically attractive alternative. Energy crops are not a viable option for biomass energy sources since 
they take land away from agricultural purposes (leading to less sustainable farming practices) and introduce 
monocultures [27]. However, biomass can still be an environmentally attractive energy source, particularly if  
it stems from waste streams or by-products. Many human activities lead to the production of  supplemental 
biomass. Most supplementary biomass is produced in forestry and agricultural practices as well as in the 
maintenance of  nature areas and public parks [27], [28]. Other supplementary biomass streams include 
organic domestic waste, sludges and industry wastes. Specifically, in The Netherlands, wood thinnings, 
straw, verge grass, crop residues and greenhouse waste represent primary types of  biomass waste [28], [29]. 
Since these are the waste streams that above were shown to provide CaO and SiO2, their volumes should 
be further explored and compared to that of  cement consumption in the Netherlands. 

To understand how much cement could be replaced with a biomass derived alternative, the current amount 
of  biomass available for combustion and the amount of  thereby derived ash must be quantified. Most 
supplementary biomass is produced in agricultural and forestry practices as well as in the maintenance of  
nature areas and public parks [27]. Additionally, in The Netherlands industrial practices produce relevant 
amounts of  biomass waste. To simplify the calculation of  available biomass, sources have been broken 
down into three different categories; maintenance, agriculture and industry. 

4.1 Maintenance waste 
Maintenance biomass is the waste produced in the maintenance of  different types of  land areas and is 
typically verge grass or woody biomass. Table 1 gives a breakdown on the different land uses in The 
Netherlands, their area and the amount of  biomass they produce annually [28], [30]. 

Table 1: Maintenance biomass produced in The Netherlands based on surface area and dry matter 
yield.

Surface Area Biomass dry matter yield Available biomass dry matter

[10^3 ha] [tonnes DM/ha/year] ktonnes/year

Transportation 116 3 348

Built up area 356 1 356

Semi built area 51 2 102

Recreation 103 3 309

Forest and nature 490 3.5 1715

Inland waterway 368 1 368
Total 1484 3198

Table 2: Calculation of  maintenance biomass ash quantity.
Available biomass dry matter Ash fraction Available ash 

[ktonnes/year] [%] [ktonnes]
Transportation 348 13.9 48.4
Built up area 356 13.9 49.5

Semi built area 102 13.9 14.2
Recreation 309 13.9 43.0

Forest and nature 1715 8.2 140.6 
Inland waterway 368 13.9 51.2

Total 3198 346.9
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Assuming that verge grass has an average ash content of  13.9% and woody biomass from park maintance 
has an average ash content of  8.2% [31] the derived ash can be calculated (see Table 2). The total amount 
of  maintenance biomass derived ash which could theoretically replace cement is over 295 ktonnes. 

4.2 Agricultural waste
The amount of  biomass waste stemming from agricultural practices can be similarly calculated (Table 3). In 
2012 there was 2251000 ha of  farm land from which about 12 tonnes of  dry matter can be extracted per ha 
per year. This results in 27012 ktonnes of  biomass. However not all this biomass is waste; using an average 
harvest index for the main crops cultivated in The Netherlands (0.45) the amount of  biomass waste can be 
calculated to be 14857 ktonnes. Based on an average ash fraction of  9.35 this results in 1389 ktonnes of  ash 
after combustion (see Table 4) [31].

Table 3: Calculation of  biomass waste based on agricultural land surface area, dry matter (DM) yield 
and harvest index.

Surface Area Biomass DM yield Available biomass DM Harvest index available waste

[10^3 ha] [tonnes DM/ha/year] [ktonnes/year] [ktonnes]

2251 12 27012 0.45 14857

Table 4: Calculation of  agricultural waste biomass derived ash. 

Available biomass waste Ash fraction Available biomass ash 

[ktonnes] [ktonnes]

14856.6 9.35 1389

4.3 Industrial waste 
Industrial wastes can also provide streams of  biomass waste and this work has particularly identified paper 
waste as a potential cement raw material replacement. Paper waste is typically recycled and reused in the 
production of  new paper. This process can only be repeated so many times before the fibres degrade too 
much and the quality of  the paper is too low. At this point the paper is still suitable for combustion and 
since the original material was biomass, it is still considered biomass combustion. It was reported that in 
2012 of  the total recyclable waste produced in The Netherlands 24.3% was paper waste which is about 4.0 
Mtonnes [30]. Assuming an average ash content of  8.6% roughly 344 ktonnes of  ash result [31].

Table 5: Total amount of  biomass derived ash from the three identified categories which is available 
for cement replacement based on the 2012 estimates [tonnes].

Biomass derived ash 

Maintenance 347 000

Agricultural 1 389 000

Industrial 344 000
Total 2 080 000 

5. Discussion

5.1 Phyllis Database
Based on the analysis of  the biomass sources and the ash composition of  samples within the Phyllis 2 
database, it can be concluded that particular biomass waste streams appear more suitable than others as 
either a cement replacement or as an alternative raw feed for clinker production. While some streams 
showed abundant concentrations of  either SiO2 or CaO, a few sources had the potential to provide all the 
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necessary elements in roughly the theoretically appropriate quantities (i.e. 61-69 M.-% of  CaO and 15-20 
M.-% of  SiO2).

It was apparent that within the WWB category both bark and hardwood had the potential to provide the 
most relevant contents of  CaO. While some samples within these two subgroups fell below the required 
amounts, the majority provided ample CaO required for the formation of  hydraulic clinker minerals. In 
addition, from the OR-CB category, paper sludge was found to contain CaO in amounts that are on the 
lower limit of  what is required and therefore show potential as source of  CaO for formation of  hydraulic 
clinker minerals. Regarding HAB, Rape straw from the sub-category straw has potential to provide sufficient 
CaO.

Potential sources of  SiO2 were more abundant, however, the content of  most sources exceeded the 
theoretically required SiO2 threshold (20 M.-%). From the WWB category, softwood showed potential as 
did husk shell & pits from the HAB category. From the category OR-CB, waste paper, treated wood and, 
to some extent, paper sludge provided potentially sufficient SiO2 without being in excess (22.5 to 39.7 M.-
%). RDF + Plastic derived ashes appeared also as an optional SiO2 source, but these are considered less 
desirable because they are not biomass based and the combustion of  plastic (even as a waste treatment 
solution) should be avoided. 

Generalizations are difficult to make for the SiO2 and CaO composition of  sewage sludge ash because there 
appeared to be high variability [32]. Considered to be a semi-biomass, the element composition can be more 
variable than natural biomass due to processing and the origin of  materials [1]. In a survey of  42 different 
studies Cry et. al found that the mean content was 36.1 M.-% for SiO2, 14.8 M.-% for CaO, 14.2 M.-% for 
Al2O3, 9.2 M.-% for Fe2O3, 11.6 M.-% for P2O5 and 2.8M.-% for SO3. Therefore, due to the high variability 
of  its composition and high concentration of  P2O5, sewage sludge ash appears not to be a favourable 
source for clinker replacement or as an alternative raw feed for clinker production.

Regarding the elevated concentrations of  Al2O3 and/or Fe2O3 detected in the subcategories paper, RDF & 
MSW, sewage sludge and treated wood ash, all these biomass streams had undergone additional processing 
prior to combustion and this could have been most likely the source of  Al2O3 and Fe2O3. Rarely does a pure 
biomass stream show an excess of  either of  these two oxides, indicating that their presence stems more 
from the processing and human intervention than the actual biomass. 

OR-CB, and in particular paper residue, appears to be the best biomass derived ash source for potential 
cement replacement since it provides both Ca and Si while also having the highest ash content. Wood ash 
also has potential given that some samples were on the higher side of  CaO content while still containing 
SiO2. Furthermore, WWB showed the lowest deviations in element contents, reflecting more consistency in 
the composition of  the waste stream.

In addition to the chemical composition of  the ash, another important characteristic dependent on the 
biomass source is the ash content. The ash content is a critical parameter since it dictates the volume of  
material derived from the different types of  biomass. WWB had the lowest ash content (2.2 M.-%) while 
OR-CB had the highest (7.1 M.-%) and the largest range. The OR-CB group includes all organic residue 
that is not a direct residue from agriculture and horticulture (waste paper, residues from the food industry, 
domestic waste municipal solid waste and refuse derived fuel). The higher ash content and broader range 
are most likely the result of  the diversity of  the category. Furthermore, OR-CB includes treated organic 
residues like sewage water sludge, paper industry sludge, food industry sludge, composted wood, demolition 
wood, preserved wood and particle board. The processes of  these materials prior to combustion introduces 
external compounds which adds to the ash fraction. When these external compounds are inorganic they 
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can have a significant impact on the ash fraction, which is not always ideal.

5.2 ALLASKA Database
Based on the analysis of  the conversion technology and ash composition extracted from the data within the 
ALLASKA database, it can be concluded that some conversion technologies are more beneficial than others 
as the resulting ash can potentially act as either a cement replacement or as raw feed in the production of  
clinker. It was observed that both CFB and BFB produce ashes that, on average, have higher contents of  
the desired oxides CaO and SiO2. Also, these two types of  conversion systems showed higher consistency 
in ash composition as variability in range was small. These two types of  fluidized beds also provided ash 
with more desirable values with respect to minor element oxides. The samples produced in these reactors 
had more Al2O3 and less K2O on average.

In terms of  the data extracted from the ALLASKA database, both a BFB and CFB are best for converting 
woody biomass into energy while producing an ash with the potentially right elemental make up for clinker. 
GSF has less value for producing an ash that can be suitable for OPC production as can be concluded 
based on the large variability of  SiO2 and CaO concentrations and the undesirable CaO contents of  the 
produced ash. PF showed more consistency in ash composition and acceptable concentrations of  SiO2 and 
CaO. However, the excessive amounts of  K2O reported in the PF produced ash make it inapplicable as a 
clinker raw material substitute. It can be concluded that way of  processing of  the biomass and the thermal 
conversion parameters involved can be influential with respect to the final composition of  the derived ash. 
In the case of  pelletized fuel, increases in the Ca content were detected in the fly ash. Additionally, the 
bed material in fluidized beds can greatly affect the composition of  the bottom ash. These parameters can 
therefore be used to alter the content of  elemental oxides to benefit most of  what is present in the biomass.

5.3 Possible cement replacement
From the three identified biomass categories, combustion of  the ash would result in more than 2.0 Mtonnes 
of  biomass ash for cement application. In 2013, no clinker was produced in The Netherlands per Eurostat, 
however, ENCI Maastricht has reported the production of  less than 600 tonnes of  clinker [33], [34]. The 
Netherlands has a limited supply of  raw materials for clinker production, namely limestone, consequently all 
cement manufactured in the country is produced by blending imported clinker with domestically produced 
waste streams such as slag. Per the United Nations Department of  Economic and Social Affairs Statistics 
Division, The Netherlands imported a net 0.63 Mtonnes of  cement clinker in 2013 (0.63 Mtonnes imported 
and 0.002 Mtonnes exported) [35]. All the imported cement clinker could potentially be replaced by 
domestically produced biomass derived ash. Additionally, The Netherlands imported a net 2.7 Mtonnes of  
Portland cement and hydraulic binders, for a total of  3.3 Mtonnes Portland cement, hydraulic binders and 
cement clinker. This statistic fits with the reported usage of  4.2 Mtonnes of  hydraulic binders consumed in 
The Netherlands in 2013 [36] given that the imported clinker was blended with industrial wastes to produce 
cements like CEM II-S and CEM III. If  100% of  these biomass waste streams were combusted and applied 
as a cement replacement (negating the difference in chemical composition), theoretically 100% of  clinker 
imports could be avoided. The amount of  hydraulic binder imports could also be reduced by 52% (or 
more given the potential to blend with industrial wastes). This oversimplification serves as an indication of  
potential impact, however more investigations into the functional properties of  biomass derived cements is 
necessary for specific values to be calculated. While these estimates do make many assumptions, they also 
negate the growing stake of  biomass in energy production and the vested interest in a circular economy. 
Given the current potential and the environmentally minded changes being made in society [37] the use of  
biomass derived ash as a cement replacement holds potential and deserves further research.
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6. Conclusions

6.1 Conclusions on composition
A potentially ideal ash for cement replacement or clinker production can be achieved based on the ashes of  
particular biomass streams. SiO2 can be obtained from WWB (wood and woody biomass), HBA (herbaceous 
and agricultural biomass) or OR-CB (organic residues and contaminated biomass). Higher concentrations 
of  CaO are necessary for cement replacement or clinker raw material replacement but they are more 
difficult to find in biomass. Most notable CaO can be obtained from bark and hardwood in the WWB 
category, rape straw in the HAB category or paper residue in the OR-CB category. Ashes derived from the 
OR-CB category paper sludge showed the potential to provide both CaO and SiO2 however the extent of  
their reactivity remains to be investigated. 

Based on this investigation, the oxides present in the different biomass streams indicate that replacement of  
clinker raw materials has more potential than direct cement replacement. While there are plenty of  biomass 
sources with an abundance of  SiO2 which could function pozzolanicly, to reach higher cement replacement 
rates hydraulic minerals are necessary. Individual biomass streams have CaO and SiO2 present in quantities 
more likely to produce belite than alite. Furthermore, given the conversion temperatures below 1000 °C it 
is unlikely that alite would be formed during energy production. To be an equivalent cement replacement, 
both alite and belite are necessary. However, blending different biomass ash streams and subjecting them 
to a secondary thermal treatment could produce but alite and belite. Therefore, the use of  biomass derived 
ashes as a clinker raw feed replacement is a progression worth more investigation. 

6.2 Conclusions on conversion system
Circulating fluidized beds (CFB) and bubbling fluidized beds (BFB) produce ashes that on average have 
higher contents of  the desired oxides CaO and SiO2 with a smaller deviation range and are also more 
desirable concerning minor elemental oxides since they had more Al2O3 and less K2O (compared to 
pulverized fuel reactors and grate stoker furnaces).

6.3 Conclusions on potential replacement in The Netherlands 
This study estimates that more than 2.0 Mtonnes of  biomass ash are produced annually in The Netherlands. 
In 2013, The Netherlands imported a total of  3.3 Mtonnes Portland cement, hydraulic binders and cement 
clinker. That same year roughly 4.2 Mtonnes of  hydraulic binders consumed. If  100% of  these biomass 
waste streams were combusted and applied as a cement replacement theoretically 100% of  clinker imports 
could be avoided. The amount of  hydraulic binder imports could also be cut in half. 
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Abstract 

 Recycled Aggregates (RA) are a very complex mineral construction material, containing mainly cementitious 
materials, natural aggregates and to a lesser extent, fired clay brick and bituminous materials. Due to this 
specificity, RA has a potential residual reactivity that we propose to study in this research paper. By scale 
reducing of  a previous research program on the in-situ experimental platform, mixed fine RA and water 
were compacted according to the European Standard NF EN 13286-53 to form cylindrical specimens of  5 
cm in diameter and 5 cm in height. They were placed under four enclosures with controlled relative humidity, 
including an accelerated carbonation condition (RH 53±5%, RH 95±5%, RH 65±5% and RH 65±5% with 
3% CO2). Their physical, chemical and mechanical properties have been subsequently measured over time 
for one year. The results show that under natural conditions, the carbonation coefficient is lower for larger 
values of  RH. The dynamic modulus and the compressive strength of  all samples significantly increased 
during the first month. In view of  our experimental results, we assume that this increase of  inter-granular 
cohesion is due to drying and by cementing, induced by residual carbonation of  RA particles containing 
cementitious materials. The effect of  accelerated carbonation does not seem to improve the mechanical 
characteristics by comparison with the other conditions (i.e. natural carbonation), even if  we still observe 
a significant mass gain.

Keywords: Recycled Aggregates, residual hydraulic reactivity, carbonation, road construction.

1. Introduction

Construction and Demolition Waste (CDW) is a major waste source in the world, with approximately 3 
billion tons generated per year [1, 2]. EUROSTAT has recently published data showing that EU member 
states generate 850 million tons of  CDW each year. In France, the construction industry produces about 230 
million tons of  the CDW every year, while at the same time, consuming almost 400 million tons of  natural 
aggregates (NA) [3]. To address this issue, the Waste Framework Directive (WFD) has encouraged EU 
member states to recycle at least 70% of  non-hazardous and inert CDW by 2020. To reduce the storage of  
CDW and the consumption of  natural aggregate resources, the construction industry and public or private 
laboratories have been collaborating on multiple French national projects (e.g. Recybéton, FASTCARB) 
optimise the use of  recycled aggregates, giving them a high added value.

Recycled aggregates (RA) have been used in road engineering in many French regions since the 2000s 
and technical and environmental guides have emerged to frame their uses. However, we note that these 
materials are still characterised as natural aggregates (NA), without taking into account their specificities 
and their potentialities. The results of  a previous research project, titled RECYMENT (2014–2016) and 
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conducted in our lab, LaSIE, showed that RA, derived from a conventional demolition waste recycling 
platform, were certainly very complex but also reactive and efficient in the long term, indeed, even better 
than NA [4]. The current issue is that the public owners are still reluctant to use RA in the construction 
of  roads. However, older researches [5] have demonstrated that fears about potential chemical or physical 
incompatibility between RA and NA have no real basis. In 2011, Hornych made an inventory of  recycling 
practices in several European countries [6]. Among the countries studied, the case of  Sweden is particularly 
interesting because RA was being used there for pavement structures, depending on the strength of  the 
concrete with which the original materials were manufactured. A module of  450 MPa was assigned to them 
for sizing. In the Netherlands, studies on test sites have been carried out indicating that the modulus is 
between 600 and 800 MPa in the short term (depending on the proportion of  concrete in the RA) but can 
reach more than 1000 MPa in the long term. Arm [7] investigated the long-term behaviour of  compacted 
RA using triaxial tests (containing at least 95% of  concrete). The author found an increase over time of  
the stiffness modulus, whereas, in the case of  natural aggregates, the modulus remained constant. More 
recently, other authors have observed these same trends. Vegas et al. [8] have performed CBR tests and have 
shown a gain in the medium-term puncture resistance, which they attributed to the residual hydraulicity of  
cementitious materials contained in RA. However, there has been little deep discussion about the reasons 
for the gain in resistance of  compacted RA, which is used in pavement structures. 

Some researchers [9, 10] have demonstrated that the unhydrated residual materials in RA can rehydrate. 
Shui et al. [11] proposed the preheating of  the fine recycled concrete aggregates to facilitate the rehydration 
reactivity. The result revealed that the C-S-H gel, ettringite, and calcium hydroxide reappeared in the initial 
crystalline hydrated products of  fine recycled concrete aggregates but with the changed microstructure of  
the rehydration products, which was looser than that of  the ordinary cement paste. Poon et al. [12] studied 
the self-cementing properties of  the sub-based materials prepared with recycled concrete aggregates and 
reported that the fine recycled concrete aggregates could be affected by the age, grade, and amount of  
cementitious materials used in the original concrete, determining the self-cementing properties. So far, 
research characterising the residual reactivity of  RA in the concrete, no many studies exist which the residual 
reactivity of  RA in the construction of  roads.

All studies show that the recycled aggregates can substitute for natural aggregates in road construction; 
however, discussing the causes of  compacted RA reactivity is necessary. To address this gap in the research, 
this study investigates the role of  the constituents contained in RA, which originated from the recycling 
platform. We mixed fine RA and water with the packing density of  specimens C=0.68 to made Compacted 
Recycled Sand (CRS) of  5 cm in diameter and 5 cm in height. To characterise the physical and mechanical 
properties and the capacity for uptake of  CO2 of  CRS, we determined the mass loss, dynamic modulus, 
compressive strength, and carbonation depths as a function of  time, respectively. Taking into account the 
impact of  the real environment (dry and wet), the CRS were placed under four enclosures with controlled 
relative humidity, including an accelerated carbonation condition.

2. Materials and specimens

2.1 Origin of  RA
The RA with 0/6 mm particle size fraction (RA 0/6) used in this study was provided by a recycling platform 
located in La Rochelle (France). On-site, the CDW was subjected to primary crushing and screening before 
testing in the laboratory. At first, the hand sorting on particles of  4/6 mm size fraction was realised in 
accordance with the European Standard NF EN 933-11 [13] in view to characterise and quantify the 
constituents of  the RA. The nature and the mass proportions of  each constituent are presented in Table 1. 
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Table 1: Constituent of  4/6 RA with NF EN 933-11[13].

Description of  constituents Mass proportion

%wt.

Rc (concrete, concrete products, mortar, concrete masonry units) 82.9
Ru (unbound aggregate, natural stone, hydraulically bound aggregate) 16.3

Ra (bituminous materials) -
Rb (clay masonry units, calcium silicate masonry units, aerated non-floating concrete) 0.1

Rg (glass) 0.6
X (other: cohesive, metals, non-floating wood, plastic, gypsum plaster,..) 0.1

The Rc and Ru constituents are the major materials contained in the 4/6 mm fraction of  the tested RA, 
accounting for 99.2%. This preliminary result is satisfactory and in accordance with the European Standard 
and the French application guides in road technology [13, 14]. This distribution is tributary of  the high 
technicality used on recycling platform and, of  course, the incoming materials.

2.2 Mixing and compaction
The water content (w=10%) and the packing density of  specimens (C=0.68) were fixed to obtain an initial 
compressive strength of  1 MPa, which corresponds to the aimed compressive strength for authorising 
the road traffic in the construction phase in accordance with the French standard NF P 94-102-1 [15]. 
Considering that the confection of  one specimen lasts about 10 minutes, about 3% of  the water incorporated 
in the blend was absorbed by the cementitious materials. This value was determined from the curve of  
water absorption as a function of  time, which is not presented in this paper. Therefore, the corrected 
intergranular water content is equal to 7% (Figure 1) that is close to the maximal relative humidity measured 
by isothermal absorption and sorption test (also not presented in this paper). Dried RA 0/6 and water were 
mixed with a mechanical blender to made cylindrical specimens of  compacted sand (CRS) with 50 mm in 
diameter and 50 mm in height in accordance with the European Standard NF EN 13286-53 [16]. Each 
specimen was demoulded immediately after casting (Figure 2).

Figure 1: A schematic of  the composition of  specimens, Vt = 98.2 cm3;  Vv = 31.4 cm3;  V s = 66.8 
cm3.
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 Figure 2: Specimens CRS deposed in controlled RH condition enclosure .

2.3 Curing conditions
The specimens were stored at 20±2°C in four enclosures with different relative humidities (Figure 3). The 
enclosures contained wet air, at 53±5%, 65±5% and 95±5% RH, respectively. These enclosures were used to 
simulate three significantly different environments in accordance with the water vapour sorption isotherm. 
The RHs were controlled by saturated salt solutions (Magnesium nitrate for RH 53.5%, Ammonium nitrate 
for RH 65%, and demineralised water for RH 95%). Table 2 shows the specimens treated using natural 
and accelerated carbonation. Under the natural condition, the CO2 concentration in the enclosures was the 
ambient concentration (0.05%), and under the accelerated carbonation condition, the enclosure was filled 
with a mix of  air and CO2 with a concentration of  3% at 65±5% RH (Figure 3 (c)). The CO2 concentration 
was increased from 0.05% to 3% then stabilised, after the masses of  specimens were stabilised in the 
enclosure RH 65%. In this enclosure, there is ventilation to homogenize the CO2 concentration in the 
whole volume. 

Figure 3: (a) Enclosure at RH=65% and CO2=3% (b) Enclosures at RH 53.5% and 65% CO2≈0.05% 
(c) Experimental setup of  CO2=3% curing at RH=65%.
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Table 2: Curing conditions of  specimens.

Curing conditions Specimen RH After casting After hydric stabilisation

%

Natural carbonation

(CO2≈0.05%)

RH 53% Nat. 53.5 Enclosure 

(T= 20±2 °C, CO2≈0.05%)

Enclosure 

(T= 20±2 °C, CO2≈0.05%)
RH 65% Nat. 65
RH 95% Nat. 95

Accelerated carbonation

(CO2 =3%)
RH 65% Acc. 65

Enclosure 

(T= 20±2 °C, CO2≈0.05%)

Enclosure 

 (T= 20±2 °C, CO2=3% add ventilation)

3. Methods

3.1 Thermogravimetric analysis (TGA) 
TGA was performed with a Setaram Setsys Evolution 16/18 apparatus on three RA samples, namely: Ru 
and Rc from 4/6 RA (RA 4/6_Ru and RA 4/6_Rc) and RA 0/6. Around 150-190 mg of  sampled materials 
were heated from 20 °C to 1000 °C at a 10 °C/min heating rate, under neutral argon atmosphere.

3.2 Mass variations of  specimens 
As explained before, the water content used to prepare the CRS is close to the water content at saturation. 
Due to this reason, the specimens should dry over time in all exposures conditions. The specimens were 
periodically weighed to follow the hydric variation until their mass stabilisation (error <0,1%). The mass 
loss was calculated using the following equation:

                                                      (1)

where app is the apparent volume of  the specimen (98.2 cm3), Mi is the initial mass of  the specimen, and 
Mt is the mass of  the specimen at time t.

3.3 Mechanical properties
Mechanical properties had been studied using two methods. The first one was destructive and consisted 
in axial compressive tests, and the second one was a non-destructive method using ultrasonic waves 
propagation. As for the mass loss, the mechanical properties were measured periodically at the beginning 
to 270 days. Three specimens per date were tested for each curing conditions.

The compressive strength of  the specimen was determined by a Zwick/Roell Z100 brand 10 kN press with 
a constant loading speed of  20 N/s according to the European standard NF EN 13286-41 [17]. 

The ultrasonic waves propagation characterises the specimen structures and can be used to determine the 
dynamic Young’s modulus by measuring wave velocities. Figure 4 (a) shows a schematic diagram of  the 
experimental setup. A Proceq Pundit apparatus with a pair of  piezoelectric transducers pulser-receiver (a 
frequency of  500 kHz) transmitted longitudinal and transverse ultrasonic waves into a specimen. To assume 
a good transmission of  the waves under specimen, a coupling gel was put at the interfaces. At each age, 
the weight of  specimens was measured to calculate the wet bulk density (ρ). On a signal curve presented 
in Figure 4 (b), the first echo was a weak longitudinal wave, which arrives at short time TL, while the first 
strongest shear wave echo appears in the signal at long time TT. According to TL and TT, it is possible to 
calculate the longitudinal wave velocity VL and shear wave velocity VT. The dynamic Young’s modulus was 
determined by the equations in Figure 4 (c). 
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Figure 4: (a) A schematic diagram of  the experimental setup for the shear wave measurements, (b) 
an example of  a signal curve, (c) the equations for calculating dynamic Young’s modulus.

3.4 Carbonation depths
After splitting of  a specimen, carbonation depths were measured after spraying a phenolphthalein alcoholic 
solution on the cross sections. This indicator presents an uncolored area where the pH is less than 9, that 
is a carbonated area.
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Figure 5: The step of  analysing the carbonated area. 

As shown in Figure 5, pictures of  the specimen were taken with a camera Fujifilm X-T20 then binarized 
by an image processing IMAGEJ. The values of  uncarbonated area (S) were converted from the pixel into 
square millimetre (about 1 pixel equals 245-275 mm2). This area looked roughly like a square. The length of  
the uncarbonated area (Ls) can be calculated by:

                                                                                                                             (2)

finally, the carbonation depth Lc in mm can be determined by the following equation:

                                                                                                                                                       (3)    

(c)

(b)

(a)
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where Lsp is the length of  the specimen.

4. Results and discussion

4.1 Preliminary characterisation of  RA
The particle density and water absorption were determined according to the European Standard NF EN 
1097-6 [18] and summarised in Table 3.

Table 3: Physical properties of  RA.

Materials Size Particle density Water absorption

mm g/cm3 %wt.

RA 0-6 2.52 4.27

The particle density of  RA is between the densities of  concrete and natural aggregates (2.4 - 2.9 g/cm3) and 
could be considered as a current aggregate for concrete (between 2 and 3 g/cm3) but, the water absorption 
is high with 4.27%wt. unlike natural aggregates (below 3%wt.) currently used for construction. The high 
water absorption is likely due to the cementitious matrix contained in Rc particles. It is for this major reason 
that it is difficult to incorporate recycled sand as a fine aggregate for concrete. For greater perspective, the 
particle density and water absorption were compared to results from the literature (Figure 6). 

Figure 6: Relationship between density and water absorption [19].

Juan and Gutiérrez had highlighted a linear relationship between these two physical properties [19]: the 
lower the particle density, the higher is the water absorption. As shown in Figure 6, our results are in good 
accordance with this linear relationship. Moreover, the water absorption of  RA could indirectly give the 
amount of  cementitious matrix present.

Mineralogical analysis of  RA is not obvious given the large diversity of  mineral phases from the constituents 
and requires many analyses to be exhaustive. However, two tracers could be easily qualified and quantified 
by thermogravimetric analysis (TGA) to determine the amount of  cementitious matrix and evaluate 
its carbonation. Portlandite Ca(OH)2, which is one of  a major phase of  hydrated cement, and calcium 
carbonate CaCO3, can be distinguished from natural aggregates and carbonation as a function of  their 
decomposition temperature. To get more accurate results, data were analyzed from the TGA curves and 
the differential thermogravimetric curves (DTG) that are presented in Figure 7. 
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Figure 7: TGA curves (a) and DTG curves (b) of  the RA 0/6, RA 4/6_Ru, RA 4/6_Rc.

The TGA curves (Figure 7 (a)) highlight the temperature ranges corresponding to the decarbonation of  
carbonated cementitious materials and of  natural aggregates. Moreover, on the DTG curves (Figure 7 (b)) 
four peaks can be clearly distinguished and explained as follows in accordance with the decomposition 
temperature ranges:

1. From ambient temperature to around 100°C: even if  the sample has been dried in an oven at 105°C 
before TGA, an amount of  free water remains in each material. The weight loss is more important for 
RA 0/6 and RA4/6_Rc, which means that the hydrated cement paste begins to decompose;

2. From 100°C to 400°C: Except for the RA 4/6_Ru, the weight loss is attributed to the dehydration of  
the cement hydrates (especially C-S-H and Ettringite) [20], that is more important for RA0/6_Rc due 
to the nature of  this material.

3. From 400°C to 500°C: the weight loss observed in this temperature range is currently attributed to the 
deshydroxylation of  the Portlandite [21]. As the previous temperature range, the weight loss is more 
important for RA 4/6_Rc. Note that this material is not totally carbonated and could store more CO2 
to form carbonate in specific conditions (i.e. 2.3 Curing conditions).

4. From 500°C to 600°C: the peak in this temperature range corresponds to the allotropic transformation 
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of  quartz α into quartz β [22]. This allotropic transformation is significant for all three materials and 
comes from siliceous natural aggregates.

5. From 600 to 975°C: this weight loss corresponds to the decarbonation of  calcium carbonate CaCO3. 
There is a clear difference between RA 0/6 and RA 4/6_Rc by comparison with the RA 4/6_Ru. 
According to Sauman, calcium carbonates, formed by carbonation of  cement hydrates, can be poorly 
crystallised and have unstable forms. They decompose between 500 and 800 °C [23], i.e. in a lower 
temperature range than natural limestone mineral phase. 

Table 4 presents the mass proportions of  the Portlandite and the calcium carbonates determined by TGA 
(Figure 7). 

Table 4: Mass proportions of  Ca(OH)2 and CaCO3 in RA 4/6_Ru ,  RA 4/6_Rc ,  and RA 0/6.

RA 4/6_Ru RA 4/6_Rc RA 0/6

Ca(OH)2 (%wt.) 0.98 1.64 1.54

CaCO3 (%wt.) 41.3±0.8 21.1±0.6 26.0±0.6

The mass proportion of  CaCO3 in RA 4/6_Ru is more than twice higher than the global material RA 
0/6 and the RA 4/6_Rc. Limestone constitutes a large part of  natural materials Ru. Conversely, the mass 
proportion of  Portlandite in RA 4/6_Ru is negligible but not more significant for the RA 0/6 and RA 
4/6_Rc. 

The mass proportion of  CaCO3 comes from both the natural limestone aggregates and the carbonates 
formed by carbonation during the service life of  the concrete and/or just after crushing on the recycling 
platform. It is impossible to distinguish them quantitatively with TGA. Another analysis by XRD could 
allow this by quantifying the different carbonates forms, i.e. Vaterite, Aragonite, and Calcite separately.

Considering the hand sorting results for RA 4/6_Rc and RA 4/6_Ru (Table 1), the mass proportion of  
CaCO3 in the RA 4/6 size fraction can be considered equal to 24%wt. (82.9*21.1+16.3*41.3). By comparison 
with the RA 0/6 (≈ 26%wt.), it can be assumed that the 0/4 size fraction is not significantly different.

4.2 Carbonation depth
Figure 8 shows the average of  the carbonation depths under the natural and accelerated conditions. 
The carbonation depths are the averages of  three specimens at the age of  7, 15, 30, 50, 180 and 270 
days after casting. The four images on the right are the cross section of  the specimens after spraying the 
phenolphthalein alcoholic solution at 180 days. As shown in Figure 8, the specimens under RH 65% Acc. 
are entirely carbonated within 8 hours according to pH drop. Under natural conditions, carbonation depths 
are lower for high values of  RH. This could be explained by a slower diffusion of  CO2 for these more water-
saturated specimens [24]. Note the presence of  an offset from the origin for the RH 65% Nat. and RH 95% 
Nat. conditions, and that this one is more important in the second case. This is because the specimens are 
almost totally water-saturated, preventing the diffusion of  CO2 in porous media. Said diffusion is delayed 
because of  the higher water content in the RH 65% Nat. and RH 95% Nat. conditions, which have lower 
kinetics of  weight loss, unlike RH 65% Acc. and RH 53% Nat., as shown in Figure 9.
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RH 65% Acc.

RH 53% Nat.

RH 65% Nat.

RH 95% Nat.

 

Figure 8: Relationships between the carbonation depths (Lc) and the square root of  exposure time 
of  specimens under different conditions.

Figure 9: Percentage mass loss of  specimens under different conditions in 270 days.

For a reinforced concrete element, the carbonation phenomenon gradually progresses from the external 
surface in contact with its environment to the inner. The European Standard NF EN 16757 [25] proposes 
a model to predict the evolution of  carbonation depth Xc (t) in mm as a function of  the square root of  
time (t expressed in years). A carbonation coefficient ki, expressed in mm/year1/2, allows us to take into 
account the properties of concrete, the properties of the reinforced concrete element and the environment 
in which it is exposed (equation 4).

(4)

For the CRS, the evolution of  the phenomenon seems to be similar. Three carbonation coefficients were 
estimated for RH 53% Nat., RH 65% Nat., RH 95% Nat. with respectively 0.8, 0.5 and 0.27 mm/day1/2. 
According to the European Standard NF EN 16757, the carbonation coefficients of  concrete with a 
strength class lower than 15 MPa are as follows:

•	 16.5 mm/year1/2 (about 0.86 mm/day1/2) for the indoor in dry climate;

•	 11.6 mm/year1/2 (about 0.6 mm/day1/2) for the indoor with cover;

•	 5.5 mm/year1/2 (about 0.29 mm/day1/2) for exposed to rain. 
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It is interesting to note that the natural carbonation rates of  the studied CRS are close to the rate of  low-
strength concrete (in indoor conditions). In our case, the carbonation rate depends on the proportion of  Rc 
particles contained in RA and on the connectivity and water saturation of  the compacted sand. However, 
it is impossible in the current state of  knowledge to determine the effect of  intra-granular porous media 
of  Rc particles. 

The proportion of  CaCO3 in the carbonated area can help to determine the carbonation degree under 
different RHs. The mass proportion of  CaCO3 in the carbonated area at the age of  180 days was determined 
by TGA and shown in Table 5. 

Table 5: Calculated amounts of  CaCO3 in the carbonation area of  specimens under different 
conditions at the age of  180 days.

RH 53% Nat. RH 65% Acc. RH 65% Nat. RH 95% Nat.

CaCO3 (%wt.) 31.5±1.16 33.2±0.16 30.7±0.05 29.1±0.04

Compared with the proportion of  CaCO3 in RA 0/6 (26.0%wt., in table 4) at 0 days, we found that 
the CaCO3 in the carbonated areas increases between 3.1%wt. and 7.2%wt. The proportion is higher in 
accelerated conditions as a result of  the high concentration of  CO2 in this enclosure. Conversely, the 
proportion of  CaCO3 in RH 95% is the lowest value but higher than the initial proportion. All these results 
prove that RA can uptake CO2 by carbonation in each exposure condition, which confirms the trends 
observed with the carbonation depths determined by phenolphthalein spraying. Another interesting finding 
is that at the age of  270 days, for RH 65% Acc., the proportion of  CaCO3 is higher with 34.5±0.64%wt. 
Over time, the materials continue to uptake CO2 by carbonation, proving that the carbonation depths 
distinguished by pH cannot define the carbonation degree.

4.3 Mechanical properties
The ultrasonic wave propagation can display the development of  dynamic modulus under different 
conditions. Figure 10 shows the development of  dynamic modulus E as a function of  time, normalised by 
the initial values Eini. The results are the average of  three specimens for each condition.

Figure 10: Time-evolution of  the dynamic modulus related to the initial dynamic modulus under 
different conditions.

The evolution of  dynamic modulus shows two distinct phases. The first is from 0 to 21 days: E/Eini of  all 
specimens linearly increases. This increase can be associated with the decrease of  water content because 
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the mass of  specimens reduces linearly during this period (Figure 9). Take note that the E/Eini under RH 
53% Nat. is higher than the others, coinciding with the trends obtained by carbonation depths. We can 
propose that before 21 days, except for an influence of  water content, the dynamic modulus is improved 
by an increased carbonation depth. 

The second phase is after 21 days: The effect of  the exposure condition on E/Eini could be identified 
more easily. Under RH 95% Nat., E/Eini continues to increase. During this period, the specimens at 95% 
RH gain mass (Figure 9). In explaining the increase of  E/Eini, we suppose that the water reacts with the 
residual cementitious materials and forms new crystalline products, which could fill the porous media in 
the specimens. In contrast, under RH 53% Nat. and RH 65% Nat., E/Eini tends to decrease and then to 
stabilise. Notably, the high CO2 concentration, added into the enclosure RH 65% Acc., could not improve 
the dynamic modulus. This is in contrast to the conclusion of  Nakarai and Yoshida [26]. In the present study, 
accelerated carbonation has a negative effect on the mechanical properties of  the CRS. Other experimental 
investigations, such as XRD and micro tomography, should allow a better understanding of  the evolution 
of  the microstructure.

Figure 11: Development of  compressive strength of  specimens under different conditions. (a) 
Under natural conditions and different RH. (b) Under RH=65%, natural carbonation condition VS 
accelerated carbonation condition.

Apart from the dynamic modulus, we can also synthesize the results of  compressive strength to analyse the 
development of  mechanical properties (Figure 11). In order to clarify the possible reasons for the time-
evolution of  compressive strength, the results have been divided into two Figures.

As seen in Figure 11, two distinct phases are also found in the evolution of  compressive strength. During 
the first 30 days, the compressive strength increases to a value 2.1‒2.7 times higher than the initial value. 
After 30 days, the compressive strength can be considered almost constant. From Figure 11a, it is also 
observed that no difference exists in compressive strength for each condition. Thus the strength is not 
affected by the residual cementitious material hydration and natural carbonation. Moreover, carbonation 
does not improve the compressive strength because the results for RH 65% Acc. are notably lower than 
for RH 65% Nat (Figure 11b), as opposed to some other findings [27, 28], which were focused on the 
carbonation of  concrete and recycled concrete aggregates. We suppose that the RA used in the specimens 
had been carbonated by the carbonation of  Ca(OH)2 during the crushing at the recycling platform and 
transport. Therefore, under a high CO2 gas concentration (RH 65% Acc.), the CaCO3 is mostly generated 
from the carbonation of  C-S-H gel, which would have caused the weak strength as found in previous 
studies [26, 29].

Figure 12 shows the relationships between the compressive strength and the water content of  specimens 
under different conditions.

(b)(a)
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Figure 12: Relationships between the compressive strength and the water content of  specimens 
under different conditions.

This graph completes the analysis of  Figure 12, from which the reader can clearly observe that the 
mechanical properties increase as a function of  time, regardless of  the amount of  water contained in the 
material. Two parameters appear to control this evolution: on the one hand, the residual hydration of  the 
cement and / or the hydration of  the clay bricks by pozzolanic reaction for a high relative humidity; and 
on the other hand, the water content which, in weak proportion, ensures the bonding of  the particles by 
the capillary bridges. In all cases, an important point is that whatever the amount of  water contained in the 
material, the mechanical properties remain stable in the long term. For applicability in road engineering, this 
stability offers a better examination and guarantee of  durability in the long term. 

5. Conclusions

This work investigated the potential residual reactivity of  RA under four conditions of  RH: 53±5%, 
95±5%, 65±5% and 65±5% with 3% CO2. Based on the results of  carbonation depths and mechanical 
properties, the following conclusion can be made: 

1. Under natural conditions, the carbonation coefficient is lower for larger values of  RH and is of  the 
same order of  magnitude of  the carbonation coefficient of  Ordinary Portland Concrete. The reason 
can be that water fills the pores in specimens, which can prevent CO2 diffusion. Besides, RA can uptake 
CO2 by carbonation in each exposure condition what is confirmed by the trends observed with the 
carbonation depths. These prove that RH can not only limit the carbonation rate but also control the 
carbonation degree. 

2. The dynamic modulus increases with the decrease of  water content until the age of  21 days and 
dynamic modulus under RH 53% Nat. is the highest. We suppose that except for an influence of  
water content, the dynamic modulus is improved by carbonation before 21 days. In the long term, 
E/Eini continues to increase under RH 95% Nat. We suppose that the increase of  dynamic modulus 
is due to the hydrated residual cementitious materials that could fill the pores in the specimen. While 
the carbonation rate is more important under the accelerated condition, we observe that the dynamic 
modulus is not improved. It is opposite to the finding of  Nakarai and Yoshida [26].

3. The compressive strength increases under all conditions in the first month and then is almost stable. 
The absorbed water into aggregates that form links between aggregates can explain this increase. The 
compressive strength under RH 65% Nat. is higher than that under RH 65% Acc., the reason could be 
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the carbonation of  C-S-H gel.

4. The relationship between the compressive strength and the water content point out that the water 
content affects the strength. Compressive strength increases with the decrease of  water content in the 
same way as the dynamic modulus.

So far, we studied the performance CRS used RA, and the results propose that RA has reactivity under 
different environments. The following step is to study the microstructure of  CRS. The research can be 
extended to the analysis of  the pozzolanic reaction that could improve the strength of  pavement structures 
in the long term.
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Abstract 

Wollastonite is a mineral that is used as industrial raw material in several kind of  areas. One of  these 
areas is construction industry in which it is used as an admixture to produce cementitious materials. 
Wollastonite mineral positively effects mechanical and durability properties of  cementitious materials 
due to its acicular particle structure, which is the most important property for the product manufactured 
with wollastonite. Wollastonite mineral can be produced synthetically by using various waste materials to 
ensure environmental waste management and to produce sustainable construction materials. Theoretical 
composition of  wollastonite with acicular particle structure is approximately 48% CaO and 52% SiO2. 
Therefore, minerals having high CaO and SiO2 content can be used to produce this mineral. Especially, 
industrial waste materials such as silica fume (SF), granulated blast furnace slag (GBFS) and marble powder 
(MP) can be the key minerals for the production of  wollastonite. In this study, four different synthetic 
wollastonite (SW) productions were performed by using SF, GBFS, MP, sintered marble powder (SMP) and 
quicklime (QL). SF was used as source of  SiO2 in all productions. QL, GBFS, MP and SMP were used as 
source of  CaO. The production of  SWs were performed by using a new technique. This new technique 
consists mainly of  mechanochemical process, hydrothermal process and sintering process. SEM, XRF and 
XRD analysis were applied to the manufactured mixtures. Results of  the analysis indicated that all mixtures 
produced synthetically were wollastonite. However, SWs produced with SF-QL (SQ), SF-GBFS (SG) and 
SF-MP (SM) mixtures did not have an acicular particle structure. Moreover, the acicular particle formation 
of  SWs was obtained from SF-SMP (SS) mixture.

Keywords: Synthetic wollastonite mineral, industrial waste materials, silica fume, granulated blast furnace 
slag, marble powder.

1. Introduction

Wollastonite mineral is a shape of  naturally occurring acicular, white colour (usually) calcium silicate (CaSiO3) 
with high modulus of  elasticity [1, 2]. Wollastonite is a relatively hard material with a hardness of  4.5 to 5.5 
on the Mohs scale with a specific gravity of  2.9 [3, 4]. This mineral containing approximately 90% of  CaO 
and SiO2 minerals may include a low amount of  elements such as iron, aluminium, manganese, magnesium, 
sodium and potassium. Manganese and iron elements affect its colour [3, 5-9]. Wollastonite that found as 
α-wollastonite and β-wollastonite in nature has many beneficial physical and chemical properties such as 
low thermal expansion, low oil and water adsorption and chemical inertness [3, 8]. Nowadays, wollastonite 
mineral has been extensively known worldwide for its major industrial importance thanks to these properties 
[1]. Wollastonite mineral with acicular particle structure is used primarily in ceramics, plastics, paints, paint 
fillers, rubbers, coatings, adhesives and refractories [1, 3, 5]. Natural wollastonite generally consists only in 
small amounts and is frequently existed with other minerals such as calcite, diopside and garnet etc. [3, 10]. 
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Therefore, an interest has been aroused in research to improve pure synthetic wollastonite (SW), especially 
wollastonite powder with high aspect ratios for all of  the applications mentioned above [3, 5]. Moreover, 
the aspect ratio and the size of  natural wollastonite mineral are limited by the condition of  the deposits. If  
the wollastonite can be synthesized artificially and its aspect ratio and size can be checked, new applications 
such as fillers for engineering plastics and for bioactive materials with superior toughness will become 
possible [11].

There are three methods to produce wollastonite mineral at the present time. These three methods are 
wet method, liquid phase reaction method and solid state reaction method. Wet method is generally 
applied at low temperatures (less than 200°C) with high pressure. This method can be further separated to 
hydrothermal reaction, sol-gel processing and colloid emulsion technique. In liquid phase reaction method, 
starting mixtures are melted inside of  appropriate crucibles at a compound close to wollastonite together 
with other oxides such as boron oxide (B2O3) or sodium oxide (NaOH) to lower the melting temperature. 
The liquid is solidified, occasionally cast into thin layers, followed by different heat treatments [3]. Solid 
state reaction method is based upon the reaction of  silica (SiO2) with calcium carbonate (CaCO3) or calcium 
oxide (CaO) at high temperatures (above 800°C). These methods have some advantages and disadvantages. 
The highest-aspect-ratio wollastonite can be produced with the wet method among three methods. In liquid 
phase reaction method, high-aspect-ratio wollastonite powder can be produced. However, the working 
temperature is generally higher than 1400°C. In this case, the liquid phase is a mixture of  basic CaO and 
acidic SiO2 of  1:1 molar ratio, with some metal oxides added for various purposes. In solid state reaction 
method can be utilized different cheap raw materials such as calcite, silica fume (SF), natural siliceous 
carbonates, marble waste and tailing materials. However, these raw materials fail to produce acicular 
particles. For the solid state reaction method, formation of  wollastonite in the products is observed with 
XRD analysis. However, the wollastonite produced with this method does not show acicular shapes. When 
the aspect ratio of  produced wollastonite is not important, the solid state reaction method is most effective. 

SF, calcite, granulated blast furnace slag (GBFS) and marble powder (MP) are some of  the above mentioned 
waste materials. CaO, is one of  the most basic materials for the production of  wollastonite, is a mineral 
obtained by sintering of  CaCO3 (calcite). It is possible to find calcite formation in almost every region 
of  Anatolia. Especially, in the Nigde region in Turkey, there are calcite quarries that have a very rapid 
production increase in the last 10 years and these quarries have a reserve of  10 million tons. SF is a by-
product obtained from the industry that produces silicon metal or ferrosilicon [12]. SF has a consumption 
amount of  1 million tons in the world and this mineral is widely used as an additive material in cement 
and concrete [13]. Slags are wastes obtained as a result of  metallurgical processes such as the production 
of  metals or purification of  pure metals [14]. In United States, the iron and steel industry produces about 
18 million m3 of  slag each year [15, 16]. In Turkey, blast furnace slag can be obtained from only Eregli 
Iron and Steel Company about 550000 tonnes/year, and thousands tonnes of  slag waste for each year are 
stored in iron steel factories [16]. MP is production waste of  marble factories [17]. An average of  30% of  
the marbles processed in the marble factories occurs as production waste. It is known that marble blocks 
processed each year in Turkey are approximately 2200000 tonnes. Therefore,  it can be said that 660000 tons 
marble dust is discarded without the assessment  [17]. 

Waste materials mentioned above need to be evaluated especially in industries such as construction and 
building. In addition, these waste materials can be evaluated in the production of  wollastonites which can be 
used as cement substituting material in concrete/mortar in construction industry. Kalla et al. [9] highlighted 
that compressive strength and flexural strength of  concrete incorporating 10% wollastonite instead of  
cement  increased with respect to control mixture. In addition, wollastonite intensifies the microstructure 
of  mortars/concretes due to its filling effect and reduces the water absorption of  the material [18, 19].
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In this study, wollastonite mineral known beneficial effects on concrete/mortar were produced by using 
waste materials. In the production of  SW; QL, SF, GBFS, MP and sintered marble powder (SMP) were used 
as raw materials. SEM, XRF and XRD analysis were performed  to determine particle texture, chemical 
composition and patterns of  the produced SWs, respectively. According to results of  analysis, in addition 
to providing environmental benefit by using waste materials in the production of  SW, wollastonite can be 
produced and it can be contributed to the construction industry.

2. Methodology

In this study, four different SW were produced by using SF, QL, GBFS, MP and SMP. SW production was 
performed by using autoclave and sintering methods. This production method consists of  three stages. 
These stages can be classified as mechanochemical process, hydrothermal process and sintering process. 
SF was used as SiO2 source for all mixtures in the production of  SW, while QL, GBFS, MP and SMP were 
used as CaO source for SQ, SG, SM and SS mixtures, respectively. The mixtures were named using the 
initials of  their abbreviations. For example, the SQ mixture consisting of  SF and QL minerals was named 
using S from the SF mineral used as SiO2 source and the Q from QL mineral used as CaO source. The grain 
size distributions and XRF analysis of  these materials are shown in Figure 1 and Table 1, respectively. The 
CaO and SiO2 contents of  the mixtures were calculated as 1:1 mol with the aid of  XRF analysis. The waste 
material contents of  the four mixtures are listed in Table 2. The pure water contents used for all mixtures 
were determined with respect to the consistency of  the mixtures. The pure water contents and pure water/
total solids contents of  the mixtures are also presented in Table 2. The SMP used as CaO source in the 
IV mixture was obtained as a result of  sintering of  the MP in the ash furnace, which was set at 40 ° C per 
minute and waiting for 1 hour at 1000 °C.

Figure 1: Grain size distributions of  SF, QL, GBFS, MP and SMP minerals.

The mixtures prepared by using the mixing proportions given in Table 2 are shown in Figure 2. The 
mixtures were placed into the ball agate and the agate was placed in the ball mill. The ball mill was stirred for 
30 minutes at a speed of  250 RPM and mechanochemical process began. The obtained mixture was placed 
in autoclave by placing in teflon and waited for 48 hours at 200 °C. Hydrothermal autoclave technique, 
which provides the formation of  better crystal structure with moisture, pressure and temperature, forms 
the hydrothermal process part of  the production stage.
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Table 1: XRF analysis of  waste materials.

Chemical Analysis (%) SF QL GBFS MP SMP

CaO 0.547 91.259 38.834 46.151 78.601

SiO2 93.534 0.309 36.824 0.621 1.535

Al2O3 0.778 0.071 13.314 0.204 0.414

Fe2O3 0.881 0.104 0.727 0.148 0.245

MgO 0.794 1.725 5.648 7.636 17.919

SO3 0.113 0.434 0.562 0.116 0.152

K2O 0.995 0.007 0.777 0.020 0.050

Na2O 0.404 0.013 - 0.049 0.007

ZnO 0.012 - 0.001 - -

Mn3O4 0.060 - 1.170 - 0.009

Cr2O3 0.003 - 0.005 - -

V2O5 0.002 - 0.016 - -

P2O5 0.088 - 0.009 - 0.014

SrO - 0.047 0.058 0.027 -

BaO - 0.020 0.157 - -

CuO - 0.011 - - -

HfO2 - - 0.005 - -

ZrO2 - - 0.018 - -

TiO2 - - 0.761 0.024 0.116

Loss of  Ignition 1.930 5.500 1.920 45.000 0.900

Table 2: Mixing proportions.

Code Pure water (gr) SF 
(gr)

QL 
(gr)

GBFS 
(gr)

MP
(gr)

SMP
(gr) pw/s*

SQ 215.931 77.080 66.874 - - - 1.5

SG 182.147 8.856 - 173.291 - - 1.0

SM 52.700 19.250 - - 36.450 - 1.0

SS 46.480 11.010 - - - 12.230 2.0

*pure water/total solid content of  mixture
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                                          (a)                                                                            (b)

  
                                       (c)                                                                        (d)

Figure 2: Materials used in (a) SQ, (b) SG, (c) SM and (d) SS mixtures.

Autoclave was removed from the oven at the end of  24 hours and left to room temperature. When the 
autoclave was opened, tobermorite (calcium silicate hydrate mineral) was obtained. The tobermorite was 
ground and made ready for sintering. Approximately 250 grams of  ground tobermorite was placed in 
crucibles. The ash furnace was set to wait for 1 hour at 1000 °C, increasing by 40 °C/min. The sintering 
process forms the solid state reaction process of  SW production. The sintering process was completed in 
this way and SW presented in Figure 3 was stored in a sample bag in an environment away from moisture.

  
                                       (a)                                                                          (b)
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                                       (c)                                                                        (d)

Figure 3: SW produced with (a) SQ, (b) SG, (c) SM and (d) SS mixtures

3. Results and discussion

3.1 SEM
The SEM images of  SWs obtained from SQ, SG, SM and SS mixtures are presented in Figure 4. When 
the SEM analysis of  SWs was examined, no acicular structure was observed in SWs obtained from SQ, 
SG and SM mixtures. In the SW produced with SS mixture, a very limited number of  acicular particle 
structures were observed. In addition, the formation of  agglomerated particles was generally observed for 
all produced SWs. The differences of  chemical compositions of  SWs produced by using waste materials 
can be seen in Table 1. Although CaO and SiO2 were kept constant for all SW mixtures, the other elements 
in raw materials such as MgO and Al2O3 have been disrupted the purity of  CaO and SiO2. Therefore, it was 
seen that there is no directly acicular particle structure of  SWs. In addition, it was observed that the SiO2 
content in SF used as a source of  SiO2 in the production of  SWs is about 93% levels and not enough for 
the formation of  the acicular particle structure [20].

   
                                         (a)                                                                             (b)
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Figure 4: SEM images obtained from (a) SQ, (b) SG, (c) SM and (d) SS mixtures

3.2 XRF
The chemical composition results obtained from XRF analysis of  SW are listed in Table 3. According 
to the results, SWs produced with SQ, SG, SM and SS mixtures mainly includes CaO in the ratios of  
53.883%, 47.984%, 48.839% and 47.590% and SiO2 in the ratios of  42.857%, 34.514%, 40.786% and 
43.406%, respectively. These ratios obtained from the mixtures are similar to chemical composition of  
wollastonite found in various countries given in Table 4. In addition, because of  the different quantity of  
other elements found in raw materials, the content of  some elements of  the SWs were higher than that 
of  natural wollastonite. Therefore, as seen in SEM pictures, SWs obtained from waste materials could not 
show generally acicular particle structure.

 Table 3: XRF analysis of  SWs obtained from wastes. 

Chemical Analysis (%) SQ SG SM SS

CaO 53.883 47.984 48.839 47.590

SiO2 42.857 34.514 40.786 43.406

Al2O3 0.324 9.376 0.400 0.382

Fe2O3 0.666 1.119 0.710 0.687

MgO 0.970 - 7.076 5.914

SO3 0.343 1.147 0.261 0.210

K2O 0.667 0.949 0.645 0.523

Na2O 0.149 0.202 0.176 0.139

P2O5 0.074 0.026 0.060 0.065

TiO2 - 1.233 - -

MnO 0.067 1.451 0.047 0.044

Loss of  Ignition 0.800 1.000 0.880 0.500
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 Table 4: Chemical composition (%) of  wollastonite from several countries [9].

Chemical Analysis (%)  Finland USA India Kenya Mexico China

CaO   45 47 48 42 47 43-50 

SiO2 52 51 49 55 52 46-53

Al2O3 0.4 0.3 0.7 0.1 0.5 0.3-0.4

Fe2O3  0.2 0.6 0.4 0.07 0.2 0.1-0.2

MgO 0.6 0.1 0.06 0.8 0.08 0.2

K2O  0.01 NR 0.1 0.04 0.04 NR 

Na2O  0.1 NR 0.02 0.04 0.02 NR

TiO2 max. 0.05 0.05 Traces 0.01 0.06 NR

MnO max. 0.01  0.1 0.1 0.01 0.4 NR 

max: maximum; NR: not reported.

3.3 XRD

XRD patterns of  natural wollastonite and SWs obtained from SQ, SG, SM and SS mixtures are presented 
in Figure 5. 

Figure 5: XRD patterns of  natural wollastonite and SQ, SG, SM and SS mixtures.
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Large-sized peaks show alpha wollastonite and small-sized peaks show beta wollastonites in wollastonite 
graph as seen in Figure 5. When the patterns obtained from the XRD were examined, similar peaks with 
natural wollastonite were obtained from the SWs produced with SQ, SG, SM and SS mixtures. The similarity 
obtained from these results indicated that all the SWs produced in the laboratory are wollastonite. However, 
changes in small-scale peaks were observed due to chemical differences of  materials. In addition, these 
changes are due to the contents of  α-wollastonite and β-wollastonite between natural wollastonite and 
produced SWs [21].

4. Conclusions

In this study, wollastonite mineral has been produced synthetically with industrial waste materials. Results of  
SEM analysis demonstrated that SWs produced with only SS mixtures had acicular particle structure with 
very small amount. However, the other three SWs produced with industrial wastes did not show the acicular 
particles. Based on the XRD analysis results, all of  the SWs produced by using four different mixtures are 
wollastonite. In addition, XRF analysis of  SWs obtained from SQ, SG, SM and SS mixtures indicated that 
CaO and SiO2 ratios of  all SWs are similar to wollastonites in different countries of  the world. 
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Abstract 

Sewage sludge ash (SSA) contains the critical raw material phosphorous. Internationally, research is carried 
out on utilization of  SSA as secondary resource in concrete, bricks or lightweight aggregates; however, the 
high phosphorous content calls on recovery prior to such use. In the present investigation, phosphorous 
was recovered from SSA by electrodialytic separation (EDS) and the treated ash (SSA-EDS) was tested as 
clay substitute in brick manufacturing. For comparison, similar tests were conducted with SSA. The SSA 
had a reddish colour from a high iron oxide content. The SSA was milled to d50 = 37 µm prior to use as clay 
substitute (0-50%). During EDS, 85-91% phosphorous was recovered, the alkaline pH of  the SSA (10.2) 
was reduced to acidic (3.7), and the content of  iron oxides increased. The reference brick material was 
yellow. The colour turned increasingly reddish with increasing percentage of  SSA and especially SSA-EDS, 
and the reddish colour is seen as an advance. The clay contained about 17% carbonates, a major cause for 
firing mass shrinkage. As the carbonate content decreased with increasing clay substitution, the shrinkage 
mass did decrease accordingly. When fired at 1000 °C, all brick materials had apparent densities and open 
porosities within the range of  bricks used in the building industry. SEM micrographs showed that mixes 
with SSA-EDS fired at 1050 °C contained a glassy phase with isolated spherical pores, which may be related 
to the high hematite content of  SSA-EDS. The open porosity decreased with increasing substitution with 
SSA-EDS when fired at 1050 °C, the reversed order compared to firing at 1000 °C.

Keywords: Brick manufacturing, sewage sludge ash, secondary resources, clay substitute, phosphorous

1. Introduction

Sewage sludge incineration is extensively practiced in European countries such as the Netherlands, 
Switzerland, and Germany. Sewage sludge ash (SSA) is unavoidably formed and research is carried out 
internationally in order to valorise this waste product. One research line is to utilize SSA in construction 
materials. Most research has been conducted on the use as partly cement replacement in concrete [1-3], 
as partly clay replacement in clay bricks [4-5], or by itself, where it is utilized that SSA itself  can sinter 
and form new ceramic materials [7]. It is though important to recognise that SSA can be an important 
future secondary resource for phosphorous (P), and that the P is lost for recovery if  incorporated into 
construction materials. Recovery of  P from secondary resources is important, since P is a finite, essential 
resource, underlined by P being in the list of  critical raw materials for the EU [8]. The P concentration is 
generally high in SSA and can even be within the range of  economical grade phosphate rock [9].

Different techniques are under development for P recovery from SSA. A group of  techniques is based on 
wet extraction (mainly acid extraction). A major challenge with wet extraction is the simultaneous extraction 
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of  heavy metals and P, which requires a second step after the extraction, where P and heavy metals are 
separated. We have developed and patented a technology, electrodialytic separation (EDS), which is a one-
step process where P extraction and heavy metal separation occur simultaneously [10]. Recovery of  80-
90% P from SSA and simultaneous separation of  heavy metals has been obtained at laboratory scale. The 
produced P product has a low content of  heavy metals corresponding to the very low end of  commercial P 
fertilizers [9]. An SSA after EDS for P recovery (SSA-EDS) was previously seen to have potential as cement 
replacement in mortar [11]. At 20% replacement, the compressive strength decreased with 8% (out of  60 
MPa), and the mortar got an intense red colour, however, the workability was decreased and work needs to 
be done to improve this property. In the present paper, SSA-EDS is investigated used as partly replacement 
for clay in clay bricks. Clay, which after firing, result in the traditional red coloured bricks is becoming 
scarce in Denmark, as deeper in the quarrels, the Ca/Fe ratio determines the bricks to become yellow. In 
this investigation, it is suggested to use SSA both as replacement for the natural raw material (clay) with a 
secondary resource in brick manufacturing and as a colouring agent, which gives sought after red bricks. 
The aim is to investigate the properties of  brick material with different replacement percentages of  clay 
with SSA-ED (0-50%) and investigate the colour potential. The work consists of  two parts: (I) comparison 
of  SSA and SSA-EDS as clay replacement material and (II) influence of  firing temperature on the material 
properties when replacing clay with different percentages of  SSA-EDS.

2. Methodology

2.1 Materials
SSA was collected at the wastewater treatment plant Avedøre Spildevandscenter BIOFOS in Copenhagen, 
Denmark (February 2015). The sewage sludge was incinerated in a fluidized bed combustor at about 850 
°C. The plant treats wastewater from 255.000 person equivalents (PE). Phosphorous is removed from the 
wastewater through chemical precipitation with Fe, and due to the subsequent high content of  iron-oxides, 
the SSA has the characteristic red colour. The SSA was sampled as a mix of  electrofilter ash and bag filter 
ash (2%). The SSA was collected directly from the process line and stored in sealed plastic containers at 
room temperature. As SSA and SSA-EDS are quite coarse-grained compared to clay [11], the SSA was 
milled in a vibrating cup mill (FRITSCH – pulverisette 9) for 10 sec prior to being mixed into the clay in 
this investigation (Part I) or prior to EDS (Part II).

The clay used was from the brick manufacturer Wienerberger in Helsinge, Denmark. The clay was ready for 
use in the manufacturing of  yellow clay bricks when sampled for this investigation.

2.2 Characterization of  SSA and clay
Particle size distribution was measured using a Malvern Mastersizer 2000 with a dry SSA sample. The 
carbonate content of  the clay was determined volumetrically by the Scheibler-method and calculated 
assuming that all carbonate present is calcium carbonate. The pH was measured in a suspension of  1:2 
ash:distilled water after 1 hour of  agitation. Loss on Ignition (LoI) was found after 30 minutes at 550ºC. 
Solubility in water was evaluated: 50.0 g ash suspended in 500 ml distilled water and agitated for 1 min. 
After settling, the water was decanted. New 500 ml distilled water added. This was repeated so the ash was 
washed three times. Finally, the suspension was filtered and the ash dried at 105°C and weighed. The water 
solubility was measured in two replicates. The elemental concentrations of  Cd, Cr, Cu, Zn, P, S and K in 
SSA and SSA-DES were measured by ICP-OES after pre-treatment according to Danish standard (DS 259 
2003), where 1.0 g of  dry sample and 20.0 mL 7.3 M HNO3 were heated at 200 kPa (120 °C) for 30 min. 
The liquid was separated from the solid particles by vacuum through a 0.45 μm filter and diluted to 100 ml.
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2.3 EDS of  SSA for P recovery
The EDS for P recovery from SSA was conducted in a two compartment cell as described in [9] (figure 1). 
The SSA was suspended in distilled water in the anode compartment, and an electric current was applied to 
recover P and simultaneously remove heavy metals to have a clean P product. At the end of  the treatment, 
the recovered P is in the filtrate of  the anolyte and the solubilized heavy metals in the catholyte. Filtration 
separates SSA-EDS and the filtrate with the recovered P.

Figure 1: ED cell .  The ash is suspended in water in the anode compartment and a cation exchange 
membrane (marked as dotted line) separates the two compartments.

The experiments were conducted in a cylindrical cell. The length of  the anode compartment with SSA 
suspension was 10 cm and the length of  the cathode compartment 5 cm. The internal diameter of  both 
compartments was 8 cm. The cation exchange membrane was from Ionics. The platinum coated titanium 
wire electrodes (diameter 3 mm) were obtained from Permascand®) and the length of  the electrodes 
inside the cell was approximately 4 cm. A power supply (Hewlett Packard E3612A) was used to maintain a 
constant current of  50 mA. The specific parameters for the EDS process were chosen from the best results 
obtained in [9]: 25 g SSA (milled for 10 sec.) was suspended in 350 ml distilled water and 50 mA was applied 
for 6 days. The SSA was kept suspended by an overhead stirrer (RW11 basic from IKA). In the cathode 
compartment 500 mL 0.01 M NaNO3 adjusted to pH 2 with HNO3 was circulated. During experiments, pH 
was adjusted manually in the cathode compartment to between 1 and 2 daily with 1 M HNO3. At the end 
of  the EDS experiments, the suspension was filtered at atmospheric pressure and the SSA-EDS was dried 
at 105°C. The pH and contents of  Cd, Cr, Cu, Zn, P, S and K were measured in the SSA-EDS.

To have sufficient SSA-EDS for production of  brick discs, eight EDS experiments were conducted: 5 
experiments for part (I) and 3 experiments for part (II). It was previously shown [9] that repeatability of  
EDS results with the same SSA is high, and thus SSA-EDS from all the experiments within each part of  the 
investigation were mixed before analysing the chemical content of  selected elements. The brick discs were 
produced with EDS-SSA from the mixed samples.

2.4 Production and properties of  brick discs
Torres et al. (2009) [12] demonstrated that initial tests conducted on small-scale brick discs were a useful 
screening tool for selecting the best mixtures composition when incorporating wastes (from natural rock 
cutting and polishing) in clay to produce roof  tiles. In this paper, a similar approach was adapted, using the 
same disc size as described by Torres et al. (2009) [12], however, it is SSA or SSA-EDS, treated SSA, which 
is mixed into the clay. 

When mixing the clay material, 15 g dry blended clay and SSA/SSA-EDS was mixed with distilled water 
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by hand until a uniform mass with a good workability was obtained. The mass of  distilled water needed to 
obtain this state increased with increasing replacements. The liquid to solid (L/S) ratio in the reference mix 
was 0.25, which was the lowest, and L/S was highest for the mixtures with 50% replacement with SSA and 
SSA-EDS (about 0.50). The mixes were stored overnight in sealed plastic beakers. Discs were produced 
from about 2.5 g of  the mixes by uniaxial compression in a purpose built stainless steel die [13] placed in 
an Instron-6022. A load of  10 kN (equivalent to the forming pressure of  31.8 MPa) was applied. During 
the compression, water was pressed out of  the mixture. The green discs had a diameter of  2.0 cm and a 
height of  3.5 - 4 mm. The weight of  the unfired discs after compression (m0) were measured. The discs 
were dried at 105 °C for 24 h before the weights (m105°C) were measured again. From these measurements, 
the water content of  the unfired discs after the compression were calculated as (m0 – m105°C)/m0. The discs 
were fired at 950, 1000 or 1050 °C for 2 h in a Nerbertherm laboratory furnace, using an average heating 
and cooling rate of  6.0°C/min. 

Brick discs were prepared from different mixtures, see Table 1.

Table 1: Overview of  the clay replacement percentage and firing temperature for the produced clay 
brick discs

Replacement (wt%) 950°C 1000°C 1050°C

Ref 0 X X X

SSA

10 X

30 X

50 X

SSA-EDS

10 X X X

30 X X X

50 X X X

After cooling, the diameters were measured. Weights were measured as well, and the firing mass loss found:

Firing mass loss: ((m105°C - m1000°C)/ m105°C)*100%        (1)

The open porosity and density were determined. The discs were placed in a desiccator under vacuum 
for approximately 3 h. After 3 h, distilled water at room temperature was led into the desiccator, so that 
the discs were completely submerged. Vacuum was maintained for 1 h and hereafter, air was let into the 
desiccator and the submerged discs were left at atmospheric pressure overnight. The water-saturated discs 
were weighed in water (msw) and in air after wiping excess water of  the surface (msa). The different properties 
were calculated as:

Volume = V = (msa - msw)/ρw          (2)

Volume open pores = Vop = (msa – m1000 °C)/ρw        (3)

Dry mass density = m1000°C/(V – Vop)         (4)

Open porosity = ((msa – m1000°C)/(msa – msw)) *100%       (5)

Apparent density = ((m1000°C *ρw)/(msa – msw))        (6)

Where ρw (970 kg/m3) is the density of  water at room temperature

The firing mass loss was measured in 7 replicates. Dry mass density, open porosity and apparent density in 
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3 replicates.

3. Results and discussion

3.1 Characterization of  SSA (as received) and SSA-ED
The carbonate content of  the clay was 17.9 ± 0.4%. The grain size d50 for the SSA as received was 120 
µm, and after milling, the d50 was decreased to 37 µm. The LoI of  the SSA was very low (0.3 ± 0.005%) 
revealing a good incineration and following low mass loss from organic matter during firing of  the brick 
discs. The water solubility was 1.4%, representing soluble salts. Soluble salts in brickmaking raw materials 
is of  concern for manufacturers as they can cause a production fault known as “drier scum” [14], however 
the problematic range and type of  salts was not stated, and it is here considered that the content of  soluble 
salts in the SSA is in an acceptable level. 

The initial 25 g were reduced to 14-15 g during EDS, i.e. a mass reduction of  40%. The dissolution was 
due to acidification of  the SSA suspension from electrolysis at the anode. The pH of  SSA was 10.2, and 
the pH of  SSA-EDS was 3.7. Thus, the SSA was originally alkaline, while the ash became acidic after EDS. 
Table 2 shows the concentrations of  selected heavy metals and macro elements in the SSA before and after 
EDS in the two parts of  the experimental work. The heavy metal concentrations in SSA depend on the 
corresponding concentrations in the wastewater treated in the facility and do subsequently vary, however, 
the order in concentration reported (in mg/kg) is generally the same as here Cd < Cr < Cu < Zn [3], [13], 
[14]. 

The concentrations of  heavy metals and macro elements changed during EDS as seen in table 2. The 
removed percentage of  all these elements was thus slightly higher in the EDS experiments in part (II) than 
in part (I), which corresponds well to the mass reduction of  SSA, which was also slightly less in the part (I) 
experiments.

Table 2: pH and concentrations of  selected elements in SSA and SSA-EDS in the two batches in 
part (I) and (II)

Concentration (mg/kg) Concentration (g/kg)

Cr Cu Cd Zn K S P

SSA 40 ± 0.1 541 ± 14 2.2 ± 0.03 1986 ± 56 5.8 ± 0.2 6.1 ± 0.1 94.6 ± 3.1
SSA-EDS (I) 55 ± 0.5 395 ± 7.9 1.5 ± 0.09 1600 ± 37 3.7 ± 0.08 1.0 ± 0.01 25.4 ± 0.7
SSA-EDS (II) 45 ± 0.9 440 ± 15 0.8 ± 0.1 1890 ± 60 3.6 ± 0.2 0.6 ± 0.02 15.7 ± 0.6

The Cr concentration increased during EDS, showing that Cr was bound mainly in the least soluble fraction 
of  the SSA. The concentration of  all other chemical elements in table 2 decreased. When taking into 
account the total mass reduction of  40% (part I) and 45% (part II), the percentages of  these chemical 
elements remaining in the SSA-EDS were: 

Part (I): S (10%) < P (16%) < K (38%) < Cd (41%) < Cu (44%) < Zn (48%) < Cr (83%)

Part (II): S (6%) < P (9%) < Cd (19%) < K (34%) < Cu (44%) < Zn (52%) < Cr (62%)

The P concentration in this batch of  SSA is the same order (but in the lower end) of  concentrations 
reported for SSA from other batches from the same plant: 90 g/kg [3], 110 g/kg [9] and [15] 123 g/kg. The 
economic grade of  phosphate rock varies from 25% to 37% P2O5 [16] corresponding to 110–160 g P/kg 
phosphate rock. Thus, the concentration in the SSA batch 94.6 g P/kg SSA was only slightly less than the 
mined natural ores. In the EDS experiments of  the present investigation 91% and 84% P was recovered in 
the experiments of  part (I) and (II), respectively, which is in the same range as reported in [9], [17] in similar 
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EDS experiments. Kappel et al (2018) [11] reported concentrations as oxides measured by XRF in SSA and 
SSA-EDS from the same incineration plant: the contents of  SiO2 and Fe2O3 about doubled during EDS 
(from 18.6% to 39.4% SiO2 and 15.75 to 27.3% Fe2O3), while the content of  Al2O3 was reduced slightly 
from 8.3 to 6.6 %. Similar concentration ranges are expected in the SSA and SSA-EDS of  the present 
investigation.

On the basis of  the XRD analysis, Kappel et al (2018) [11] identified of  the minerals quartz, feldspar 
and hematite in SSA and SSA-EDS. Cheeseman et al (2003) [7] reported quarts, whitlockite (calcium 
magnesium phosphate mineral) and some hematite in an SSA from UK, and Anderson (2002) [18] quartz, 
calcite, hematite, anhydride, feldspar and glassy phase ~70% in another SSA from UK. Thus, quartz and 
hematite were identified in all three ashes. The high concentration of  hematite is due to the use of  iron 
salts to precipitate P in the wastewater treatment facility. Other facilities use mainly Al salts and this strongly 
influences the chemical properties of  the SSA [10], [19]. Thus, caution must be taken when generalizing 
results on utilization SSA in brick production, as the characteristics in the SSA varies, which must be 
expected to influence the brick quality. Significant changes in specifications carries a potential risk for 
production problems during brick manufacturing [14]. Thus, attention must be given to the characteristics 
of  the specific SSA, when evaluating how and if  it is best utilized in brick manufacturing.

3.2 Properties of  brick discs

3.2.1 Colour of  brick discs
The original yellow colour of  the reference discs changed towards more red colours with increasing 
replacement of  clay with SSA and SSA-ED, see figure 2. The red colour was more intense for the brick 
discs with SSA-EDS than for the corresponding discs with SSA, most clearly seen for 30% replacement. It 
is the higher content of  iron oxides in SSA-EDS, which give this difference. The discs fired at 1050 °C and 
at replacements of  30% and 50% clay with SSA-EDS were significantly darker than the discs with same 
replacement but lower firing temperature. The red colour obtained at 30% replacement and 1000 °C was 
similar to traditional Danish red bricks.

3.2.2 Water content of  discs after pressing

The water content of  the green discs after pressing and before firing is ahown in table 3. There is no 
significant difference in water content between the discs with SSA and SSA-EDS within each substitution 
percentage when considering the standard deviations. The water content increased with increasing 
substitution with SSA or SSA-EDS. The SSA particles are porous [10], [14] and thus they can absorb water, 
which will increase the overall water content.

Table 3: Water content of  unfired discs after pressing

Ref 10% 30% 50%

SSA
9.4 ± 0.6

10.2 ± 0.5 14.6 ± 3.1 15.2 ± 0.7

SSA-EDS (I) 10.3 ± 0.6 12.6 ± 1.2 16.2 ± 1.7

SSA-EDS (II) 9.8 ± 0.9 10.6 ± 0.6 13.6 ± 0.5 16.8 ± 0.8

3.2.3 Comparison of  brick discs with SSA and SSA-EDS

The firing mass loss decreases with increasing percentages of  SSA and SSA-EDS mixed into the clay (figure 
3). The decreasing firing mass loss with increasing clay replacement with SSA is in consistency with what 
was reported by [4]. Firing mass loss can be due to removal of  chemically bound water and volatilization 
of  compounds within the brick [4]. The decomposition of  CaCO3 in the clay is a major contributor to the 
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shrinkage mass decrease. At increasing clay substitutions with SSA and SSA-EDS, the CaCO3 content in the 
mix decreases, and following the shrinkage mass.

Figure 2: Colours of  the brick discs in the investigation

The shrinkage mass decreases linearly with the clay substitution from 0-50% with SSA (R2 = 0,9995) and 
from 10-50% replacement with SSA-EDX ((R2 = 0,9996), (figure 4). The linear relation between shrinkage 
mass and percentage of  clay substitution with SSA-EDS does not include the reference. This is likely due to 
the acidic nature of  SSA-EDX, which dissolves a small fraction of  the carbonates in the clay when mixing. 
Thus, the carbonate content in the reference discs is higher than the background of  carbonates in the discs 
with SSA-EDS. In addition, the carbonate content decreases relatively more with increasing percentage 
of  SSA-EDX and thus the gradient differs from the one for SSA. The firing mass loss is smaller for the 
discs with SSA than for those with SSA-EDS even though the carbonate content is considered slightly 
higher in the discs with SSA. This indicates that there are phases contributing to the firing mass loss, which 
concentrate in the ash during EDS. Hematite can dissociate and form gas at temperatures as low as 1000 
°C [20], and the higher hematite concentration in SSA-EDS than in SSA can be contributing to the higher 
firing mass loss for discs with SSA-EDS.
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Figure 4 shows the apparent density, density of  the solid mass and open porosity the discs in Part (I), all 
fired at 1000 °C. The apparent density decreases, whereas the density of  the solid mass and the porosity 
increases with increasing replacement of  clay with SSA and SSA-EDS. 

Figure 4: Properties of  brick discs fired at 1000 °C with SSA or SSA-ED: (a) apparent density, (b) 
density of  the solid mass, and (c) open porosity. 
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The discs with SSA had higher apparent density and lower porosity than the discs with SSA-EDR. The 
decrease in apparent density is in consistency of  what was reported by [4].  Apparent densities of  clay bricks, 
which are used in the building industry, are in the range of  1610–2120 kg/m3 [21] and open porosities in the 
range of  19–39 vol% [21]. Both apparent density and porosity of  all the brick discs in figure 4 are within 
these ranges, though the parameters are close to the upper and lower limit, respectively, in regards to the 
discs with 50% SSA-EDS. This is encouraging; however, it must be taken into consideration that this result 
cannot be transferred directly to the manufacturing of  bricks for the building industry, as the manufacturing 
of  the small brick discs differs from the procedures at brickworks. 

Summing up, the properties of  the brick discs are different when SSA-EDS is used as clay substitute instead 
of  SSA. The firing shrinkage mass decreases, whereas the open porosity apparent density and dry mass 
density increases. Of  major importance to the differences are probably the acidic nature of  SSA-EDS and 
the increased hematite content. In accordance to the properties included in this investigation, all the brick 
discs have properties as brick used in the building industry.

3.2.4	 Properties	of 	brick	discs	with	SSA-ESD	fired	at	different	temperatures	
Figure 5 shows the firing shrinkage at 950 °C, 1000 °C and 1050 °C for the different clay/SSA-EDS mixes 
in part (II) of  the investigation. The differences in firing shrinkage between the three temperatures within 
each substitution percentages are very small. On the contrary, the firing shrinkage is highly dependent on 
the replacement percentage. The more SSA-EDS, the lower firing shrinkage, which is likely due to the 
decreasing content of  CaCO3 as discussed in paragraph 3.2.3.

Figure 5: Firing shrinkage for brick discs with different replacements of  clay with SSA-EDS and 
different temperatures.

The open porosity of  the discs with SSA-EDS is seen in figure 6. It is evident that the porosity is highly 
influenced by the firing temperature between 1000 and 1050 °C. Until 1000 °C the porosity slightly increases 
with increasing clay replacement and at 1050 °C the order is reversed causing a significant decrease in open 
porosity. A similar finding was reported by [4], who reported that the cold water absorption for bricks with 
clay/SSA mixes had increasing water absorption with SSA content when fired at 1040 °C and the order 
was reversed at 1120 °C. The shift was thus found to be between 1000 °C and 1050 °C in the present 
investigation and between 1040 °C and 1120 °C for another SSA by [4], i.e. the general temperature for the 
shift may be in the range of  1040 °C and 1050 °C. The open porosity for the discs with 30 and 50% clay 
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substitution with SSA-EDS (12.5% and 23.6%) is lower than the range of  19–39 vol% stated for bricks 
used in the building industry by [21]. The firing temperature of  1050 °C must be considered too high for 
firing clay bricks with 30-50 % replacements with SSA-EDS.

Figure 6: Open porosity of  brick discs with different replacement percentages of  clay with SSA-
EDS and different temperatures. 

Figure 7 shows SEM micrographs of  a fracture surface of  a reference disc and a disc with 50% clay 
replaced with SSA-EDS, both fired at 1050 °C. The disc with SSA-EDS had a glassy-like phase, which was 
not seen in the reference disc (figure 7a and 7b). This is in accordance to Anderson (2002) [18], who also 
saw a glassy phase when firing clay and SSA at 1050 °C. 

This indicates that EDS did not remove the compounds present in SSA involved in this vitrification. The 
glassy-like phase in the disc with SSA-EDS had isolated pores of  about 5-15 µm with an almost spherical 
shape (figures 7b and 7d). The same pattern with a sintered phase and isolated pores was not seen in the 
reference disc. Cheeseman et al. (2003) [7] studied sintering of  100% SSA and found that at 1040 °C, a 
relatively low-density material, which appeared to be hard and well sintered with a glassy surface. A SEM 
micrograph of  the fracture surface showed that the matrix contained a significant volume of  isolated, 
approximately spherical pores, typically 20-30 µm [7]. 

This finding is similar to the one in the present investigation. The isolated, spherical pores are likely 
formed by bloating, which is the phenomenon utilized in the production of  lightweight aggregates. Two 
conditions necessary for bloating, which have long been recognized are (1) that a material must produce a 
high temperature glassy phase with a viscosity high enough to trap a gas and (2) that some substance must 
be present that will liberate a gas at a temperature at which a glassy phase has formed [20]. Riley (1951) 
[20] found that pyrite, hematite and dolomite provide the constituents necessary to cause gas evolution at a 
temperature high enough (>1000 °C) for the bloating to take place. As hematite is a major mineral in SSA-
EDS [11], it is likely that hematite took part in the bloating of  the sintered phase seen in figure 7b and 7d. 
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Figure 7: Fracture-face of  morphology of  discs fired at 1050 °C (a) reference disc and (b) disc with 
50% SSA substituting clay (Same magnification), and high magnification (c) reference disc and (d) 
disc with 50% clay substitution with SSA (see scale at the lower bars the SEM micrographs).

Anderson (2002) [18] also reported formation of  a glass phase when firing a clay/SSA mixture (5% SSA) 
at 1050-1070 °C and a decrease in porosity (measured as water absorption). As the glassy phase develops, 
it draws the particles closer together, thereby reducing the internal packing voids thus making the product 
les porous [18]. This explanation may be underlined in the present investigation by the decreased diameter 
for the discs with 30% and 50% SSA-EDS fired at 1050 °C, which were about 0.4 and 0.8 mm (out of  the 
20 mm), respectively. All other discs kept the initial diameter (±0.2 mm) after firing.

Very small particles (<2 µm) were caught in the sintered phase (figure 3d). Whether these particles are 
crystalline or amorphous was not determined. They might be crystalline since Cheeseman et al. (2003) 
[7] reported that sintering of  100% SSA indicated that no significant crystalline transformations occurred 
during sintering and that the original crystalline phases quartz, calcium magnesium phosphate and some 
hematite was identified by XRD both before and after firing at 1040 °C. 

4. Conclusions

Electrodialytic separation (EDS) for recovery of  phosphorous from sewage sludge ash (SSA) changes 
the overall composition of  the ash. When used as clay substitution in brick making, major important 
changes in SSA characteristics were seen from EDS. Of  major importance is considered, that the hematite 
concentration increases during EDS reaching levels of  about 25 wt%. The hematite content gave a reddish 
coloured brick material (the reference material from firing clay was yellow), and the colour change was most 
intense for SSA-EDS. The hematite also caused formation of  a glassy-like phase with closed, spherical 

(b)(a)

(d)(c)
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pores when discs were fired at 1050 °C. This glassy-like phase strongly influenced the open porosity of  
the material. When fired at 1000 °C, the open porosity slightly increased with increasing clay substitution 
with SSA-EDS, whereas at 1050 °C, the order was reversed, and the open porosity decreased significantly 
with increasing SSA-EDS content. The overall open porosity of  the brick material decreased to 12.5 and 
13.6 %, when 30 and 50% clay was replaced with SSA-EDS and the mix was fired at 1050 °C. These 
porosities are low and outside the levels of  generally used bricks. When fired at 1000 °C, the same mixes 
gave open porosities within the general range. From this investigation, it can be concluded that SSA-EDS 
can potentially be used in brick manufacturing similarly to SSA, however, attention must be given to the 
firing temperature at higher substitutions due to the increased content of  hematite, which here strongly 
influences the brick properties.
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Abstract

Fluidized bed combustion (FBC) is an efficient, environment-friendly, and commonly used combustion 
method. Unlike the traditionally used pulverized coal combustion (PCC) technology, FBC has less SOx 
and NOx emissions because of  its lower burning temperature (800–900 °C vs. 1300–1700 °C) and in situ 
capturing of  SO2 via direct reaction with Ca-based sorbents during the firing process. In addition to this, 
FBC technology can utilize mixture of  low-grade fuels that have fluctuating quality, composition, and 
moisture content, which however causes challenges to utilize produced fly ash. On the other hand, cement 
industry has pressures to decrease CO2 emissions and therefore different cement substitutional industrial 
side streams has been studied intensively. PCC fly ash as a cement replacement material is already widely 
studied and adopted by the concrete industry to partially replace cement produced from traditional raw 
materials. However, since energy industry is all the time increasing the usage of  renewable energy sources 
(biomass and wastes), it is reasonable to study fly ashes originating from the combustion of  these fuels. 
The use of  FBC fly ash as cement replacement material is one promising way to utilize these fly ashes: 
They have pozzolanic and self-cementitious property, which means that they react with cement and water. 
FBC fly ashes react also alone with water to produce cement-like reaction products. Also alkali-activation 
is promising method to utilize FBC fly ashes as a light-weight aggregates, for instance. Nevertheless, there 
is a lack of  standardization for the use of  FBC fly ash in construction. Current US (ASTM C 618) and 
European (EN 450-1) standards governing the use of  fly ash as a mineral admixture in concrete do not 
contain the utilization of  FBC ashes. However, it can be expected that in the future standards will cover 
also FBC and/or biomass fly ashes fulfilling the standard requirements. Fly ashes originating from biomass 
and waste combustion do not often meet the standard requirements because they may contain excessive 
amount of  sulphate, chloride and lime, for instance. This study presents different treatments to improve 
fly ash quality to fulfil the standards and to improve their mechanical strength. These treatments can be 
mechanical or chemical: grinding, sieving, classification and chemical additives. 

Keywords: classification, fluidized bed combustion, grinding, sustainable binder utilization, waste.
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Abstract

Future depletion of  supplementary cementitious materials, such as coal fly ash, causes a need to investigate 
alternative materials for the production of  blended cements. Utilizing mine tailings has previously proved 
suitable as a potential chemical and physical contributor in cement-based building materials. The novel 
utilization of  mine tailings must however not compromise on the environmental impacts caused by the use 
of  metal enriched waste materials. This study investigates the toxic risk of  mine tailings utilized as partial 
cement replacement in cement-based building materials according to leaching of  metals. 

The study tested 8 different mine tailings samples used as 5% by weight of  the cement content in mortar 
specimens along with a reference mortar sample. The leaching potential (total digestion) was compared to 
the leaching behaviour (leach batch tests) of  crushed mortar specimens with 5% cement replacement for 
metals prone to pose a health risk (Cd, Ni and Pb). Total digestions and leach batch tests on crushed mortar 
specimens were carried out 1 month (2017) and 1 year (2018) after curing to determine metal stabilization/
solidification as a function of  time. 

The results from the leaching potential (total digestion) showed 2 out of  8 mine tailings samples used as 
partial cement replacement to exceed the Danish metal levels recognized to pose a potential environmental 
risk when incorporated in construction materials for Cd and Pb. Except for MT6 for Pb, leaching behaviour 
(leach batch tests) was lower than the leaching potential for all metals and mine tailing samples. Except 
for Pb in MT6 and MT8, high leaching potential did not correspond to high leaching behaviour since all 
samples showed similar leaching behaviour. For all metals and mine tailings samples, leaching behaviour 
decreased markedly over time from 1 month to 1 year of  curing. The reference sample showed lower or 
similar leaching potential and behaviour as the mortar samples with mine tailings. 

The results of  the study support previous findings of  metal fixation as the alkaline cementitious environment 
in cement-based building materials showed to stabilize metals in the cement matrix according to time. It 
was shown, that metal enriched mine tailings samples do not differ markedly from the reference samples 
in leaching potential or leaching behaviour. The study also showed that except for Pb, the metal leach 
behaviour was not determined by the leaching potential of  the tailings. 
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This could indicate that other physicochemical characteristics of  mine tailings affect the release of  metals. 
This study thereby provides useful preliminary information to a better understanding of  binding and 
leaching processes of  waste materials as a component in cement-based materials. 

Keywords: Mine tailings, cement replacement, metal leaching test, stabilization/solidification 
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Abstract 

Concrete is the most frequently used material in the construction sector, which generates massive amounts 
of  residues each year due to demolition. A major challenge with the reuse of  recycled concrete aggregates 
(RCA) in making new concrete is the presence of  hydrated cement residues on RCA surface and bulk, 
which leads to high water absorption and an inferior transition zone. Carbonation is known to have positive 
effects on the surface properties of  RCA as it converts the portlandite present to calcium carbonate resulting 
in a lower porosity and better surface characteristics. In this research, the effects of  carbonation conditions 
(namely CO2 pressure: 1-5 bars, temperature: 20-60 °C, time: 1-4 hours, and relative humidity of  the 
carbonation atmosphere: with and without buffering to saturation) on the apparent particle density, water 
absorption, and wear resistance of  RCA is investigated. RCA samples are produced by crushing hardened 
concrete with known composition after curing for four weeks. Two moisture conditions are generated in 
RCA prior to carbonation: 1- “Wet”: where the RCA is soaked in water for a prolonged duration of  time, 
and 2- “Seasoned”: where the RCA is stored at 95% relative humidity for 48 hours prior to testing.

The results suggest that regardless of  the carbonation settings, carbonation under “Wet” conditions 
leads to no meaningful drop in water absorption or wear resistance, which is concluded to be due to 
lack of  CO2 uptake in the presence of  moisture. The “Seasoned” RCA also showed no potential for 
carbonation when the chamber humidity level was boosted to water vapor saturation. However, “Seasoned” 
RCA showed significant potential for carbonation and thus drop in water absorption if  the humidity of  
the carbonating environment is not boosted. CO2 pressure showed positive effects on the carbonation 
outcome of  “Seasoned” RCA. While the water absorption of  such RCA carbonated at 1 bar was found to 
be approximately 4.4±0.8% less than that of  untreated RCA, 18.0±1.8% drop in the same parameter was 
observed when the CO2 pressure was raised to 5 bars.

Keywords: Recycled concrete aggregates, Carbonation, Preconditioning, Water absorption, Wear resistance

1. Introduction

The construction and demolition industries are accountable for the largest portion of  anthropogenic 
residues in the European Union (25-30% of  the total wastes generated) [1] with rapidly growing figures 
as existing infrastructure approaches the end of  their service lives. While nearly 450 million tons of  such 
waste is produced each year in the European Union [2], it remains to be the least recycled waste (25-30% 
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recycle rate) in this region [3]. Of  particular importance is concrete, which is by far the most frequently 
used construction material with immense amounts of  residues generated every year due to demolition of  
buildings and infrastructure. Due to its limited life cycle, all of  the produced concrete eventually has to be 
demolished. The common practice of  concrete recycling involves crushing steps to convert the concrete 
rubbles to smaller granules [4] (referred to as recycled concrete aggregates: RCA’s). RCA is commonly used 
as road base material or partial replacement for the coarse aggregates in new concrete mixtures. Only 30% 
of  the demolished concrete is reused in such applications within the European Union [3] while the rest is 
landfilled. Aside from the very low recycling rate (compared to countries such as U.S. and Japan: 82% and 
80% recycling rate, respectively), it is used in lower-grade applications, which do not portray a sustainable 
development model at the long term. With the growing environmental concerns and scarcity of  landfill 
spaces, it is imperative to advance the state of  knowledge and practice to enable closed-loop recycling of  
demolished concrete.

RCA is generally known for its inferior physical and mechanical properties. In their review paper, Shafiuddin 
et al. [5] concluded that in comparison with normal concrete aggregates, RCA has significantly higher water 
absorption (3-12%), lower abrasion and impact resistance (reportedly up to 45% and 25%, respectively), 
and results in lower RCA concrete slump, greater slump loss over time (up to 50% more), and up to 50% 
and 60% more drying shrinkage and creep, respectively. Part of  the reason for the sub-par performance 
of  RCA is the presence of  hydrated cement paste in the grains. The high porosity of  the adhering cement 
paste is the driving force for high water absorption and high shrinkage when used in new concrete [6]. 
The drawbacks of  conventionally produced RCA are not limited to fresh properties of  concrete. The 
compressive strength of  concrete incorporating RCA can be up to 25% less than that of  normal aggregate 
concrete depending on the quality of  RCA [5]. The inferior mechanical properties are attributed to the 
formation of  a weak ITZ between the old and new cement paste [6]. As such, lowering the porosity or 
water absorption capacity of  the adhering cement and strengthening its surface hardness can result in 
considerable enhancement in the performance of  RCA in concrete.

With the knowledge that has been developed on portland cement, researchers have proposed different 
methods to improve the surface properties of  RCA. Surface coating of  RCA with a pozzolanic slurry [7,8,9], 
poly-vinyl alcohol polymer [10], and water glass [8] have been explored in the past with satisfactory results. 
Shi et al. [6] reviewed different RCA treatment techniques reported in the literature and concluded that 
carbonation is an efficient and environmentally friendly method for enhancing the properties of  RCA.

Indeed, carbonation is gaining more attention among researchers due to its positive influences on the 
physical and mechanical properties of  the hardened cement matrix, ease of  application, and environmental 
implications. The presence of  portlandite and C-S-H in the hardened cement paste makes it prone to 
carbonation, which is followed by some 10% increase in volume of  portlandite. This is because the resultant 
of  carbonation (CaCO3) has a molar volume of  36.9 cm3/mol while that of  the reactant (Ca(OH)2) is 33.5 
cm3/mol. Carbonation also leads to an increase in the mechanical strength of  the old cement matrix [6,11]. 
Numerous publications on the subject of  carbonation of  RCA can be found in the literature with the 
aim of  improving the water absorption and mechanical properties of  this material. Zhao et al. reported 
an average of  about 30% drop in water absorption of  RCA after storing in an accelerated carbonation 
room [12]. Zhan et al [13] reported a 16.7% drop in water absorption of  RCA after exposure to accelerated 
carbonation settings (low relative humidity (RH), 10 kPa CO2 pressure, and an ambient temperature of  23 
°C). Zhang et al. [14] reported 23-28% drop in such parameter after carbonating aggregates at 20 °C, 60% 
RH and 20% CO2 concentration (results varied depending on aggregate type). Considerable improvements 
in the mechanical properties of  RCA (e.g., aggregate crushing value, impact value and Los-Angeles abrasion 
value) as a result of  carbonation has also been reported [5,11,12].
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A number of  factors seem to have an effect on the above properties of  RCA. The CO2 pressure, ambient 
temperature and relative humidity, carbonation time, and aggregate moisture condition appear to be the 
governing carbonation factors. Most of  the existing literature lends itself  to the investigation of  carbonation 
under ambient or close to ambient atmospheric pressure while a research by Shi et al. [6] suggests that if  
CO2 pressure exceeds 0.5 MPa, the strength development will be insignificant. The authors suggested that 
this is probably because the strength obtained through carbonation of  portlandite is counteracted by the 
deterioration of  the C-S-H structure. Junior et al. [15] reported a decrease of  as much as 51% in strength of  
concrete after prolonged exposure to 20% CO2 environment. As such, it appears that the CO2 pressure and 
carbonation time should be chosen carefully to only carbonate the portlandite. A full in-depth carbonation 
of  both portlandite and C-S-H might result in excessive increase in volume and loss of  structural integrity. 
As such, it might be beneficial to limit the carbonation to the outer surface of  RCA in order to limit the 
volumetric expansion and avoid any damage to the cement matrix in recycled aggregates. If  the aggregates 
are fully wet during carbonation, the carbonation depth will probably be limited to the outer crust. The 
resulting increase in the volume of  precipitate on the surface may significantly lower the permeability of  
RCA causing a considerable drop in water absorption.

Unfortunately, no systematic research quantifying the effects and interactions of  such factors on the physical 
and mechanical properties of  RCA can be found in the literature. The notion of  crust carbonation is not 
dealt with in the past and there seems to be a need for further research with a focus on this topic. The present 
paper investigates the effects and interactions of  aggregate preconditioning (moisture condition), ambient 
relative humidity, CO2 pressure, ambient temperature, and carbonation time (referred to as variables) on 
the apparent particle density, water absorption and resistance to wear (referred to as response parameters) 
of  laboratory-made RCA. The objective of  this research is to first quantify and evaluate the statistical 
significance of  the above variables on each response parameter and then find the ideal carbonation settings.

2. Methodology

A base concrete mixture is first produced, cast and moist cured for production of  RCA. After four weeks, 
the concrete is crushed using a jaw crusher in different steps to generate aggregates with gradation similar 
to that of  starting granules. The >3 mm fraction is tested for its water absorption and wear resistance and 
then subjected to 10 different carbonation conditions for the above five variables each tested in two levels 
in an adaptive factorial design of  experiments. The carbonated RCA specimens are then tested for the same 
properties and the results of  each experiment is used in deciding on the next carbonation settings. The ideal 
combination of  variable levels for maximum drop in water absorption is finally determined.

2.1 Materials
CEM I 52,5 N is used as the source of  portland cement in making the base concrete. 0/3 GF85 siliceous 
river sand, 2/7 GC90/15 and 7/14 GC85/20 limestones are also used as the sources of  fine aggregates, 
small and large coarse aggregates, respectively. Table 1 shows the mixture proportions of  the base concrete. 
A high effective water-to-cement ratio of  0.57 is chosen to promote high water absorption by RCA and to 
ensure the applicability of  the research findings to extreme situations where extra water is added to concrete 
to help mixing and compaction.

Table 1: Mixture proportions of  the base concrete

Cement Water 0/3 sand 2/7 limestone 7/14 limestone

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

360 205 535 535 710
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Figure 1 shows the sieve analysis results of  the fresh aggregates. The physical properties of  aggregates are 
also listed in Table 2. It is observed that the water absorption of  2/7 and 7/14 aggregates are below 1.0% 
while that of  the 0/3 river sand is no more than 0.37%. The surface wear resistance of  7/14 limestone 
is also tested in accordance with EN 1097-2 (micro-Deval resistance to wear), which was found to be 
16.0±0.52%. The reported value, often referred to as the micro-Deval factor, shows the mass percentage 
of  the aggregates worn out during the test, indicated by the passing of  the 1.6 mm sieve. Note that the 
reported error margins all pertain to 90% confidence interval (i.e., 4.46×standard deviation) throughout 
the paper.

Figure 1: Sieve analysis results of  fresh aggregates

Table 2. Physical and mechanical properties of  fresh aggregates

Aggregate Saturated surface dry density Water absorption Micro-Deval factor

kg/m3 (%) (%)

7/14 2686 0.64 16.0±0.52

2/7 2665 0.82 NA

0/3 2642 0.37 NA

2.2 Methods
The base concrete mixture is sealed cured for 4 weeks and tested for its compressive strength. The mixture 
showed a slump of  18 cm and a 28-day compressive strength of  57.6 MPa (three 15cm×15cm×15cm cubic 
specimens) when tested per EN 12350-2 and EN 12390-3, respectively. The remaining moulded concrete 
is crushed by first crushing to <9 mm rubbles using a hand-driven point-press hydraulic jack, and further 
crushing to aggregates using a laboratory jaw crusher. The crusher opening is first set at 10 mm opening 
and all rubbles are passed through. Next, the resulting grains are crushed once more at 8.5 mm opening. 
This was found to yield aggregates with satisfactorily low flaky/needle-shaped grains and a particle size 
distribution similar to those of  the starting aggregates.

The obtained RCA is screened for the passing of  3 mm as the fines often show excessively high cement 
content and water absorption capacity. The literature is consistent in reporting the poor performance of  
fine RCA especially in high dosages [6,16,17]. As such, the experimental program is geared towards 
studying the effect of carbonation on the properties of the >3 mm fraction. The test fractions 
are then washed, dried and stored for carbonation procedures. 

A 2-level adaptive factorial design of  experiments (DoE) is deployed for studying the effects of  aggregate 
Moisture condition (“Wet” or “Seasoned”), Relative humidity of  the carbonation atmosphere (with or 
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without boosting to saturation; referred to as “Boosted” or “Not boosted”), CO2 pressure (“1 bar” or “5 
bars”), Temperature (“20 °C” or “60 °C”), and carbonation Time (“1 hour” or “4 hours”). Table 3 shows 
how the two levels of  each variable are realized.

Table 3: Detailed description of  carbonation parameters

Variable Acronym (unit) Level Description

Moisture 
condition

MC (-)

“Wet”
The aggregates were soaked in water for one 
week before carbonation. Drained on sieve 1 
mm for 10 minutes before carbonation.

“Seasoned”
The aggregates were first dried at 80 °C for 1 
day and then placed inside a climate chamber 
set at 95% relative humidity for 48 hours.

Relative humidity RH (%)
“Boosted”

500 ml of  water was placed inside the 
chamber 2 hours before carbonation.

“Not-boosted” The above step was not taken.

CO2 pressure PCO2 (bar)

“1 bar” Rapid increase from ambient CO2 pressure 
(~0 bars) to the test level in the carbonation 
chamber“5 bars”

Temperature T (°C)
“20 °C”

Tests were run at 20±3 °C ambient 
temperature.

“60 °C”
Aggregates and CO2 chamber were preheated 
to 60 °C before carbonation.

Time t (hours)
“1 hour” Pressure maintained at the maximum specified 

value for the specified duration.“4 hours”

The list of  variables in Table 3 is considered to include all potentially influencing variables on RCA 
carbonation. Each recipe of  carbonation is initiated by first soaking or seasoning representative RCA 
samples as described in Table 3. Next, the aggregates and the carbonation chamber are brought to the 
test temperature two hours before the test. A nylon tray containing 500 ml of  water is placed inside the 
chamber in the case of  “Boosted” experiments two hours in advance. The aggregates are then placed 
inside the chamber and the carbonation is initiated by quickly injecting CO2 into the chamber to achieve 
the designated CO2 pressure. The pressure is preserved at that level for the specified time and finally the 
chamber is flushed with nitrogen for 2 minutes. Upon completion of  carbonation, the aggregates are taken 
out and dried at 80 °C for 24 hours to remove all the water trapped or generated during carbonation. Next, 
they are soaked in water for 24 hours and tested for their apparent particle density and water absorption 
in duplicates per EN 1097-6. Then, the 10-14 mm fraction is sieved and extracted for micro-Deval test for 
resistance to wear in accordance with EN 1097-2 (two samples tested). The passing of  sieve 1.6 mm after 
12,000 revolutions is sieved, washed, dried, and weighed. The mass ratio of  such portion to the initial mass 
is reported as the micro-Deval factor of  the carbonated RCA.

The test conditions are initially chosen as follows (which were thought to be the best carbonation conditions 
to start with): “Wet” aggregates under “Boosted” RH, carbonated at “1 bar” CO2 pressure for “1 hour” 
at “20 °C” temperature. The said conditions are referred to as Exp. 1 in Table 4. In the next experiment, 
the pressure is raised to 5 bars to see the effect of  CO2 pressure (Exp. 2). These two experiments are 
then repeated at 60 °C to explore the effect of  temperature (Exp. 3 and Exp. 4). As later discussed in the 
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results section, the unsatisfactory results led the authors to dial back the temperature to 20 °C and instead 
investigate the outcome of  carbonation under “Not boosted” conditions for longer durations of  time at 
both 1 and 5 bars (Exp. 5 and Exp. 6). As such, Exp. 1 and Exp. 2 were repeated under “Not boosted” 
conditions for 4 hours. The micro-Deval tests were temporarily dropped from the experiments in order 
to focus on water absorption and find carbonation settings that indeed improve this parameter. After 
obtaining unsatisfying results from carbonation of  “Wet” RCA (regardless of  CO2 pressure, temperature, 
relative humidity and time), the aggregate moisture condition was switched to “Seasoned” while the relative 
humidity was studied in both “Boosted” and “Not boosted” conditions (tested at 1 and 5 bars for 1 hour: 
Exp. 7 to Exp. 10). 

Table 4: The experimental units representing the studied carbonation settings

Exp. no. MC RH T (°C) PCO2 (bars) Time

1 Wet Boosted 20 1 1

2 Wet Boosted 20 5 1

3 Wet Boosted 60 1 1

4 Wet Boosted 60 5 1

5 Wet Not boosted 20 1 4

6 Wet Not boosted 20 5 4

7 Seasoned Boosted 20 1 1

8 Seasoned Boosted 20 5 1

9 Seasoned Not-boosted 20 1 1

10 Seasoned Not boosted 20 5 1

3. Results and discussion

The chosen sequence of  crushing steps was found to result in RCA with a particle size distribution close to 
those of  starting 0/3 siliceous sand and 7/14 limestone. Figure 2 shows the sieve analysis results of  the >3 
mm and <3 mm fractions of  RCA in comparison with the 0/3 and 7/14 aggregates. 

Figure 2: Sieve analysis results of  RCA in comparison with the fresh aggregates

It is observed that the coarse RCA has a particle size distribution close to that of  7/14 limestone. Maintaining 
similar particle size is important for having a comparable basis for the water absorption of  RCA. This is 
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because it eliminates the particle size effect and helps determine 1- how much change in water absorption 
and micro-Deval resistance to wear will take place due to the presence of  hydrated cement paste on RCA, 
and 2- how much change in the said parameters a given carbonation procedure can result in.

While the water absorption of  7/14 limestone was 0.64%, the untreated (i.e., not carbonated) RCA was 
found to be capable of  absorbing 5.26±0.12% water when tested per EN 1097-6 which is mainly due to 
the presence of  hydrated cement paste in the grains. The starting limestone aggregate showed no more 
than 16.0±0.52% wear-out in the micro-Deval test while that of  the untreated RCA was found to be 
26.3±2.62%. As such, the presence of  hydrated cement paste has resulted in some 722±19% increase in 
water absorption and 64±21% increase in micro-Deval factor.

The results of  RCA carbonation in “Wet” conditions are shown in Figure 3 and Figure 4, all demonstrating 
the adverse effect of  excessive humidity on carbonation outcome. Figure 3 suggests that regardless of  
carbonation temperature and pressure, carbonation in “Wet” conditions does not reduce water absorption. 
Note that despite that the average values of  water absorption have mostly increased compared to the 
control (i.e., the “Not carbonated” RCA), the differences are not statistically significant (p-value>0.05 in 
all cases). Nonetheless, if  one is to judge merely by average values, one may conclude that in three out of  
four carbonation conditions, the average water absorption has even increased. This could be attributed to 
the fact that soaking RCA in water causes (visible) leaching of  portlandite from the adhered cement paste, 
which in turn results in an increase in RCA porosity and thus water absorption. During the carbonation 
process itself, some extra water is produced due to the conversion of  portlandite to calcium carbonate and 
water. When excessive free water is already available on the RCA surface (due to soaking), carbonation 
was found to cause further portlandite leaching. This was visually confirmed by the occasional formation 
of  milky water ponds at the bottom of  the carbonation chamber. The micro-Deval factor results (Figure 
3) are in line with the findings on water absorption. The effect of  carbonation on this parameter is barely 
significant (p-value=0.057). Dunnett comparison of  the four experimented carbonation conditions at 90% 
confidence level suggests that despite the slight drop in average micro-Deval factor due to carbonation, the 
differences from the control (i.e., “Not carbonated” RCA) are not significant.

Figure 3: Water absorption and micro-Deval factor of  “Wet” RCA carbonated at different 
temperature and CO2 pressure levels in comparison with “Not carbonated” RCA

It was originally expected to observe meaningful changes (i.e., increase) in the RCA apparent particle density 
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after carbonation (due to CO2 uptake). Figure 4 suggests that all carbonated samples have an apparent 
particle density numerically larger than that of  the control (i.e., not carbonated). However, the differences 
are not statistically significant (for the “Wet conditions”). Both t-test and Dunnett comparison test results 
suggest that the variations are not conclusive. The above discussed leaching of  portlandite or calcium 
carbonate from RCA in each carbonation run is thought to be counteracting the effect of  carbonation on 
density.

60°C/5b - Not carbonated

60°C/1b - Not carbonated

20°C/5b - Not carbonated

20°C/1b - Not carbonated

6050403020100-10-20
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Figure 4: Dunnett Simultaneous 90% confidence intervals of  the differences between the mean 
apparent density of  RCA before and after carbonation each carbonation condition for “Wet” RCA 
carbonated under “Boosted” humidity conditions for 1 hour (if  an interval does not contain zero, 
the corresponding mean is significantly different from the control mean)

In fact, the initial perception was to observe an inverse correlation between apparent particle density and 
water absorption (i.e., denser grains were thought to have less water absorption capacity), and similar 
correlation between apparent particle density and micro-Deval factor. However, no correlation was 
observed between the micro-Deval factor and the other two parameters. To the authors’ surprise, however, 
the correlation between the water absorption and apparent density was found to be direct and rather 
significant (r = 0.607; p-value = 0.063). The correlation matrix of  apparent density, water absorption and 
micro-Deval factor are shown in Table 5.

Table 5: The correlation matrix for water absorption, apparent density and micro-Deval factor of  
“Wet” RCA

Parameter Micro-Deval factor (%) Water absorption (%)

Water absorption (%)

Apparent density (kg/m3)

*Figures in parentheses are the p-values of  correlation coefficient. A p-value greater than 0.05 
indicates an insignificant correlation.

The above observations propelled the authors to further investigate the possibility of  excessive humidity 
being the underlying cause for the unexpected results. As such, in the first step the chamber relative humidity 
was switched from “Boosted” to “Not-boosted” to see if  any improvement will occur in the results if  the 
carbonation time is also extended to 4 hours. Yet, little success was achieved. The “Wet” RCA carbonated 
at 1 bar, 20 °C for 4 hours showed a water absorption capacity of  5.70±0.63%, while that of  same RCA 
carbonated under similar settings except at 5 bars was found to be 5.45±0.45%. Therefore, it can be 
concluded that “Wet” RCA does not show any improvement in the 24-hour water absorption capacity after 
carbonation at 1 to 5 bars, 20 to 60 °C, under “Boosted” or “Not-boosted” conditions for 1 to 4 hours.

The obtained results led the authors to further eliminate the availability of  moisture during carbonation. 
To this end, similar carbonation experiments (but only at 20 °C) were carried out on RCA “Seasoned” at 
95% RH. Since such RCA was first dried in the oven prior to exposure to 95% RH, they appeared dry 
on the outer surface (i.e., same appearance as oven-dried RCA). The carbonation was carried out at both 
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“Boosted” and “Not boosted” chamber humidity (please refer to Table 3 for the definition of  these terms) 
at 1 and 5 bars.

The results clearly confirm that similar to the case of  “Wet” RCA, carbonation of  “Seasoned” RCA under 
“Boosted” RH at 1 to 5 bars for 1 hour results in no reduction in water absorption. 5.34±0.20% and 
5.41±0.40% were recorded for the mean water absorption of  “Seasoned” RCA carbonated at 1 and 5 bars, 
respectively. However, carbonation of  the same RCA under “Not boosted” conditions led to a meaningful 
improvement and a breakthrough for the cases of  1 and 5 bar CO2 pressure, respectively. The water 
absorption of  the “Seasoned” RCA carbonated at 1 bar was found to be 5.03±0.16% while that of  RCA 
carbonated at 5 bars was measured as low as 4.32±0.50%. This means 4.4±0.8% and 18.0±1.8% relative 
drop in water absorption, respectively. These results are visually presented in Figure 5.

Figure 5: Water absorption “Seasoned” RCA carbonated at different relative humidity and CO2 
pressure levels in comparison with “Not carbonated” RCA

The apparent particle density readings of  such carbonated RCA specimens were also found to be 
as those of  “Wet” RCA but with less variations in readings (due to the lack of  uncontrolled leaching 
of  calcium carbonate from the specimens, unlike the case of  “Wet” RCA). The results are also 
shown in Figure 6. In three out of  four cases, a significant increase in apparent particle density 
was observed. Interestingly enough, the least particle density was recorded for the RCA with 
the least water absorption (i.e., Not-boosted/5b/1h). No clear correlation between the apparent 
particle density and water absorption could however be established (r = 0.25; p-value = 0.487). 

Seasoned/Not boosted/5b - Not carbonated

Seasoned/Not boosted/1b - Not carbonated

Seasoned/Boosted/5b - Not carbonated

Seasoned/Boosted/1b - Not carbonated
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Figure 4: Dunnett Simultaneous 90% confidence intervals of  the differences between the mean 
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apparent density of  RCA before and after carbonation each carbonation condition for “Seasoned” 
RCA carbonated at 20 °C for 1 hour (if  an interval does not contain zero, the corresponding mean 
is significantly different from the control mean).

Given the apparent particle density is oven-dried mass/oven-dried volume, it seems that as carbonation 
takes place (leading to a drop in water absorption), both the numerator and the denominator increase in 
such a way that the increase in the fraction is not in line with decrease in water absorption. As such, the 
apparent density values cannot be used as a source of  judgement for water absorption capacity of  RCA.

Nonetheless, comparing the 17.9% drop in water absorption for the case of  “Seasoned” RCA carbonated 
at 5 bars with the insignificant variations in such parameter for the outputs of  other carbonation settings 
suggests that RCA should be carbonated at high pressures under very limited access to moisture. Moreover, 
it can be concluded that carbonation does not take place for aggregates with excessive moisture contents.

4. Conclusions

The undertaken experimental program led to the following findings:

• Carbonation of  recycled concrete aggregates under wet conditions does not lead to any improvements 
in water absorption and surface wear resistance, regardless of  CO2 pressure, temperature, time and 
availability of  moisture in the carbonating atmosphere.

• No correlation was found between the apparent density and water absorption of  recycled concrete 
aggregates carbonated under wet conditions.

• Such correlation was strongly significant in the case of  recycled concrete aggregates preconditioned at 
95% relative humidity prior to carbonation.

• Carbonation of  recycled concrete aggregates preconditioned at 95% relative humidity in the presence 
of  water vapor has excessively low efficiency.

• Carbonation of  recycled concrete aggregates preconditioned at 95% relative humidity in the absence of  
water vapor at 1 bar CO2 pressure leads to some 4% drop in water absorption. This is while increasing 
such pressure to 5 bars leads to an extra 14% drop in water absorption capacity.

• High pressure carbonation (i.e., 5 bars CO2 pressure) under limited humidity conditions is recommended 
for the best results.
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Abstract – In concrete recycling processes, the reuse of  concrete waste as aggregate in new concrete 
usually requires a beneficiation process, which separates the natural aggregate from the attached cement 
paste/mortar. The old cement paste is considered harmful for the recycled aggregates quality; thus, its 
removal is recommended and only the clean natural aggregate is used as recycled aggregate. As a result, 
the majority of  concrete recycling studies focus on the aggregate. This work focuses on the old cement 
paste itself, which presents remaining unhydrated cement and therefore, presents a recovery potential for 
further use in new cement paste/concrete not only as aggregate (inert) but also as active addition with 
cementing properties. This work presents the results of  the quantification phase. In concrete structures, 
complete hydration is not achieved and unhydrated cement remains, which may be due to several factors: 
particle size of  the cement, water/cement (w/c) ratio of  the paste, curing duration and conditions, lack 
of  water or space for hydration, etc. Since nowadays concrete with lower w/c ratios is often in use, there 
is an increasing amount of  unhydrated cement, which represents a pronounced potential for recovery 
and reuse. Old concrete structures are usually made with higher w/c that allows better hydration but with 
larger cement grains that do not allow complete hydration. This work includes both low and high w/c  
representing old and new concrete structures. The parent cement pastes used in this work were prepared in 
laboratory using different w/c ratios and curing durations, referring to normal and high strength concrete. 
After crushing and grinding, different methods for quantifying the degree of  hydration and the remaining 
unhydrated cement were used including x-ray diffraction (XRD) and thermal analysis (TGA/DTA). In 
addition, the hydration process was simulated by NIST model. Results from different methods show that 
hydration was not complete and all cements has not undergone full hydration, which indicates the presence 
of  unhydrated cement in significant amounts. The degree of  hydration is indeed lower than one (0.59-0.90 
depending on the factors cited above), and there is a significant amount of  remaining cement that did not 
undergo hydration (up to 25%). XRD results also provide information that most of  the remaining cement 
is in the form of  belite. These results indicate that the material has a recovery potential and it could be 
further used in new cement paste/concrete as active addition with active cementing properties.

Keywords: Unhydrated cement, degree of  hydration, concrete waste.

1. Introduction

The construction sector is responsible for a significant global environmental impact, due to the consumption 
of  natural resources and energy, the generation of  waste and the emission of  carbon dioxide (CO2). Since 
concrete is the most used material in construction industry, by reducing its negative environmental impact 
it is possible to improve sustainability of  the construction sector [1]. One of  the main possible paths is 
through cement production. 

In recent years, global cement production have reached around 4 billion tons per year (4.05 billion ton in 
2017, 4.1 billion ton in 2018 [2]), with a projection to achieve around 5.2 billion tons by 2019 [3], which 
represents an enormous prospect of  economic and environmental impact.
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In addition, major portions of  construction and demolition waste (C&DW) in many countries consists of  
concrete waste [4]. In concrete recycling processes, the technology for producing recycled aggregate from 
C&DW is available and relatively inexpensive [5]. The uses of  recycled aggregate include both base/sub-
base infrastructure and structural applications. Each application requires a different quality and therefore, a 
different treatment. The use of  recycled aggregate in new concrete requires a beneficiation process, which 
usually separates the natural aggregate from the attached cement paste/mortar. 

The old cement paste/mortar is considered harmful for the recycled aggregates quality; thus, its removal 
is recommended. When concrete waste is crushed, a certain amount of  paste/mortar from the original 
cement mortar remains attached to the aggregate particles, which forms a weak, porous and cracky layer 
[6] – as illustrated in Fig. 1. As a result, recycled aggregates present less density, high porosity and high water 
absorption capacity [7].

Figure 1: SEM-BSE image of  crushed C&DW [8].

There are several techniques for removing the attached cement paste/mortar: thermal treatment (heating 
method) [9], [10]; mechanical treatment (the eccentric-shaft rotor method/mechanical grinding method) 
[11]; thermal-mechanical treatment (heating and rubbing method) [9], [11]; chemical-mechanical treatment 
(freeze-thaw method) [12]; microwave-assisted treatment [11]; ultrasonic cleaning [13]; acid treatment [11], 
[12], [6]; silica fume impregnation [13]; polymer treatment [14]; etc. In all the cited techniques, the clean 
natural aggregate is used as recycled aggregate, while the attached cement paste/mortar is of  no use. As 
a result, the majority of  concrete recycling studies focus on the recycled aggregate only, clean from the 
attached cement paste/mortar. This work focuses on the old cement paste/mortar itself, which presents 
remaining unhydrated cement and therefore, presents a recovery potential for further use in new cement 
paste/concrete not only as aggregate (inert) but also as active addition with cementing properties.

This work is based on two important hypotheses: the first is that part of  the cement remains unhydrated 
in old concrete; and the second is that it is possible to recover this residual cement in order to use it in new 
concrete.

The cement hydration progress can be described in terms of  degree of  hydration: for a complete hydration, 
the degree of  hydration is one and for any other hydration, the degree of  hydration is lower than one. For 
these last cases, an amount of  unhydrated/unreacted cement remains in the hydrated cement paste, even 
after long hydration time [15]–[17]. This may be due to several parameters as follows. 

Cement particle size: large grains of  cement may never achieve complete hydration. In grains with a 
diameter greater than 20-25 μm, there is always a core of  cement that does not undergo hydration [18]. 
Greater values are described in [15]: cement particles larger than 45 μm are difficult to hydrate and those 
larger than 75 μm may never hydrate completely. 

Natural aggregate

Attached cement paste/mortar
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Water amount necessary for complete hydration: the complete hydration of  cement requires a minimum 
amount of  water in order to combine chemically with all the cement grains, which means that cement 
pastes with low w/c ratios may never achieve complete hydration. A few examples of  the use of  low w/c 
ratios in concrete production are high strength concrete (HSC) and high performance concrete (HPC). 

Lack of  space for hydration: the topics lack of  water and lack of  space for hydration are strongly connected. 
If  the cement paste presents a significantly low value of  w/c ratio, there will not be sufficient water to 
completely hydrate all the cement grains. In addition, hydration products occupy a larger volume than the 
original cement grain - around 2-2.2 times larger [15], [18], [19].

The critical value of  w/c as 0.38 is determined experimentally in [20], which provides enough space for 
all the cement to react with no capillary porosity left, which means that with zero porosity, the maximum 
degree of  hydration is achieved. For values of  w/c lower than 0.38, complete hydration cannot be achieved. 
The same value is found in [21] and similar values are found in [17]. With lower value of  w/c ratio, the 
capillary porosity is reduced and there will not be sufficient available space for hydration products. As a 
result, the hydration will stop even if  there is still unreacted cement and available water. Lack of  water and 
lack of  space as two of  the most important factors of  controlling hydration [22].

Curing duration and conditions: hydration can end prematurely if  the curing conditions (duration, relative 
humidity and temperature) are not appropriate, regardless of  the w/c ratio. Curing conditions ensure that 
sufficient water is available to the cement grains in order to sustain the rate and degree of  hydration 
necessary to achieve the desired concrete properties at the required time [23]. An example of  material that 
do not receive appropriate conditions of  curing is residual material from concrete plants.   

Cement components present low solubility and therefore, the hydration process takes place mainly on 
the surface of  the grains [18]. As a result, residual unhydrated cement grains are covered with a layer of  
hydration products (hydration shell of  calcium silicate hydrate C-S-H), whose thickness increases as the 
process of  hydration advances. With the increasing of  this layer thickness, the hydration rate is reduced as 
the process depends on the penetration of  the water through that layer [18]. The evolution of  hydration is 
controlled by water diffusion through the layer of  hydrated cement surrounding the anhydrous remnants 
of  cement grains [24]. The cement hydration proceeds by dissolution of  its components (alite as the main 
component) and precipitation of  C-S-H [24] – see Fig. 2.

Figure 2: Typical SEM-BSE image of  a Portland cement mortar [25]. 

The unhydrated core of  cement grains constitute strength in reserve [26]. The amount of  remaining 
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cement after hydration was estimated by different methods and it is noticeable that this amount can achieve 
significant values (up to 23% in volume), which represents a pronounced potential for recovery and reuse. 
As seen above, due to the enormous amount of  cement produced worldwide, substantial economic and 
environmental impact could be done.

2. Methodology

The overall work program consists of  two phases: (I) an estimation of  quantities of  residual unhydrated 
cement in old cement paste; (II) a study of  the effect of  the residual unhydrated cement on the properties 
of  new concrete (recovery). This study presents the results of  phase I. Recycled cement paste fines are 
produced in order to verify the amount of  unhydrated core of  cement grain, its exposure and its potential 
use in new cement paste. The production is performed by controlled parameters: w/c ratio and hydration 
period (curing duration).

2.1 Materials

2.1.1 Parent cement paste

The parent cement paste is prepared with different w/c ratios and curing durations. Part of  the material 
refers to normal strength concrete, with w/c ratio between 0.4 and 0.6; and part to high performance 
concrete (HPC), with lower w/c ratios (0.3-0.2).

The material used to produce the parent material is cement CEM I 52.5 N, tap water and superplasticizer 
admixture (SP), when needed. The chemical composition of  the cement is obtained by inductively coupled 
plasma (ICP), in addition to physical properties (Table 1). The SP used in this study is Glenium 27, a liquid 
high range water reducing/ superplasticizing admixture based on chains of  modified polycarboxylic ether, 
with specific gravity of  1.044 and active/solid content of  20% (by mass). Preliminary tests are performed 
and the workability of  the cement pastes is adjusted by the addition of  SP. Cement paste specimens are 
produced as shown in Table 2. The specimens are prepared in 50 mm cube moulds.

Table 1: Chemical analysis of  CEM I 52.5 N (values in % unless specified otherwise).

CaO SiO2 Al2O3 Fe2O3 MgO TiO2 K2O Na2O P2O5 Mn2O3 SO3

62.16 19.02 5.42 3.82 1.31 0.53 0.37 0.22 0.4 0.05 2.48

Cl (ppm) IR FL LOI250 LOI950 LOItot Specific area Specific density
375 0.76 2.8 0.41 2.52 2.93 4679 cm2/g 3.125 g/cm3

Table 2: Composition of  cement paste produced in laboratory for later crushing and grinding.

CP0.60 CP0.40 CP0.30 CP0.25 CP0.20

Cement (kg/m3) 1056.3 1363.8 1572.9 1697.6 1779.6

Total water (kg/m3)* 633.8 545.5 471.9 424.4 355.9

SP dosage (%)** - 0.2% 0.4% 1% 2.5%
w/c ratio 0.60 0.40 0.30 0.25 0.20

* total water amount includes the water contained in the liquid SP and the water added to the 
mixture.

** SP dosage as a percentage of  the active/solid content (by mass) in relation to the mass of  
cement.

Curing is started one day after casting, when the specimens are removed from the moulds and placed in 
water at (20±1)ºC for 1, 3 and 28 days (for normal strength CP0.60 and CP 0.40); and for 7 and 28 days (for 
high performance CP0.30, CP0.25 and CP0.20). Different curing durations are studied in order to establish 
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a connection between age and hydration rate achieved at each age.

2.1.2	Recycled	cement	paste	fines/residual	anhydrous	cement
After curing, the specimens are dried in oven at 105ºC until reaching constant mass and after, they are 
transferred to a vacuum desiccator in order to maintain dried samples in dry conditions. These dry conditions 
are maintained in order to avoid the absorption of  air humidity and possible changes in hydration rate. 
Subsequently, the specimens are tested for compressive strength, followed by crushing in a jaw crusher and 
grinding in a vibratory ball mill in order to achieve the fine size. The milling was performed for 30 minutes 
with a material/grinding aid ratio of  1/20 (stainless steel cylpebs used as grinding aid).

2.2 Methods
The hydration process is simulated by NIST cement hydration model [27]. Two different situations are 
studied: comparing different w/c ratios with the same cement particle size; and comparing different cement 
particle sizes with the same w/c ratio. For both cases, the parameters are specific gravity of  cement (3.125); 
maximum degree of  hydration (1); number of  cycles (200); maximum steps per cycle (5000); maximum 
probability for CH nucleation (0.01); scale factor for CH nucleation (10000).

The experimental program consists of  compressive strength according to [28], [29]; followed by particle 
size distribution (PSD), thermal analysis and X-ray diffraction (XRD). The measurements of  PSD were 
performed using Malvern Mastersizer 2000, with water and isopropyl alcohol as dispersion liquids. 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) are performed from 105ºC to 
950ºC at a heating rate of  10ºC/min.  XRD is analysis using Rietveld refinement.

3. Results and discussion

3.1 Cement hydration model 
The analysis of  constant cement particle size (21 µm) is presented in Figure 3 and Table 3, while the analysis 
of  constant water/cement ratio (0.4) is presented in Figure 4 and Table 4.

    

   
Figure 3: NIST model after maximum hydration (w/c = 0.6, 0.5, 0.4 from left to right in the upper 
row; w/c = 0.3, 0.25 from left to right in the lower row). Color code: porosity (black), cement (red), 
C-S-H (yellow), CH (cyan)
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Table 3: NIST hydration model percentages - diameter of  C3S circles: 21 µm.

w/c Maximum hydration 
(%)

Remaining porosity 
(%)

Remaining cement 
(%) C-S-H (%) CH (%)

0.60 85 25.9 4.9 50.9 18.3

0.50 83 19.5 6.2 54.7 19.6
0.40 79 9.2 9.2 60 21.5
0.30 67 2.7 16.5 59.4 21.3
0.25* 59 1 22.9 56.1 20.1

*minimum value allowed     

It is interesting to notice that the amounts of  C-S-H and C-H are not in constant increase with the decrease 
of  w/c ratio: somewhere between 0.3-0.4, the maximum values are achieved, followed by a decrease. It is in 
accordance to the minimum w/c ratio required for complete hydration described in the literature. 

                              

Figure 4: NIST model after maximum hydration (diameter of  C3S circle = 11, 21, 31 µm from left 
to right). Color code: porosity (black), cement (red), C-S-H (yellow), CH (cyan)

Table 4: NIST hydration model percentages – w/c = 0.4.

Diameter of  C3S 
circles (µm)

Maximum hydration 
(%)

Remaining porosity 
(%)

Remaining cement 
(%) C-S-H (%) CH (%)

11 84 6.8 6.7 63.7 22.9

21 79 9.2 9.2 60 21.5
31 73 12 12.1 55.9 20

From Fig. 4 and Table 4 is possible to notice that even a very fine-graded cement does not achieve complete 
hydration and some of  the cement remain unhydrated. 

Both factors present a clear influence on degree of  hydration and amount of  remaining cement: lower 
w/c ratio and larger particles present lower degree of  hydration and higher amount of  remaining cement. 
Significant values of  remaining cement can be achieved (up to 23% in volume), which represents a 
pronounced potential for recovery and reuse.

3.2 Compressive strength 
Compressive strength results are presented in Table 5.

Expected results show that lower w/c ratio presents higher strength in all ages. In addition, early ages 
specimens present partial hydration.
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Table 5: Compressive strength results (MPa).

w/c 1 day 3 days 7 days 28 days

Normal strength 
concrete 

0.60 12.09 15.89 - 25.92

0.40 35.98 45.63 - 56.78

High-strength concrete

0.30 - - 64.14 78.83

0.25 - - 83.75 80.48

0.20 - - 91.59 117.7

3.3 Particle size distribution (PSD)
The samples measured in this stage, in addition to cement, were CP0.6-28days, CP0.3-7days and CP0.2-
7days (Fig. 5).

Figure 5: PSD measurements.

There is no significant difference between water and isopropyl alcohol as liquid dispersion for all samples. 
When working with cementing materials, there is a tendency of  using an inert liquid (not water) to avoid 
hydration. However, the equipment manual presents an indicator called “residual”, which implies how well 
the calculated data was fitted to the measurement data. Residual under 1% indicates a good fit, and residual 
over 1% may imply use of  incorrect refractive index and absorption values for the sample and dispersant. 
Regarding this indicator, samples in water dispersion presented lower values (lower than 1%), while samples 
in isopropyl alcohol dispersion presented values up to 5.6%, concluding that water dispersion is a better fit. 
In addition, since the test period of  time is very short, hydration may not be considered.

PSD results show that stronger cement pastes (with lower w/c ratio) present similar PSD to cement PSD. In 
addition, the value of  mass median diameter is compared (MMD or d(0.5) represents the size at which 50% 
of  the sample is smaller and 50% is larger). All d(0.5) values of  cement pastes are higher than the cement 
value (14.97 μm). The d(0.5) value increases with the increase of  w/c ratio: 26.16, 31.42 and 41.38 μm, 
respectively for CP0.2-7days, CP0.3-7days and CP0.6-28days. These results are contrary to the expected, 
since weaker pastes should break more easily and therefore, smaller d(0.5) values would be expected for 
high w/c ratio. Further analysis is needed. 

3.4 Thermal analysis
Results are shown in Fig. 6. All samples present 3 visible weight losses: around 115ºC, referent to gypsum 
dehydration; around 475ºC, referent to portlandite (calcium hydroxide) dehydroxylation; around 715ºC, 
referent to calcite (calcium carbonate) decarbonation. This third weight loss is higher at the sample CP0.2-
7days, which may indicate the occurrence of  carbonation. From the results, the amount of  portlandite 
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(calcium hydroxide) was calculated. Since carbonation has occurred, the amount of  calcite (calcium 
carbonate) should be calculated and taken into consideration.

Figure 6: DTA results for CP0.2-7days (upper left), CP0.3-7days (upper right) and CP0.6-28days 
(lower).

The degree of  hydration cannot be directly extracted from the results; however, an indirect calculation can 
be performed based on the non-evaporable water content (Wn), by dividing Wn by 0.23. The number 0.23 
comes from [17], where the non-evaporable water represents about 23% of  the mass of  the anhydrous 
cement (1g of  anhydrous cement requires 0.23g of  Wn for full hydration). Wn is calculated by the difference 
between the weight at initial temperature (105ºC) and the weight at final temperature (950ºC), corrected by 
the loss of  ignition (LOI) of  the cement.

3.5 X-ray diffraction (XRD)

XRD is performed and the results are present in Table 6:

Table 6: Quantitative evaluation (%wt.).

Phase Anhydrous cement CP0.2-7days CP0.3-7days CP0.6-28days

C3S 60.93 8.3 3.5 1.6

C2S 12.93 11.6 12.9 10.8

C4AF 12.4 4.2 2.9 0.1

C3A 5.85 1.6 1.0 0.6

Portlandite - 10.1 13.0 18.6

Calcite - 1.7 1.5 1.3

Amorphous content - 62.6 65.3 67
Portlandite corrected for carbonation - 11.4 14.1 20

The amount of  portlandite is corrected for possible carbonation. The amount of  silicates (alite and belite) 
indicates the presence of  unhydrated cement: around 20% for CP0.2-7days, 16% for CP0.3-7days and 12% 
for CP0.6-28days. In addition, the low amount of  remaining alite indicates that most of  the remaining 
cement is in the form of  belite.
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The degree of  hydration can be calculated by 1 minus the division of  the weight fraction of  the anhydrous 
cement phases after hydration (corrected by the diluted effect) by the initial weight fraction of  the 
anhydrous cement phases (obtained from XRD of  anhydrous cement). Table 7 summarizes the testing 
results for degree of  hydration and amount of  remaining cement by different methods. 

Table 7: Results comparison.

Degree of  hydration (%)

w/c NIST TGA DTA XRD Avearge (Std. Deviation)

0.2 59 59 64 66.5 62.1 (3.8)

0.3 67 64 71 71.3 68.3 (3.5)

0.6 85 83 90 77.3 83.8 (5.3)

Remaining cement (%)

w/c NIST TGA DTA XRD Avearge (Std. Deviation)

0.2 22.9 25 22 25.7 23.9 (1.7)

0.3 16.5 19 15 20.3 17.7 (2.4)
0.6 4.9 6 3 13.1 6.8 (4.4)

4. Conclusions

Results indicate that for low w/c ratios, there is a good agreement between the all methods, for both degree 
of  hydration and amount of  remaining cement. 

Regarding the degree of  hydration, TGA and NIST model present lower values (59% for w/c of  0.2; 65% 
for w/c of  0.3), while XRD and DTA present higher values (65% for w/c of  0.2; 71% for w/c of  0.3). For 
higher w/c ratios, there is a large discrepancy between the methods. 

Regarding the amount of  remaining cement, w/c of  0.2 presents on average 23.9% and w/c of  0.3 presents 
on average 17.7%. Once again, for higher w/c ratios, there is a large discrepancy between the methods. 

For both degree of  hydration and amount of  remaining cement, TGA appears to be more fitted. 

XRD results also provide information that most of  the remaining cement is in the form of  belite.

It should be considered that the particle size used in NIST model was 21 µm, which is different from the 
particle size of  the real cement used in the testing procedures. 

All results indicate, as expected, that hydration was not complete and not all cement has undergone 
hydration, which indicates the presence of  unhydrated cement in significant amounts. The specific methods 
for exposing the unhydrated core and further recovery have not been decided yet.
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Abstract 

Meat and bone meal (MBM) is one of the alternative fuels with good calorific value used in cement 
production. The main problem with MBM combustion in a cement kiln is the high content of P2O5, 
which incorporates in clinker phases, influencing phase composition of clinker and hence the quality 
of the cement. In cement industry, only limited amount of MBM is burned to prevent adverse effect 
on the clinker properties, i.e. within a safe maximum amount of around 0.5% P2O5 in clinker and only 
exceptionally more. P2O5 has a significantly negative effect on the nucleation of alite as a main clinker 
phase and it stabilizes belite by means of entering its structure. At 4.5 wt. % P2O5 in the clinker, the alite 
formation is completely blocked. Research on kinetics of  reactions between clinker and MBM proved 
reduction of  negative reactions and minimization of  migration of  P2O5 into the clinker minerals using 
undispersed P2O5 carrier. The carrier in lump form eliminates the negative effect of  P2O5 on the formation 
of  the main clinker phase alite. The research was conducted by means of  XRD and optical and electron 
microscopy. Optical microscopy revealed that a thin belite layer of about 100 μm was formed at the 
ash and clinker interface and electron microanalysis showed that P2O5 migrated inside the clinker to a 
distance of less than 250 μm from the interface. It is not possible to influence clinker outside this area. 
By analyzing the ash residucs in the clinker, it was found that an alkaline calcium phosphate with a 
structure close to nagelschmidtite, which does not have a negative impact on the hydration of cement, is 
formed. It is possible to prepare high quality cement from the clinker containing ash residues from MBM 
in an amount corresponding to up to 10 wt. % P2O5 in clinker. The work was completed with preparation 
of  cement with 7 wt. % of  P2O5 in the clinker, which exhibited good technological properties. In addition, 
cements with increased P2O5 content have significantly reduced the leachability of  toxic elements.

Keywords: Portland cement clinker, meat and bone meal, phosphorous pentoxide, cement.

1. Introduction

Meat and bone meal (MBM) is one of  the alternative fuels used in cement production. It has good calorific 
value (16 - 20 GJ / t) and at the same time, a biodegradation occurs there as well as possible disposal of  
harmful substances at high temperatures in the cement kiln. In particular, the destruction of  dead animals 
infected with various diseases, including the highly dangerous BSE (bovine spongiform encephalopathy), 
appears to be useful and effective [1,2].

MBM is dosed in the cement kiln dispersed in a flow of  air or fuel and its particles spontaneously burn. The 
combustion residues, consisting of  calcium phosphate (mainly hydroxylapatite - Ca5(PO4)3(OH)) then react 
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with clinker in its whole volume. P2O5 influences clinker melt properties [3], enters into the structure of  
clinker phases [4] and influences the phase composition of  clinker [5-8] and thus the quality of  the cement 
[7,9].

In practice, the cement works combust only such amounts of  MBM that negatively influence the clinker 
properties only to a small extent, i.e. only up to a safe maximum amount of  0.5, rarely up to 1 wt. % P2O5 
in clinker.

It was experimentally proven that P2O5 has negative effect on the nucleation of  alite crystals, stabilizing C2S. 
α-C2S forms a continuous solid solution with C3P above 1,450 °C [10] with a miscibility gap at 1,500 °C [11]. 
Negative effect of  increased belite and free lime content at the expense of  alite was observed from 0.7 wt. 
% of  P2O5. With the increasing content of  P2O5, CaO does not completely react with belite to form alite 
even after 4 hours burning at 1450 °C, which can be considered as equilibrium burning. Alite formation is 
completely blocked at 4.5 wt. % of  P2O5 in the clinker [8].

This paper explains the reaction kinetics of  phenomenon at the clinker/MBM ash interface and suggests 
the possibility of  multiply increase of  the amount of  co-incinerated MBM compared to the normal state. 
During that, clinker with residues of  MBM ash are formed without a significant direct negative effect of  
P2O5 on the formation of  the main clinker phase alite and from it prepared cement shows high-quality 
technological parameters.

2. Methodology

2.1 Materials
Raw meal from common cement raw materials was prepared for experimental work. The composition of  
the raw meal, its chemical composition and result of  sieve analysis are shown in Tables 1 and 2. The phase 
composition of  the equilibrium burned clinker from this raw meal (until CaO has completely reacted) 
determined by microscopy point-counting method (see Chap. 2.2) is shown in Table 3.

Table 1: Composition and basic chemical parameters of  experimental raw meal.

Sign Content of  component in wt. % Basic chemical parameters

RM-99
Limestone Sand Clay shale Fe correction LSF SR AR

75.46 3.51 20.06 0.97 99 2.5 1.6

        (1)

          (2)

           (3)

Where:

LSF  - Lime saturation factor 

SR  - Silica ratio 

AR  - Alumina ratio 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

775

IC
SB

M
 2

01
9

ID
 1

05

Table 2: Granulometric analysis of  raw meal RM-99.

Sign Rest in wt. % on sieves with openings in mm

RM-99
0.045 0.063 0.090 0.125 0.200
27.2 18.1 8.4 2.9 0.3

Table 3: Phase composition of  equilibrium burned clinker from raw meal RM-99 in wt. %.

Sign C3S C2S C3A C4AF
C-99 71.0 13.7 10.0 5.7

MBM ash was prepared by burning at 750 °C for 4 hours. Chemical composition of  this ash is shown in 
Table 4.

Table 4: Chemical composition of  MBM ash.

Component Content in wt. %

SiO2 1.77

TiO2 <0.01
Al2O3 0.48
Fe2O3 0.67
P2O5 37.02
MnO 0.022
MgO 1.49
CaO 47.11
Na2O 4.18
K2O 2.63
SO3 0.56
Cl- 2.60

LOI 7.11
Ash content 21.25

2.2 Methods
Reactions of  ash particles in cement raw meal were simulated by two ways: 

1. Sandwiches – compressed tablets 40 mm in diameter consisted of  the layer of  finished clinker or raw 
meal for clinker burning and the layer of  MBM ash.

2. Tablets – tablets of  different diameters pressed from MBM ash were homogenized with raw meal and 
larger tablets 40 mm in diameter were pressed from this mixture.

In the first part of  the experiment, sandwiches with layer of  ground clinker and layer of  ground ash from 
MBM were prepared. Phase composition of  ground clinker is shown in Table 3 and chemical composition 
of  MBM ash is shown in Table 4. Sandwiches were burned at 1,450 °C, they were incoherenced and the 
layers were separated after burning.

Therefore, in the next part of  the experiment, the tablets consisted of  MBM ash with diameter of  20 mm 
were pressed and homogenized with ground clinker C-99 and then pressed to the form of  larger tablet 
40 mm in diameter. Burning were done at programmable super kanthal furnace at 1,450 °C for 1, 2 and 4 
hours. Other samples were prepared by the same way – tablet of  MBM ash in tablet from raw meal RM-
99. Burning were done at 1,450 °C for 0, 30, 60 and 90 min. Incoherence of  the tablet was noticable after 
burning and pulling of  the samples from the furnace and the inner tablet, which was initialy formed from 
MBM ash fell out from the finally clinker tablet.
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After that, pellets from MBM ash, 5 mm in diameter were prepared on pelletizing plate. These pellets 
were mixed with the raw meal RM-99 and tablets of  40 mm in diameter were pressed from this mixture. 
Estimated content of  P2O5 in clinker was 5 wt. % (91 wt. % RM + 9 wt. % MBM ash). The burning of  
large amount of  clinker for cement preparation was carried out at 1,450 °C with an isothermal dwell for 2 
hours. Sample identification - C-5P-T.

Subsequently, experimental burnings with raw MBM were performed. Firstly, solid pellets from MBM in 
the small pelletizing machine MGL 200 were made (see Figure 1). These pellets were mixed with the raw 
meal RM-99 and the mixture was burned to clinker. The ratio between RM and MBM contents was chosen, 
that the total content od P2O5 was similar to the previous case. The burning of  larger amount of  clinker for 
cement preparation was carried out in the same way at 1450 °C with isothermal dwell for 2 hours. Sample 
identification – C-5P-MBM.

Figure 1: Preparation of  pellets from MBM in the granulator line MGL 200

Phase composition of  experimental clinker samples was analyzed by optical microscopy and X-ray 
diffraciton.

Burned clinkers were crushed below 1 mm. Polished sections were prepared from the 0.045–1 mm size 
fraction. Quantitative phase composition of  prepared clinkers was determined by point–counting method 
in polished sections [12]. For perfect differentiation of  individual phases, the surface of  polished section 
was etched in vapor of  acetic acid [13]. Quantitative phase composition is expressed in vol. % and for 
calculation of  wt.% the following densities of  clinker minerals were used: C3S – 3.15; C2S – 3.28; C3A – 
3.03; C4AF – 3.77; free CaO – 3.35 and C3P alkalic – 3.07 g·cm−3.

Qualitative determination of  phases in clinker was analysed by powder X-ray diffraction of  the clinkers with 
a Bruker D8 Advance diffractometer with variable slits and a position sensitive detector. The diffractometer 
was operated at 40 kV and 30 mA, using Ni-filtered CuKα of  λ = 1,541,718 Ǻ, recording 6–80° in 0.02° 2Θ 
increments with 188 s counting time per step and total scan time of  1 h 5 m 59 s.

Electron microprobe CAMECA SX100 was used for the analysis of  clinker phases and concentration 
changes of  selected elements on the clinker – MBM ash interface. The analytical conditions were: accelerating 
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voltage 15 kV, beam current 20 nA and spot size 2 µm. The standards used for internal calibration were 
natural standards - wollastonite (Ca, Si), barite (S), orthoclase (K, Al), andradite (Fe), jadeite (Na), rhodonite 
(Mn), pyrope (Mg), hydroxylapatite (P), and synthetic TiO (Ti); all elements were analyzed on their Kα 
lines. The lower limits of  detection varied between ~0.01 wt. % (e.g. for P, S, Si, Al, Ca) and ~0.02 wt.% 
(e.g. Ca, K, Mn, Fe). The acquired counts, corrected for background, were recalculated to oxides using the 
PAP correction procedure included in the CAMECA PeakSight automation program. The EMPA results in 
wt.% oxides were recast into composition formulae in atoms per formula unit (apfu).

Specific weight of  cements was determined by the pycnometer method and specific surface by the Lee-
Nurse permeability method according to the British standard B. S. 12:1958. Clinkers with the addition of  
gypsum were ground to approximately same surface area in a laboratory ball mill.

According to the standard EN 196-1, mortar prisms were prepared from the cements and the development 
of  compressive strength was tested after 2, 7, 28 and 90 days of  hydration. Normal consistency, soundness, 
start and time of  the setting were determined according to EN 196-3. Hydration heat of  cements after 7 
days of  hydration was determined according to EN 196-8.

Fly ash containing elevated levels of  toxic elements was used to monitoring the immobilization of  toxic 
elements. Fly ash was mixed in 1 : 1 ratio with cement C-5P-MBM and as well as the reference cement CEM 
I 52.5N. The test prisms prepared from these mortars were after demolding placed in humid environment 
(temperature 20 °C, relative humidity 90%). After 28 days of  hydration the test bodies were ground to 
1 – 10 mm and this material was leached according to EN 12457-4. The decanted leachates were filtered 
through a 0.45 μm pore filter. The leachates were analyzed by ICP-MS (Agilent).

3. Results and discussion

3.1 Sandwich experiments
Sandwich experiments revealed, that most of  the MBM ash layer is separated from the clinker layer. A thin 
reaction rim composed of  belite grains is formed in place, where the two layers remain connected (see 
Figure 2). The width of  the reaction rim and the belite grains increase with the burning time (see Table 5).

Table 5: Approximate width of  reaction belitic rim and average size of  belitic grains in rim.

Burning time [hours] 1 2 4

Width of  layer [µm] 75 110 140

Size of  belite grains [µm] 20 40 50

Sandwich interfaces were studied by electron microanalysis. The results showed that diffusion in the solid 
state occurred only in the immediate vicinity of  its own interface, more precisely to a distance of  about 500 
μm from it. Diffusion occurred in both directions, as evidenced, for example, by increased concentrations 
of  Al2O3 and alkalis, typical for the phosphate zone in the clinker zone at the interface. In substance, only Si 
is diffused from the clinker layer into the layer formed by the melting and recrystallization of  the MBM ash.

The joint occurrence of  some oxides (Al2O3, K2O, Na2O) is evidenced by the very similar concentration 
curves of  these oxides. The depth of  the zone, where the main phases of  the two parts of  the sandwich 
were influenced is 300 - 500 μm. Point analysis in the immediate vicinity of  the interface are analysis of  the 
solid solution C2S - C3P, at a distance of  > 200 μm from the interface, the second phase fraction already 
decreases below 5%. The concentration profiles at the clinker-MBM ash interface are shown in Figures 3 
and 4.
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Figure 2: Microstructure of  the sandwich cross section (1,450 °C, 2 hours), from left to right – layer 
of  clinker formed by light gray crystals of  alite and dark gray grains of  belite, dark gray grains of  
belitic reaction rim (in the middle), l ighter right part is formed by burned MBM ash (ref lected light, 
etched by acetic acid vapor).

As follows from the concentration profiles of  Si and P (Figure 3), the diffusion of  Si towards the ash 
layer from the MBM is much more significant than the diffusion of  P towards the clinker, where the 
concentration decreases to zero already at a distance of  less than 250 µm. The diffusion of  Si into the MBM 
ash layer is most significant to a depth of  about 350 µm, gradually decreasing from this distance, while at a 
distance of  1.25 mm, about 10% of  the atoms of  P are replaced by atoms of  Si.

Correlation coefficients were calculated from the values of  individual cations from C2S - C3P analysis. It 
follows that there is a very strong correlation between phosphorus and sodium (r = 0.983), the positive 
correlation between K and P is also significant (r = 0.763), beside between P and C is significantly negative 
correlation (r = -0.988, and -0.827, respectively).

Figure 3: Concentration profiles of  Si and P through clinker (left) / MBM ash (right) interface, 
burning at 1,450 °C, 2 hours (a.p.f.u. - atoms per formula unit).
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Figure 4: Concentration profiles of  Al, K, Na and Mg through clinker (left) / MBM ash (right) 
interface, burning at 1,450 °C, 2 hours (a.p.f.u. – atoms per formula unit).

3.2 Experiments with tablets
The newly formed clinker with residues after MBM ash tablets was analyzed by X-ray diffraction and 
electron microprobe to determinates qualitative phase composition. It was found that the residues are 
not formed by apatite, but by alkaline calcium phosphate, which with its diffraction spectrum is closest to 
mineral nagelschmidtite (Ca3(PO4)2.2(α-Ca2SiO4)). Apatite is represented here only in a small amount and 
belite in the orthorhombic modification α´ doped with P2O5 occurs here.

Microstructure of  the newly formed clinker with tablets of  burned MBM ash interface in shown in Figure 5. 
There is not a clearly visible reaction rim as in the case of  a sandwich prepared from a clinker (see Figure 2).

The electron microanalysis of  phosphate residues revealed that they are formed by the oval grains of  Ca 
± Na, K phosphate with a small proportion of  Si, which are bounded by a boundary material, which has 
a composition corresponding to ferrite, rarely aluminate. It has been found that the composition of  the 
predominant phase of  these residues is very variable, both in the cationic and in the anionic part. K2O 
(1.7 - 12.6%), Na2O (1.1 - 6.0%), CaO (39 - 60%), P2O5 (10.6 - 32.0%) and SiO2 (1.3 - 16.4%) have the 
largest variance. Statistical analysis of  ratios (Na + K): Ca and P: Si showed that there is a relatively strong 
positive correlation between them (r = 0.73). It means, alkali is bound to the phosphate component in 
silicophosphates, not to the silicate. According to X-ray diffraction analysis, these phases correspond by the 
structure closest to nagelschmidtite Ca3 (PO4)2.2(α-Ca2SiO4), which is a mineral formed in nature by high 
temperature (contact) metamorphosis of  phosphorus-rich sediments and has also been described from 
slags. The amount of  alkali, especially potassium, is too high to be neglected by comparing to the theoretical 
composition of  nagelschmidtite, and the fact that the stoichiometric ratio of  P: Si is 1: 1 in the theoretical 
formula of  nagelschmidtite found in only 4 of  27 analysis. Thus, it will be rather one of  the phosphates 
described in [14], in which, at position A of  compounds of  the A2XO4 type, Ca and Na occur. For example, 
Ca5Na2(PO4)4 with a structure close to nagelschmidtite was synthesized by these authors, but they also 
mention the existence of  a much wider range of  Ca : Na - from Ca4.8Na2.4(PO4)4 to Ca5.2Na1.6(PO4)4. Due to 
the approximation of  the ionic radii of  sodium and potassium, the existence of  phases in which potassium, 
together with calcium, would also emerge is certainly not excluded.

The analyses show that the Na2O content varies between 3.0 and 10.4% in the phases that are darker in 
the backscattered electrons, the K2O content varies between 1.5 and 4.3%. After conversion to atomic 
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quotients,  (Na + K) / Ca ratio ranges from 0.1 to 0.5, most often about 0.17, which would correspond to 
the empirical formula Ca6(Na, K)[(PO4)3.5]. In the lighter phases, the alkali contents are low and correspond 
to carbonate hydroxyapatite. Si content is low in both phase types, silicophosphate is rarely found with 
them.

Analyses of  alite and belite in clinkers with residues of  MBM ashes show very low average contents of  P2O5 
(about 0.1% in alite, 0.3 - 0.6% in belite) in contrast with belite in clinkers with finely dispersed P2O5 carrier, 
where content of  P2O5 is normally higher than 6.0% with a total content of  4.5 wt. % P2O5 in clinker [8].

Figure 5: Microstructure on the MBM ash / clinker interface in clinker C-5P-T (1,450 °C, 2 hours), 
dark gray drops near interface in burned MBM ash are grains of  Cfree (ref lected light, etched by 
acetic acid vapor).

3.3 Cement preparation and their parameters
Quantitative phase composition of  clinker burned using MBM ash pellets and raw MBM determined by 
microscopy is shown in Tables 6 and 7. Chemical composition of  both clinkers is presented in Table 8.

Table 6: Quantitative phase composition of  clinker C-5P-T in wt. %.

Phase C-5P-T C-5P-T* C-99x

C3S 53.2 64.1 71.6

C2S 13.3 15.9 10.8
C3A 5.8 6.9 12.4

C4AF 10.3 12.4 4.4
Cfree 0.5 0.7 0.8

Cfree II 0.2 - -
Mfree II 0.1 - -
C3P alk 16.6 - -

Where: Cfree II – free CaO from MBM ash
Mfree II – free periclase  from MBM ash
*phase composition of  clinker without phases from MBM ash
C-99x – clinker burned at the same conditions from reference meal RM-99

Table 7: Quantitative phase composition of  clinker C-5P-MBM in wt. % (explanations see Table 6).
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Phase C-5P-MBM C-5P-MBM* C-99x

C3S 55.0 67.1 71.6

C2S 10.7 13.1 10.8
C3A 7.9 9.7 12.4

C4AF 6.8 8.2 4.4
Cfree 1.6 1.9 0.8

Cfree II 0.4 - -
Mfree II 0.2 - -
C3P alk 17.4 - -

Table 8: Chemical composition of  clinkers C-5P-T and C-5P-MBM in wt. %.

Phase C-5P-T C-5P-MBM

SiO2 19.45 18.13

TiO2 0.24 0.26
Al2O3 4.22 4.40
Fe2O3 3.06 2.93
P2O5 6.45 7.09
MnO 0.064 0.076
MgO 1.05 1.28
CaO 63.42 63.38
Na2O 0.75 0.90
K2O 0.79 0.59
SO3 0.08 0.35
LOI 0.34 0.41
Total 99.91 99,80

The results in Tables 6 and 7 showed that P2O5, which is released from ash inclusions, partially affects the 
phase composition of  the surrounding clinker (see difference in columns 2 and 3 in the tables). However, 
with a content of  about 6.5 (resp. 7) wt. % P2O5 in clinker is its influence acceptable.

The basic characteristics of  cements prepared from clinkers whose phase composition is shown in Tables 
6 and 7 are shown in Table 9. Cements prepared from clinkers with residues of  MBM ash with the same 
content of  solidification regulator and with approximately the same specific surface have high-quality 
technological properties. The results are compared with the reference cement (CEM-99) and shown in 
Tables 10 - 12. The results show that the clinker parameters with MBM ash residues are of  high quality and 
comparable to the reference cement.

Table 9: Specific weight [kg/m3] and specific surface [m2/kg] of  prepared cements.

Parameter CEM-5P-T CEM-5P-MBM CEM-99

Specific weight 3,122 3,127 3,132
Specific surface 358 354 366

Table 10: Compressive strength [MPa] of  prepared cements according to EN 196-1.

Cement 2 days 7 days 28 days 90 days

CEM-5P-T 18.4 39.0 57.9 63.3

CEM-5P-MBM 21.7 37.6 60.5 65.0
CEM-99 20.0 50.4 67.4 69.3
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Table 11: Determination of  setting development, normal consistency and soundness according to 
EN 196-1.

Cement Normal consistency
[%]

Start of  setting 
[hours : mins]

Setting time
[hours : mins]

Soundness
[mm]

CEM-5P-T 25.3 2:20 3:30 0.7

CEM-5P-MBM 27.0 5:20 6:10 1.7

CEM-99 26.0 5:00 5:50 0.3

Table 12: Hydration heat of  cement after 7 days of  hydration according to EN 196-8.

Cement Hydration heat
[kJ/kg]

CEM-5P-T 292

CEM-5P-MBM 337

CEM-99 368

During the research of  hydration and durability of  P-enriched cements was found a very important property 
of  these cements. It is their ability to increase the immobilization of  toxic elements. This phenomenon was 
observed both with cements containing MBM ash residues, and with cements with phosphorus incorporated 
in clinker silicates. The leachability of  hazardous elements added to the mortars from these cements has 
substantially decreased both in elements forming cations and in anions-forming hazardous elements [15].

Table 13 demonstrates an example of  the immobilization ability of  the cement C-5P-MBM from clinker 
containing 7 wt. % P2O5 in form of  residues from MBM ash.

Analogues of  apatite, in which a part of  calcium or phosphate ions has been replaced by other ions are over 
the range of  pH these phases can encounter in materials based on Portland cement or in their immediate 
vicinity in outdoor applications (pH 6 – 12), are insoluble. It was evidenced that in aqueous environment 
(e.g. in soil solution) occurs in the presence of  apatite ion exchange, by which cations of  metals like Pb, 
Zn, Co or Cd substitute Ca2+ ions in the structure of  apatite [16,17]. Similar exchange is known to happen 
with the phosphate anion, which can be replaced by arsenate, selenate, chromate or vanadate ions [18-20].

Table 13: Comparison of  leachabilities of  hazardous elements.

Element
Element conntent in eluate [µg/l] Leachability of  mortar from cement with 7% 

P2O5 compared to the leachability of  mortar 
made of  CEM I 52.5N [%]CEM I 52.5N CEM-5P-MBM

As 7.59 0.97 13

Cr 262.8 97.2 37
Cu 1.27 0.37 29
Pb 3400 350 10
Zn 650 210 32
Mn 261.5 9.1 3
Sb 1.30 0.28 22
V 1.50 0.51 34
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4. Conclusions

From the results it is clear that the reaction between the ash particles from the MBM and the surrounding 
clinker (or raw meal for clinker burning) is slow and does not have a significant impact on the phase 
composition as in the case of  the scattered P2O5 carrier.

• During the reaction, narrow belitic rim is formed at the interface of  clinker-ash on the clinker side. In 
this rim, belitic grains increase due to recrystallization. When we used raw meal, this belitic line is not so 
clearly formed and also alite crystals occur there. A higher concentration of  CaO close to the interface 
of  both components is noticeable. 

• Also, electron microanalysis showed a slight reaction and migration of  elements at the interface of  
MBM ash and clinker. It was found that the Si diffusion into the layer of  MBM ash is much more 
significant than the phosphorus diffusion into the clinker, where its content is almost zero already at a 
distance of  less than 250 µm.

• By analyzing the ash residues in the clinker, it was found that the mineral produced by burning is 
radiographically the closest to nagelschmidtite (Ca3(PO4)2.2(α-Ca2SiO4)). However, electron microanalysis 
has shown that the mineral has a variable composition, especially a low SiO2 and a high alkali content. 
It is therefore rather an alkaline calcium phosphate with a structure close to nagelschmidtite.

• Because the migration of  P2O5 to clinker is negligible, its entry into clinker silicates is also negligible. 
Thus, there is only a slight manifestation of  the negative effect of  P2O5 on clinker formation, i.e. 
decreasing the alite content and the increase of  belite content. With total analytically determined 
content of  6.5 - 7 wt. % P2O5 in the clinker decreased the alite content by only 6 - 10 wt. %. In the 
case of  using the scattered P2O5 carrier in the clinker already at 4.5 wt. % P2O5 completely blocks alite 
formation and produces a purely belitic clinker with a high free CaO content that does not enter into 
reaction.

These conclusions revealed the possibility of  a significant multiple increase of  the co-incinerated MBM 
in the cement rotary kiln compared to the current state. In practice, the MBM must be firstly modified by 
compacting, for example, by the pelletizing method or by pelletizing or granulating presses or biomass fuel 
production machines. So produced compacted pellets can be dosed either directly into the raw meal, or into 
any part of  the rotary kiln, possibly also into the main burner. MBM pellets will gradually burn out, utilizing 
their energy potential for clinker burning, and the resulting ash residues remain in the form of  inert alkaline 
calcium phosphate residues in clinker granules. Cements prepared from clinkers with MBM ash residues 
showed good technological parameters. In addition, the apatite structure contained in these cements causes 
immobilization of  a variety of  toxic elements.
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Abstract 

Non-ferrous metallurgy slags, when highly amorphous, have shown to behave as supplementary cementitious 
materials, albeit typically with low reactivity. Due to this feature, high-volume replacement of  ordinary 
Portland cement (OPC) with non-ferrous metallurgy slag is not encouraged. A classical method of  increasing 
slag reactivity is by increasing the fineness of  the slag, and this was investigated in the present work. To 
do so, a non-ferrous metallurgy slag was milled to specific surface areas of  4500 cm2/g and 6500 cm2/g, 
as determined by the Blaine permeability method. The influence of  the fineness on the slag reactivity was 
investigated using the RILEM R3 isothermal calorimetry procedure. Results demonstrated that the reactivity 
of  these slags is similar to that observed for siliceous fly ashes and increases with slag fineness. Moreover, 
isothermal calorimetry on blends of  OPC with 30, 50 and 70 wt% slag of  both finenesses was conducted 
to investigate the reaction kinetics, and a retarding effect of  the slag on the Portland clinker hydration was 
observed. Finally, compressive strength was tested at 2, 7 and 28 days and compared with the calorimetric 
results and with thermogravimetric analysis at 28 days. At late ages, the increased reactivity for higher slag 
fineness led to more hydration products and consequently higher compressive strengths. However, at early 
ages, the strength remained low and increased slag fineness did not yield significant compressive strength 
enhancement; early strength enhancement likely requires different activation methods.

Keywords: non-ferrous metallurgy slag, fineness, reactivity, supplementary cementitious material

1. Introduction

Non-ferrous metallurgy (NFM) slags may be suitable supplementary cementitious materials (SCMs) from 
a strength-perspective, as they have been shown to contribute to the compressive strength of  blended 
cements when highly amorphous [1]. However, in contrast to the generally used blast furnace slags of  
ferrous metallurgy, these non-ferrous metallurgy slags have higher iron contents and lower calcium contents 
[2] thereby decreasing the reactivity and dissolution rate [3]. Consequently, the NFM slag volumes that can 
be incorporated in blended cements are usually limited [4]. 

A typical method of  increasing the reactivity of  a SCM is by fine grinding in order to increase the specific 
surface area. For example Kiattikomol et al. [5] investigated the influence of  the fineness on the reactivity 
of  a range of  fly ashes and reported increased strengths both at early (3 days) and late (90 days) ages for 
increased fineness. Studies on iron-rich NFM slags have been less extensive, but for example Benkendorff  



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

787

IC
SB

M
 2

01
9

ID
 1

14

[6] reported that compressive strengths may also increase by increasing the fineness of  a lead/zinc slag, 
similar in composition to the slag used in this work.

As it is known that the specific surface area of  SCMs can have a major impact on the reaction kinetics [7, 
8], the reaction kinetics of  OPC blended with NFM slags were investigated using isothermal calorimetry. 
Afterwards a reactivity test was used in order to determine the increase of  the reactivity of  the slag with 
increasing fineness. Recently a wide variety of  reactivity tests was compared by the RILEM TC 267-TRM 
[9], and the R3 (rapid, relevant and reliable) isothermal calorimetry test [10] was determined to most closely 
correlate to the mortar compressive strength. Additionally, the technical committee reported values obtained 
by this test for classical SCMs such as fly ashes and blast furnace slags of  ferrous metallurgy. Furthermore, 
Snellings et al. have recently also reported values for other non-ferrous metallurgical residues [11]. This 
allows to rank the NFM slag used in this work with respect to other classical or possibly future SCMs. 
Consequently, this R3 isothermal calorimetry test was used as a reactivity test to investigate the influence of  
the NFM slag fineness on its reactivity. Finally, compressive mortar strengths were obtained and compared 
with the isothermal calorimetry results as well as correlated with the amount of  bound water and Ca(OH)2 
in order to explain the observed behaviour.

2. Methodology

2.1 Materials
NFM slag was obtained from a pilot installation after high-temperature treatment and granulation, yielding 
a highly amorphous slag with a composition and phase assemblage as shown in table 1, obtained from X-ray 
fluorescence spectroscopy (XRF; S8 TIGER, Bruker) and X-ray powder diffraction (D2 Phaser, Bruker) 
respectively. Additionally, a synthetic slag was used, the composition of  which as determined by XRF is 
shown in table 2. The OPC used in this work was a CEM I 52.5N type with a specific surface area of  3478 
(±18) cm2/g, as determined by the Blaine permeability method (EN196-6 [12]). All the chemicals used to 
prepare the R3 mixtures, i.e. KOH, K2SO4, Ca(OH)2 and CaCO3,  were analytical grade chemicals.

Table 1: Chemical composition and phase assemblage, both in wt% of  the NFM slag.

Elements Composition Phases Chemical formula Phase content

FeO 35-45 Wüstite FeO 8
SiO2 25-30 Spinel (Mg, Fe)(Al, Fe)2O4 11
CaO 15-20 Quartz SiO2 <1
Al2O3 3-6

Undetected/ 
Amorphous / 80MgO 1-2

Other 7-12

Table 2: Chemical composition of  the synthetic clean slag.

Elements Composition  
(wt%)

FeO 49.9
SiO2 25.4
CaO 19.3
Al2O3 4.8
Other 0.6

2.2 Methods
The slag was milled to specific surface areas of  4533 (±28) cm2/g and 6491 (±49) cm2/g, as determined 
by the Blaine permeability method (EN 196-6 [12]), using high-intensity milling in an stirred ball mill. The 
slags are thus coded as “Bl 4500” and “Bl 6500” for the least and most fine slag, respectively. The resulting 
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particle size distribution (Fig. 1) of  the raw materials was also measured using laser diffraction (LS 13 320, 
Beckman Coulter) on dry powders, using n = 1.73 and k = 0.1 as optical parameters for both the cement 
and the slag. This yields a d50 of  11.79 µm, 9.17 µm and 4.70 µm for OPC, Bl 4500 and Bl 6500, respectively.

Figure 1: Cumulative particle size distribution of  the raw materials.

In addition to a reference pure cement paste, blended cement pastes were prepared by replacing OPC with 
30, 50 and 70 wt% of  slag with both finenesses and mixing with water to obtain a liquid/solid (L/S) mass 
ratio of  0.4. These pastes were investigated using isothermal calorimetry (TAM Air, TA instruments) at 
20 °C for 7 days in order to record the reaction heat during hydration. The heat flow and cumulative heat 
of  hydration of  the blends is reported from 1 hour after mixing to avoid taking into account the influence 
of  introduction of  the ampoules to the channels. It should be noted that this also means that the initial 
heat due to wetting and dissolution is not taken into account and not discussed in the results. Isothermal 
calorimetry was also used in the R3 isothermal calorimetry reactivity test, which was conducted on model 
mixes as described in [9]. In this reactivity test, a solid mix is prepared as 22.22 wt% slag (as SCM), 66.66 
wt% Ca(OH)2 and 11.12 wt% CaCO3. This solid is mixed in a L/S mass ratio of  1.23 with a simulated pore 
solution composed of  97.66 wt% H2O, 0.39 wt% KOH and 1.95 wt% K2SO4. The materials were kept at 
40 °C prior mixing, and 15 g of  the paste was subsequently used for isothermal calorimetry measurements 
at the same temperature (40 °C).

Furthermore, blended cement pastes were hydrated for 28 days and then investigated using thermogravimetric 
analysis (TGA; TGA/SDTA851, Mettler Toledo) on samples where the hydration was stopped by solvent 
exchange on crushed pastes. This solvent exchange was done by immersion (30 sec stirred, 5 min unstirred) 
in isopropanol (2x) and diethyl ether (1x) followed by drying for 8 min in at 40 °C. The latter was conducted 
from 30 °C to 980 °C in inert atmosphere (100 ml/min N2) with a heating rate of  10 °C/min. The amount 
of  bound water is calculated from the weight loss between the initial weight and the weight at 550 °C, 
which assumes all isopropanol or diethylether was removed in the drying step of  the solvent exchange. The 
Ca(OH)2 content in the paste was determined using the tangential method. 

Finally, mortars with 30, 50 and 70 wt% slag of  either fineness in the solid binder were prepared and tested 
in compressive strength as described in EN196-1 [13], although with a L/S mass ratio of  0.4. 

3. Results and discussion

The effect of  the slag content on the heat flow during early hydration (Fig. 2a) shows a clear decrease of  
the main hydration peak with increasing slag content. Considering that this peak is typically attributed to 
the dissolution of  C3S and the formation of  C-S-H, this decrease can be explained in part by the decreased 
OPC content. At later ages (20-25h) there is a shoulder which can be attributed to the renewed dissolution 
of  C3A [14]. With increasing slag content, there appears to be enhancement of  this shoulder. Presently the 
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exact cause for this enhancement is not fully clear. A closer investigation on quartz blended systems by 
Berodier [8] reported enhancement even though the quartz is considered to behave as an inert filler and 
related the enhancement to rapid C3A dissolution as a consequence of  lower sulphate presence in the pore 
solution, which would inhibit that dissolution. As in the blended system in this work no additional sulphate 
source was added, this may be a possible cause as well. Moreover, Quennoz and Scrivener [15] proposed 
that the acceleration rate of  the peak of  C3A reaction is related to the available C3A surface for dissolution. 
Hence the lower amount of  reaction products formed at these early ages with decreasing OPC content may 
lead to higher availability of  the C3A surface for dissolution and thus increase the dissolution rate as well. At 
even later times (>40h) there is another broad shoulder, more clearly seen after normalizing the heat flow 
to the OPC content (Fig. 3a), which is likely related to AFm formation [16]. 

Finally, after several days the slag starts reacting, yielding increased heat flows for 30 and 50 wt% replacement 
of  OPC with respect to pure OPC hydration, shown in Fig. 2a at the end of  the measurement (150-168h). 
While the replacement of  OPC by 70 wt% slag does not lead to a heat flow increase per gram solid at these 
ages, the heat flow normalized to the OPC content is higher, showing also slag reaction in this mix. Despite 
the extra heat flow from the slag reaction, the cumulative heat after 7 days (Fig. 2b) clearly decreases with 
increasing slag content, as the slag reaction does not make up for the decreased OPC content at early ages. 

 

Figure 2: Heat f low (a) and cumulative heat release (b) per gram solid during hydration of  OPC 
blended with non-ferrous metallurgy slag (low fineness, Bl 4500). The insert in (a) shows a zoomed 
in view of  the heat f low at later times.

The comparison of  the heat flow normalized to the OPC content is presented in Fig. 3a for the blended 
cements with the highest amount of  slag (70 wt% slag, 30 wt% OPC) as the differences are most pronounced 
there and similar to the effects seen at other replacement levels. The replacement of  OPC by NFM slag 
leads to a delay in the onset of  the reaction from 3.75 h for OPC to 4.12 h for a 30-70 OPC-slag (low 
fineness) blend. Moreover, with increased fineness, the onset of  reaction increases further to 4.62 h. The 
onset of  reaction is defined here similarly to Schöler et al. [7] as the intersection of  the horizontal line 
through the minimum of  the induction period and the best fit through the inflection point of  acceleration 
of  the main hydration peak. In addition to the retardation of  the onset of  hydration, the acceleration rate 
and the maximum heat release of  the main hydration peak decreases with increasing slag content and 
fineness. 

The NFM slag used in this work contains 7-12 wt% of  various residual elements, among which are several 
elements which are known to retard cement hydration, even in small quantities, such as Zn [17]. If  these 
elements would leach out of  the slag in the early hydration period they might cause the retarding effect of  
the slag. Therefore a clean slag, i.e. without any residual metals (“clean”), and with similar composition than 
the original slag (Table 2) was blended with OPC in a 30-70 wt% OPC-slag ratio and the heat flow during 
hydration was measured (Fig. 4). The clean slag shows a similar behaviour to the original slag (Bl 4500) and 

(a)(b)
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it can be concluded that the residual elements in the original slag are most likely not the (main) cause of  the 
retarding effect of  the slag. It should be noted that the clean slag had a slightly lower specific surface area 
(+- 4000 cm2/g) which likely accounts for the slightly decreased retardation when using this slag, though 
a small part may still be caused by the lack of  residual elements. Considering this result, other effects are 
most likely causing the retardation. In fly ashes a similar retarding effect is sometimes observed [7, 18] 
and authors have explained this by different effects. Fajun et al. [18] reported decreased Ca2+ contents in 
the pore solution and suggested that the fly ash surface acts as a Ca2+ sink by chemisorption. In addition, 
Schöler et al. [7] recently found increased aluminium levels in the pore solution of  fly ash-containing 
blended cements and attributed the retardation to the hindering effect of  aluminium on C3S dissolution 
[19] and C-S-H nucleation. Considering the similarity in behaviour of  these NFM slags with that in the 
aforementioned literature for fly ashes, it is likely that the cause is similar in these blends.

The increase in fineness also appears to decrease the enhancement of  the shoulder due to renewed C3A 
dissolution in the 20-25 h region, discussed before. Since the slag contains around 0.5 wt% SO3, this 
decreased enhancement may be explained by higher release of  sulphates from the slag due to the higher 
surface area, thereby slightly increasing inhibition of  C3A dissolution.

Finally, the heat release normalized to the OPC content increases by addition of  the slag as well as by 
increasing the fineness of  the slag. The former shows the reactivity of  the slag, while the latter indicates the 
expected reactivity enhancement due to the fineness increase. 

Figure 3: Heat f low per gram OPC comparison of  blends with 30 wt% OPC and 70 wt% slag with 
(a) different fineness or (b) with and without (“clean”) trace elements.

Due to the increase of  the retarding effect of  the slag with increasing slag fineness, the cumulative heat 
released (Fig. 4a) by OPC replacement with fine slag is lower until the paste has hydrated for 3 days. 
However, afterwards, the inherent slag reactivity increase with higher fineness leads to higher cumulative 
heat release, increasingly so with higher slag content. 

At the lowest slag content (30 wt%), the cumulative heat is statistically the same for both finenesses though 
the difference is expected to grow at later ages. The inherent slag reactivity was confirmed by the R3 
calorimetry test (fig 4b), where the finer slag (Bl 6500) showed higher cumulative heat release, both after 3 
and 7 days as the effect of  the slag on C3S and C3A hydration is neglected in this model system which does 
not contain OPC. Comparison of  the values obtained in the R3 reactivity test (table 3) with literature values 
for classical SCMs [9] shows that the values most closely resemble those obtained for siliceous fly ashes. 

(a)(b)
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Figure 4: Cumulative heat released in the first 7 days (a) per gram OPC in the blended cement pastes 
and (b) per gram SCM from the R3 pastes.

Table 3: Cumulative heat of  the R3 model systems comprising slag of  different fineness and 
comparison with literature data of  f ly ashes.

SCM SCM fineness 
(cm2/g)

Cumulative heat after 3 days  
(J/g SCM)

Cumulative heat after 7 days 
(J/g SCM)

NFM Slag
4500 114 197

6500 156 232

Fly Ash 1 ([9], “SFA I”) 4420 81.6 162.5
Fly Ash 2 ([9] “SFA E”) 6910 119.6 214.1

Compressive strengths and strength activity indices (SAI)1 of  mortars are presented in Figure 5. It is clear 
that the strength increases with time and OPC content. After 28 days compressive strengths of  the blended 
cements with medium to low slag content (50 wt% or less) reach SAIs higher than the OPC content, 
indicating contribution of  the slag to the strength, as expected from the calorimetry results and R3 reactivity 
tests. 

Moreover, there is a clear effect of  the fineness at later ages (> 7 days), which is more distinct for a slag 
content of  50 wt%. In fact, by increasing the slag fineness from 4500 to 6500 cm2/g allows an increase of  
the slag content from 30 wt% to 50 wt% while keeping the strength approximately equal, making the slag 
fineness a suitable tool to tailor the late age strength. 

Figure 5: Compressive strength and strength activity indices (SAI) of  mortars. Error bars indicate 
the standard deviation.

1  Strength activity index, SAI =  at each hydration time.

(a) (b)
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However, at early ages (2 days) there is no significant strength increase due to increased slag fineness. At 
high slag content, the strength may even decrease slightly. This can be linked to the calorimetry results, 
where the cumulative heat for this blend is lower for a finer slag until after 3 days of  hydration. In general, 
the lack of  strength increase at early age is most likely related to the lack of  reaction of  the slag at these ages 
in combination with the retarding effect of  the slag on the hydration of  the cement phases.

Using TGA the amount of  Ca(OH)2 and bound water after 28 days can be determined, where the former is 
important for the pozzolanic reaction while the latter gives an indication of  the amount of  hydrated phases 
that are present in the binder. After normalization of  the Ca(OH)2 and bound water content to the OPC 
content (fig 6a), the effect of  the slag can be more closely investigated. With increasing slag content, the 
amount of  bound water normalized to OPC increases, as reported before [1], showing the contribution of  
the slag to the hydration products. Moreover, increasing the fineness also increases the amount of  bound 
water, indicating enhanced formation of  hydration products which explains the increased strengths after 
28 days. However, for high slag contents (70 wt% slag) the increase in bound water content is similar to the 
blends with 50 wt% slag, while the strength increase is much lower. 

Hence for these blended cements with high slag content there may be some phases forming that don’t 
contribute as much to space-filling and strength while still taking up water. The Ca(OH)2 content normalized 
to OPC stays relatively constant, with a slight decrease for blends with high contents of  fine (Bl 6500) slag, 
most likely due to the higher slag reactivity which consumes more Ca(OH)2 in the pozzolanic reactions.

Correlating the bound water content and Ca(OH)2 content with the compressive strength (fig 6b) reveals 
that the former correlates well while the correlation with the latter is much worse, due to consumption 
of  Ca(OH)2 in the (strength-enhancing) pozzolanic reactions. Since the Ca(OH)2 is not expected to give 
significant contribution to strength and is being consumed in the pozzolanic reactions, the correlation of  
the bound water with the strength improves further by subtracting the water bound in Ca(OH)2 in the 
cement paste.

Figure 6: (a) Bound water and Ca(OH)2 content at 28 d, normalized to the OPC content. The 
estimated relative error is 10% . (b) Correlation of  the bound water content or Ca(OH)2 content 
with the compressive strength. Error bars are not shown for clarity. In both figures: BW = bound 
water content, CH = Ca(OH)2 content and BW-CH = bound water content excluding water from 
Ca(OH)2.

(a) (b)
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4. Conclusions 

The heat of  hydration of  OPC blended with non-ferrous metallurgy slag and the influence of  the specific 
surface area of  the slag on the reactivity in these systems was investigated. Heat release of  blended cement 
pastes at early ages revealed decreasing reaction heat with increasing slag content. Additionally a retarding 
effect of  the slag on the hydration of  the cement phases was observed which could not be explained by the 
trace elements in the slag. 

The R3 isothermal calorimetry reactivity test showed that the slag was similar in reactivity to siliceous fly 
ashes and that increasing the fineness yields a more reactive slag. However due to the retarding effect of  the 
slag and limited slag reaction at early age, the early strength did not significantly improve by increasing the 
slag fineness. In contrast, at later ages compressive strength did increase with slag fineness due to increased 
formation of  hydration products. 

Therefore enhancement of  the early age strength should be an important aim in further research. Additionally, 
further clarification of  the cement retarding effect of  the slag might be obtained by investigating the pore 
solution of  the blended cements at early ages.
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Abstract 

Converter steel slag is a by-product of  the steelmaking. It presents latent hydraulic properties due to 
the presence of  cement phases such as C2S. Literature has reported that converter steel slag has no or 
negligible reactivity with a heat release of  around 20 J/g with the calorimeter in the first days. This work 
aims to assess the effect of  mechanical activation to decrease particle size and introduce lattice defects, on 
the cementitious property of  converter steel slag. The results show that hydration occurs even without a 
chemical activator and that it can be increased further through progressive grinding. The converter steel slag 
was ground in four different series. Prolonged milling resulted in a decrease of  particle size and increase of  
the amorphous content. The calorimetric analysis of  slags mixed with water indicated the occurrence of  
exothermic reactions and the maximum released heat was 75 J/g for the slag with an average particle size 
(d50) of  21µm. 

Keywords: converter steel slag; mechanical activation, reactivity, mineralogy.

1. Introduction

The growing demand for materials by the building industry leads to intense exploitation of  natural resources 
and a high consumption of  energy. Therefore, the need to develop potential alternative materials and 
innovative techniques is required. By-products from other industrial manufacturing processes, like ground 
granulated blast-furnace slags and fly ash, are already used as sustainable alternatives to Portland cement. 
Another by-product is converter steel slag, also referred to as basic oxygen furnace (BOF) slag, of  steel 
production (ca. 100 kg/ton of  steel) [1,2]. It is generated during the purification of  pig iron when burned 
lime and dolomite are added in the process to react with the impurities. From this reaction, a silicate melt 
is resulted, containing CaO, SiO2, Fe2O3, FeO, MgO, Al2O3, MnO. Some other minor components such as 
P2O5, TiO2, and V2O5 can also be present[3][7]. Despite the high variability of  the chemical composition 
of  steel slag the mineral composition is very constant and consists of  potentially hydraulic phases such as 
polymorphs of  dicalcium silicate Ca2SiO4 (C2S) and other major phases as Wuestite, Mg Wuestite (FeO) and 
Srebrodolskite (CaFeO)[5].

Although steel slag has been used as coarse or fine aggregate in concrete and backfill materials, these 
applications can cause expansion problems related to the volume instability when a high amount of  free 
lime (f-CaO) is present in the steel slag [3,6]. Nevertheless, posttreatment of  the steel slag can contribute to 
controlling the volume stability and potentially valorising it as a hydraulic binder.

Steel slag presents latent hydraulic properties and low hydration rate when compared to conventional 
Portland cement, nevertheless this can be enhanced by increasing the specific surface area (SSA) of  slag 
through mechanical activation (MA)[7–10]. The reactivity of  slags has been found to depend on the source 
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of  slag, the type of  raw materials used, method and the rate of  cooling [11].

The reactivity of  the slag also depends on the comminution process[6] to mechanically activate the slag. The 
portion of  small particles is expected to increase as the grinding time increases. The long grinding time 
experienced by some researchers for steel slag in comparison to cement clinkers can be explained by a high 
metallic iron content [8].

Wang et al.[12] observed that the hydration rate of  steel slag increases as the (SSA) increases and the 
hydrating degree of  steel slag becomes similar for all particle sizes at the curing age of  180 days. The early 
hydration reaction can become faster and can produce more hydration products. Kriskova et al. [13] also 
reported that the amount of  heat released increased with milling time, but indicated that surface area is 
not the only factor influencing reactivity. There can be structural changes in the crystal lattice as well that 
also promote hydration. However, mechanical activation of  converter steel slag is still poorly understood, 
because many studies pay little attention to the mineralogy of  the slag. For that reason, it is important to 
consider and continue the investigation of  the mechanical activation of  steel slag through mineralogical 
characterization. 

The present study provides an evaluation of  the influence of  the mechanical activation (MA) on converter 
steel slag using physical and chemical characterization with X-ray fluorescence analysis (XRF) and X-ray 
diffraction (XRD) and addresses the reactivity and influence of  amorphization on phases of  converter steel 
slag. With the MA of  the slag particles, we aim to enhance the properties so it can work in applications as 
an alternative binder. 

2. Methodology

2.1 Materials
The employed converter steel slag (CSS) used was provided by Tata Steel (IJmuiden, The Netherlands). A 
representative fraction of  1-2mm granulate was provided for our experiments. In this study improvement 
by mechanical activation (MA) was attempted for the material and different particle sizes were compared. 
The analysis of  the reactivity was performed on the MA slag.

2.2 Methods
Mechanical activation was performed using a Retsch RS 300 XL disc mill at a constant speed of  912 min-1. 
To determine the effect of  milling time on powder fineness six treatment periods were selected (5, 9, 13 and 
15 min) for every single batch of  1kg for a grinding jar volume of  2,000ml. For this procedure, there were 
no pauses during the milling. The particle size distribution was obtained by laser diffraction technique using 
a Mastersizer 2000 from Malvern with the sample dispersed in isopropanol. The elemental composition of  
converter slag was determined by X-ray fluorescence analysis (XRF) expressed as a percentage of  oxides. 
The analysis was performed applying a XRF spectrometer from PANalytical (Epsilon 3 range, standardless 
OMNIAN method), on fused beads. The loss of  ignition was evaluated by heating the sample to 1100℃ 
for 1 hour and measuring the mass change. The morphology of  the particles was determined by Scanning 
Electron Microscopy (SEM) measurements using a JEOL JSM-7001F SEM equipped with two 30mm² 
SDD detectors (Thermo Fisher Scientific) and NORAN – System7 hardware with NSS.3.3 software. The 
SEM accelerating voltage was 15kV, the beam current 6.2nA and the step size of  the measurement used 
for Spectral Imaging was 1 µm. The sample was prepared by mounting it in epoxy (Struers EpoFix) and 
polished to a flat surface without the use of  water. It was then coated with about 10 nm of  carbon. In order 
to investigate the mineralogy before and after milling the crystalline phases were identified using a Bruker 
D2 X-ray diffractometer (XRD), Co radiation, step size 0.02, fixed divergence slits. The patterns were 
identified with the Bruker software Plus-EVA and quantified with Bruker software Topas by the Rietveld 
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method. For this purpose 10wt.% of  crystalline Si was added to the samples and homogenized with the 
XRD mill McCrone Retsch grinding for 1 minute on speed level 1. The determination of  the influence of  
the different particle sizes on CSS hydration was investigated by monitoring the reactivity by a Tam Air 
isothermal calorimeter (TA Instruments) at 20Ɛ for 48h, as after this period the heat flow measurements 
show constant values. This period was chosen due to the rapid reaction of  the steel slag. Water to binder 
ratio (w/b) of  0.4 was used for the milled material in the calorimeter tests. 

3. Results and discussion

3.1 Chemical composition and physical characteristics of  the materials
The chemical composition of  the converter steel slag is given in Table 1. As expected, it is mainly composed 
of  CaO, Fe2O3, SiO2, and MgO, while TiO2, V2O5, Cr2O3, ZrO2 are also present as minor constituents. The 
contents of  Fe2O3 and MgO are significantly higher than those in Portland cement, while the content of  
CaO is lower. When converter steel slag is heated in air to 950℃ for loss of  ignition determination a mass 
gain is induced due to the oxidation of  metallic or divalent iron, or manganese. 

Table 1- Chemical composition of  converter steel slag investigated measured by X-ray Fluorescence.

Converter 
Slag MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 ZrO2 LOI

wt.% 8.1 3.3 12.2 1.4 37.8 1.4 1.1 0.3 4.3 28.5 0.1 -1.6

Powder X-ray diffraction (XRD) shows that the crystalline phases present in the converter steel slag are 
Brownmillerite, C2S-α, and C2S-β, Mg, Fe-wuestite and Magnetite, as shown in Figure 1.

Figure 1 XRD Pattern of  CSS.

3.2 Particle size distribution (PSD)
In order to choose an optimum particle size that would result in the highest heat flow of  hydration, and to 
investigate if  milling the material would affect the mineral phases, tests were carried out by changing the 
milling time. Figure 2 shows the variation of  particle size distribution.
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a) b)

Figure 2- a) cumulative particle size distribution and b) particle size distribution of  Converter Steel 
Slag milled in different stages with the DM.

Figure 2 shows the reduction of  the particle size is related to the milling time. In Figure 2-a large shift can 
be seen from stage 5 min to stage 9 min. After that stage, the shift between the other stages is moderate. 
From Figure 2-b one can notice that starting from 5 min, there is a prominent shoulder between 5 and 9 
min indicating the reduction of  the present coarser particles considerably (100-1000µm) in the second stage 
(9min). Table 2 presents the median particle sizes of  the material after each milling stage. From 9 minutes 
until 15 minutes there is a continuous increase in fines. At 15min, the diameter increases (21µm) because 
fines begin to form agglomerates bonding to larger particles by weak van der Walls forces. This effect 
was also observed by Caprai et al. and Chauruka et al. [14,15] when using different materials in a ball mill. 
Further milling was not carried out as the compaction of  the agglomerates can decrease the effectiveness 
of  the mill.

3.3 Particle Morphology of  Milled CSS
The SEM images in Figure 2 show the morphological features of  the CSS after 5 minutes and 15 minutes 
milling. The particles retained their angular shape and sharp edges after 5 minutes but after 15 minutes in 
the disc mill, the agglomeration of  fines bonded with larger particles can be observed. As perceived in the 
particle size distribution (Figure 2), an optimum milling stage was reached.

b)

a)      b)

Figure 3: Particles morphology of  converter steel slag milled in a disk mill (DM) after a) 5 minutes 
and b) 15 minutes
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3.3 The influence of  the mechanical activation on properties of  converter steel slag 

3.3.1 Amorphization of  the particles
To quantify the mineralogical composition of  the CSS as received, the material was reduced to a diameter 
of  48µm to compare with the stage 15 min. Before the XRD measurement, both samples were milled in a 
McCrone Micronizer mill to ensure equal particle size obtained by gentle milling to not influence the XRD 
results. The Rietveld quantification is presented in Table 3. Based on the quantitative data, the amount of  
C2S-α, C2S-β, and Mg, Fe-wuestite decreases, while the amorphous content increases after milling 15 min 
with the disk mill. 

Table 3 Mineral composition of  CSS before and after MA treatment (15min) based on Rietveld 
analysis, in wt. %.

Mineralogical Composition Chemical Compound CSS 48 µm St. Dev. 15 min St. Dev.

Brownmillerite Ca2(Al,Fe)2O5 15.5 0.6 16.4 0.5
C2S-α Ca2SiO4 11.2 0.6 8.1 0.5

Mg,Fe-wuestite (Mg, Fe)O 19.8 3.2 15.5 3.3
Larnite C2S-β Ca2SiO4 17.2 0.6 12.4 0.5

Magnetite Fe3O4 (FeO. Fe2O3) 7.2 0.3 7.0 0.3
Amorphous - 29.2 4.9 40.7 4.8

3.3.2 Converter steel slag reactivity with water
The heat release of  the milled converter slag mixed with water was determined to assess the reactivity of  
converter slag (water/slag = 0.4). The respective heat release of  each slag at different milling times is shown 
in Figure 4.

a) b)

Figure 4: a) Rate of  heat f low and b) cumulative heat release of  Converter Steel Slag milled with 
different times.

The rate of  heat flow was negligible during the 48h of  measurement. (Figure 4). Nevertheless, Figure 4-b 
presenting the cumulative heat release shows that the reactivity of  the material increases following the 
reduction of  the particle size. The cumulative heat released within the first 48h is 74.78J/g for 15 min 
milling and just 20J/g for 5 minutes milling. For comparison, the heat release of  a Portland cement CEM 
I 42.5N is around 240J/g. The results show that increasing the fineness of  the slag can enhance hydraulic 
reactivity. 

4. Conclusions

• The MA treatment has a beneficial effect to enhance the converter steel slag hydraulic properties 
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without a chemical activator, by reducing the particle size of  converter steel slag, showing that it can 
potentially be used as a binder.

•  After 15 min of  milling the particles agglomerated, nevertheless, it didn’t influence the cumulative heat 
release.

• Disc milling results in amorphization of  the samples. The amorphous content increased and α-C2S, 
β-C2S, and Fe, Mg-wuestite decreased. Both C2S-α and C2S-β show a higher degree of  amorphization 
compared to Mg, Fe-wuestite. 

Based on the results obtained further analysis needs to be done to characterize and investigate the nature 
of  the hydration reaction and the behaviour of  slag during milling.
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Abstract 

Converter slag, also known as basic oxygen furnace (BOF) slag, is produced during steel making and contains 
mainly C2S, C2F, and RO phases (CaO–FeO–MnO–MgO solid solutions) among which varying levels of  
free lime can be present. Its high density makes it useful as armour stone, for stabilizing embankments 
of  waterways. Due to its high strength and abrasion resistance it has been applied as asphalt aggregate. 
However, it is avoided for applications in concrete because of  the expansion problems associated with 
hydration of  free lime. It is commonly believed that weathering of  slag is effective to mitigate the free-lime 
expansion. Four batches of  single BOF heats were investigated which had been stored outside for 19 years, 
exposed to all weather conditions, in drained boxes. Three batches still contained large solid blocks of  
around 5 to 20cm with some lichen growth. One sample however had broken into many smaller fragments 
of  around 1 to 2cm, presumably due to a high initial content of  C3S that was reduced from 15 to 5wt% 
during weathering. All samples still contained unreacted free lime showing that the reactions are ongoing 
and that weathering of  slag may not be entirely effective in avoiding expansion related durability problems, 
especially long term. In addition to free lime and C3S, the RO phase (Fe,Mg)O showed some reactivity 
during long term weathering. 

Keywords: converter slag, weathering, supplementary cementitious materials, XRD

1. Introduction

Iron- and steel making produces a variety of  slags at different stages of  the process. The best known one 
in the building materials industry is blast furnace slag, which is generated in the furnace where iron ore is 
smelted to produce pig iron. On average about 0.25 to 0.3t of  this slag are produced per t of  iron in the 
EU[1]. Due to excellent pozzolanic properties after granulation it is the main component of  CEM III [2] 
and often used in geopolymers [3]. In contrast converter slag is produced during the conversion of  iron 
into steel and rarely used as a building material, although it is also available in large quantities. About 0.15t 
of  converter slag is produced per t of  steel[1] with the worldwide steel production estimated to be 1,8 Bt 
in 2018 [4]. It is also referred to as BOF (Basic Oxygen Furnace) or BOS (Basic Oxygen Steelmaking) slag, 
LD (Linz-Donawitz) slag, steel furnace slag or simply steel slag. The last two should be avoided however, 
because they are also used for electric-arc-furnace (EAF) slag, which has different properties. 

The reason for the low utilization of  converter slag is two-fold: low reactivity makes it undesirable as a 
supplementary cementitious material and volume instability can interfere with its use as a concrete aggregate.

The composition of  converter slag is variable (Table 1 and 2) and depends on the steel making process 
as well as the quality of  the raw materials, but the most common phases are C2S which occurs in both the 
monoclinic β and the orthorhombic α’H form, as well as C2(A,F) and RO phases (CaO–FeO–MnO–MgO 
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solid solutions). C2(A,F) and	β -C2S are also part of  Portland cement clinker and as such some hydraulic 
reactivity could be expected in converter slag. However several studies have found that the reactivity is low 
and that the addition of  converter slag to cement or concrete has very little positive or even negative effects 
on strength development [5-7].

Table 1: Mineralogical composition of  converter slag [8-9]. Magnesiowuestite, free lime and 
periclase are RO-phases.

Formula Name Amount (wt%)

β-C2S Larnite/Alite }30-50α’H-C2S Bredigite

C2(A,F) Srebrodolskite 15-25
(Fe,Mg)O1-x Magnesiowuestite 20-30

Fe3O4 Magnetite 0-10
CaO Free lime 0-10
C3S Hatrurite/Belite 0-5

MgO Periclase 0-2

Table 2: Chemical composition of  converter slag [7, 10, 11]

Oxide CaO FeO/Fe2O3 SiO2 MgO MnO Al2O3 P2O5 TiO2

wt% 35-50 15-25 10-20 5-10 2-7 1-5 0.5-2 0-2

Converter slag as an aggregate in concrete can lower the durability due to the presence of  free lime or 
MgO. The free-lime and MgO can react with water to form hydroxides which is accompanied by volume 
expansion [12], and can lead to cracks and subsequent low durability. Free lime can form either directly 
out of  the melt near liquidus as primary phase or be present as undissolved lime. It can also form near the 
solidus when the slag becomes saturated with CaO or even subsolidus from the exsolution of  C3S into C2S 
and CaO during the slow cooling of  the slag [13]. MgO fragments in the slag can be derived from refractory 
wear, and MgO-rich RO (magnesiowuestite) forms as liquidus phase in converter slag. To some extent the 
cooling rate of  slag can be influenced, which effects the mineralogy, however, it is difficult to avoid free-
lime and MgO-phase in the slag because CaO is needed as a fluxing agent and MgO is added to protect 
the refractories of  the furnace. For this reason, converter slag is often restricted to applications that are 
less sensitive to volume expansion such as unbound aggregate for stabilizing waterway embankments or 
creating road base. However, if  it contains no free-lime, it can also be applied as asphalt aggregate because 
of  its high strength and abrasion resistance. 

One approach to mitigate the free lime problem is weathering of  up to 1 year by storing the slag outside 
[10, 14]. In addition, converter slag can be monitored by measuring the free lime content either chemically 
or via XRD or by measuring the expansion following a 1-7 day steam test (EN 1744-1). However, there is 
very little information available on the influence of  weathering, especially long-term on the mineralogy of  
converter slag. It is unclear how much of  the free lime or MgO present in fresh converter slag reacts over 
time and if  other phases could cause expansion too. All these parameters could have implications for the 
long-term durability of  building materials containing converter slag aggregate.

This paper analyses 4 different batches of  converter slag that were produced at Tata Steel Ijmuiden in 
2000/2001 and then placed outside for weathering. Scanning Electron Microscopy (SEM) with Energy-
dispersive X-ray spectroscopy (EDX), quantitative X-Ray diffraction (XRD) and X-Ray fluorescence (XRF) 
were used to investigate the changes in free lime content and in the other mineral phases during that time.
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2. Methodology and materials

The initial XRD measurements of  the unweathered slag were done using a D5000 (Bruker) with Cu 
radiation. For the measurements of  the weathered slag a D8 (Bruker) with a Cu tube, energy filtering and a 
Lynx Eye detector was used. Before measuring, the weathered samples were milled using a McCrone XRD 
mill (Retsch) adding 10wt% Si as an internal standard. All diffraction patterns were quantified using Topas 
5 (Bruker). For SEM/EDX analysis, the samples were embedded in resin, cut, polished without the use 
of  water and then carbon coated. The measurement was done using a JEOL JSM-7001F SEM equipped 
with 2 Solid State EDS Detectors (ThermoScientific NS7) with an accelerating voltage of  15 kV and beam 
current of  6.2nA.  The converter slag samples were stored outside in Ijmuiden in uncovered plastic boxes 
with holes in the bottom to allow rain water drainage (Figure 1). The original size of  the pieces was in the 
range of  around 10 to 20cm. The unweathered slag is referred to by the batch numbers A, B, C and D, while 
the corresponding weathered slag samples are named Aw, Bw, Cw and Dw. 

3. Results

3.1  Sample description
Figure 1 shows photos of  the original converter slag taken in 2000/2001 as well as its appearance today. 
The 4 samples were chosen based on differences in appearance out of  around 30 batches stored for long 
term weathering. Batch A and B were chosen due to their original appearance. Batch A had a bright white 
colour, while A represents the more typical dark converter slag. Batch C and D were chosen based on their 
current appearance. Batch Cw contained large pores, similar to scoria, while sample Dw was the only batch 
that had visibly reduced in size from around 20cm to 1-5cm.

Figure 1: Photos of  the converter slag batches investigated. Some weathered slags are overgrown 
with lichen (yellow)

3.2 Original Converter slag
The chemical composition of  the samples measured before weathering is given in Table 3. All slags were 
rapidly cooled, which means that the slags were tipped from a 30t slag pot onto a cold steel slab, quenching 
from end-of-converter-process temperature to ambient. The thickness of  the slag layer determined 
the rate of  heat loss. XRD measurements of  the original slag show that Batch A, B and C contain C2S, 
srebrodolskite, and RO phase (Mg,Fe)O, as well as some free lime (Figure 2). The (Mg,Fe)O peaks are very 
wide due to the presence of  (Mg,Fe)O with varying compositions and lattice parameter, which leads to 
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overlapping peaks. Batch D however is very rich in free lime and C3S with very little srebrodolskite (Table 
3). The srebrodolskite content is low due to the low Al3+ and probably Fe3+ content. This also means less 
Ca can be bound in this phase, leaving it available to form C3S and free lime. 

The measurements were quantified (Table 4) although the quality suffers from the poorer resolution 
available at the time, but it still gives an indication of  the mineralogical composition. 

Table 3: Original chemical composition of  the investigated converter slag batches. All results in 
wt%.

Batch Al2O3 MgO P2O5 CaO SiO2 TiO2 MnO FeO

A 0.5 8 1.6 45.7 11.8 1.9 4 26.6

B 2.9 12 1.3 38.3 10.6 1.7 4.6 28.5

C 2.5 13 1.3 41.6 12.6 2.2 4.8 22
D 0.7 9.5 1.2 44.7 12.7 1.8 3.9 25.4

Figure 2: Original XRD measurements of  converter slag before weathering. Differences in intensities 
are due to different measuring times.

Table 4: Mineralogical composition of  original converter slag before weathering (left) and after 
(right). Amorphous content of  the original slag could not be determined, because no internal 
standard was added at the time. Lime is a RO-phase but l isted separately due to its importance for 
volume stability. All results are in wt%.

Batch A B C D Batch Aw Bw Cw Dw

Lime 5.4 4 9.1 18.2 Lime 3.8 2.5 6.5 9.7

RO phase 37.4 40.8 35.4 36.9 RO Phase 27 26.2 18.1 22

Srebrodolskite 19.1 28.2 25.1 8.4 Srebrodolskite 20 24.4 24.6 3.2

C2S (α’H + β) 38 25.8 28.6 21.3 C2S (α’H + β) 45.5 31.5 31.7 18.7

C3S 1.7 15.2 C3S 3.5 5.1

Magnetite  1.2   Portlandite 7.1

Quartz 0.1 0.1 1.6 0.1

Calcite 2.2 1.1 0.3 2.3

Pseudobrookite 0.5 0.4 0.3 0.3

Iron 1.5

Green rust 0.7

Amorphous 0.9 13.9 12.4 29.9
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3.3 Weathered converter slag

3.3.1 Composition
After almost 20 years of  exposure to the elements, samples were taken from the converter slag and analysed 
with XRD (Table 5)(Figure 3). Regarding the phases that are important for weathering, all samples still 
contained noticeable amounts of  free lime, while their calcite contents were low. Sample Cw and Dw also 
contained unreacted C3S. No portlandite was found except for sample Dw. The Ca(OH)2 in Dw could be 
suspect and may have formed during milling out of  free lime because the sample was insufficiently dried. 
Small amounts of  green rust were present in Cw, which is an iron containing Layered Double Hydroxide 
(LDH) that is likely a weathering product. Weathered samples, except for A, contain amorphous phase.

Figure 3: XRD measurements of  converter slag after weathering.

Figure 4: Differences in converter slag before and after long term (w denotes the weathered samples).

Comparison of  the two datasets is complicated because of  the difference in quality between the old and 
recent XRD-patterns (energy filtering), and the lack of  information on the amorphous content of  the 
original samples. However, in the case of  Aw at least the amorphous content is very low, and it can be 
assumed that this was also the case in the unweathered slag A. We therefore assumed that the other original 
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slag samples B, C and D, also contained very little amorphous phase. This makes a direct comparison 
possible and shows that long term weathering reduced free lime and the other RO phases by around 30% 
(Figure 4), while the srebrodolskite content remained stable at around 20wt%. In contrast C2S appears to 
become enriched. Samples B/Bw and C/Cw show trends similar to A/Aw, the only difference is that Cw 
contains small amounts of  C3S. The C3S content seems to be enriched after weathering, just like the C2S, 
however the difference is not very large and considered to be well within the error of  the quantification 
for Batch C. It is however clear that some unreacted C3S remains. The enrichment of  C2S in these samples 
may be due to an overall mass loss that occurs when weathering products are washed out. If  that is the 
case reactive phases will decrease while stable phases appear to increase. These results also show that the 
outer appearance of  the first three batches before or after weathering does not correlate with significant 
differences in mineralogical composition.

In Sample Dw a clear reduction of  free lime and C3S can be seen after long term weathering, C2S appears to 
be stable while the srebrodolskite content was reduced by around 60%. The C3S content in Batch D is also 
the main reason for the extreme volume instability, more so than the high lime content. It forms C-S-H gel 
in contact with water, a reaction that is also associated with volume expansion and could explain the high 
amorphous content in Dw (30wt%).

Based on these results the reactivity of  converter slag phases during long term weathering can be ranked 
from most reactive to least reactive as follows: C3S/CaO>RO phase>Srebrodolskite>C2S. C3S and CaO are 
highly reactive phases, which is why the XRDs show a clear reduction in their content after weathering. The 
same reduction is visible for the other RO-phases, indicating reactivity even if  they have a lower solubility 
than CaO and no hydraulic reactivity like C3S. Srebrodolskite also seems to be reactive to some extent, even 
if  it dissolves at a lower rate than the RO-phase, It would explain why it appears to be stable in samples Aw, 
Bw and Cw but shows a clear reduction in Dw. C2S is either enriched or shows a very small reduction in all 
cases, making it very stable during long term weathering.

3.3.2 Microstructure
Because it showed the largest weathering effects Sample Dw was analysed further using SEM. Figure 5 shows 
calcite formation inside a pore next to a phenocryst of  C3S. The C3S appears to be partially hydrated (lower 
part) and contains (Fe,Mg)O inclusions that formed first in the melt, followed by C3S. This phenocryst of  
C3S is embedded in a matrix of  primarily C2S and (Fe,Mg)O.
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Figure 5: SEM-Image of  Sample Dw. A large C3S phenocryst with (Fe,Mg)O inclusions is embedded 
in a matrix of  C2S and (Fe,Mg)O. Calcite formed as a weathering product inside a pore.

Figure 6: SEM-Image of  Sample Dw. A pore fil led with hydration/weathering product (Mix) 
surrounded by partially reacted C2S, calcite and C3S. The inset in the lower left corner gives the 
EDX composition of  spots 4.1 to 4.3.

Weathering products also formed inside pores (Figure 6). It is most likely amorphous C-S-H or C-F-S-H 
(marked 4 in Fig. 5) with a variable composition, because the only crystalline weathering product that could 
be detected via XRD was calcite. The pore is surrounded by partially reacted C2S (marked 2 in Fig. 5) and 
C3S (marked 3 in Fig. 5). 
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4. Conclusion

• Four different batches of  converter slag produced at Tata Steel Ijmuiden in 2000/2001 were placed 
outside for long-term weathering experiments and analysed in 2019. Batches A, B and C had a similar 
chemical and mineralogical starting composition with C2S, srebrodolskite, magnesiowuestite (Fe,Mg)O 
and free lime (~4-9wt%) present. Batch D contained very high amounts of  free lime (~18wt%), C3S 
(~15wt%) and lower amounts of  srebrodolskite and C2S.

• After weathering only 20 to 30% of  the free lime had reacted in all samples. The presence of  C3S and 
free lime in Batch D caused a dramatic reduction in grain size from around 15-20cm to 1-5cm. This 
process is expected to continue and possibly accelerate, because only about 50% of  the C3S had reacted 
and the surface area of  the grains is still increasing due to volume expansion and cracking.

• The reactivity of  the converter slag phases from most to least reactive under long term weathering 
conditions can be ranked as follows: C3S/CaO>RO phase>Srebrodolskite>C2S.
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Abstract

The challenge of  sustainable use of  MSWI residues such as fly ash is particularly acute. One of  the possible 
uses of  these residues in making secondary building materials. However, MSWI fly ash is highly contaminated 
with hazardous elements such as Pb, Zn, Cd, Cu, etc. Its treatment to reduce the environmental impact 
is required before reuse or disposal. Here, the efficiency of  a new three-step combined treatment with 
two complexing agents (ethylenediaminetetraacetate and gluconate) to increase the toxic-element elution 
from fly ash in contrast to conventional water-only treatments is shown. The compositions of  raw and 
differently treated (reagent-combined and water-only treatments) MSWI fly ash were compared by the 
standard leaching test. For Cd, Cu, and Zn, the combined treatment is 10–1000-fold more efficient than the 
water-only one. It was shown that the same WFA, which seems non-hazardous according to the leaching 
test after being washed with water, proves to be extremely hazardous when more properties are taken into 
account. Thus, it is relevant not only to study the leaching of  WFA components and the factors affecting it, 
but also to pay detailed attention to amounts of  elements remaining in the material after treatments.

Keywords: MSWI fly ash; Potentially Toxic Element; Residue Treatment; Environmental impact; Leaching
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Table of  Nomenclature      

AAS

Atomic Absorption Spectrometry

COMBY

Combined chelatant treatment

EDTA

Disodium ethylenediaminetetraacetate

IC

Ion Chromatography

ICP-AES

Inductively Coupled Plasma – Atomic Emission Spectroscopy

LL

Legislation Limit

LOI

Lost On Ignition

L/S

Liquid to Solid

Na-Gl

Sodium Gluconate
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1. Introduction

The utilization of  waste residues challenge has been dealt with for over 25 years [1]. During the incineration 
process of  municipal solid waste, ash residues are approximately 80% (w/w) bottom ash and 20% (w/w) 
fly ash [2]. High concentrations of  chloride, sulfate, lead, zinc, copper, etc. turn waste fly ash (WFA) into 
a “hazardous waste” [3–5]. Due to the landfill space reduction along with environmental regulations 
concerning potential leaching of  various pollutants into ground waters [6], these residues should be treated. 
To convert WFA into a safe material suitable for landfilling or reuse, it is necessary to reduce the leaching 
of  potentially toxic elements (PTEs). 

Main ways to achieve this goal have been: water washing in combination with solidification [7–9], stabilization 
using various chemicals [10,11], adding silica fume to hydrated WFA pastes [12], carbonation [13,14], and 
thermal treatments [15,16]. However, recently, metal extraction from WFA [17,18] to retrieve valuable metals 
has become comparably attractive [19,20]. As metal concentrations in WFA are considerable, research has 
been focused on making this extraction as efficient as possible [21,22]. However, currently these methods 
are not being aimed to reduce the WFA contamination level. 

Among other applications, the WFA is considered as a promising cement substituent in the production 
of  concrete [7,23–25] or lightweight artificial aggregates [26]. WFA is conventionally water-treated [27], 
and the subsequent leaching test estimates its suitability for reuse. However, the washing procedure is not 
very economically feasible, reported liquid-to-solid ratios (L/S) are high (above 10) [28] or the procedure 
is not optimized, and the leaching test is not performed on the final product (containing WFA) to test 
the treatment efficiency [23]. Moreover, unlike coal-combustion fly ash (CCFA) mostly consisting of  
spherical particles [29], WFA particles are not studied well. They presumably consist of  an inert glassy core 
surrounded by a porous, partially dissolvable mineral matrix layer (Al, Si, and Ca are the main components) 
covered with easily soluble alkali-metal chlorides [30]. Thus, washing WFA may decompose the matrix, 
which would lead to a PTE release. Hence, if  the potentially soluble part of  WFA does not dissolve entirely, 
WFA can be hazardous if  washed again or incorporated in cement.

Thus, water-only treatments proved to be effective for readily soluble salts but not all PTEs. Several assisting 
agents (separately) for heavy-metal recovery (Zn, Pb, Cu, Mn, and Cd) from WFA were studied due to 
their high complexation constants [31], and it was reported that disodium ethylenediaminetetraacetate 
(EDTA) and sodium gluconate are especially efficient for Zn and Pb [8]. However, a detailed study on the 
effectiveness of  these complexing agents and their combined use for WFA purification was not performed.

Therefore, the goal is to study the effectiveness of  the combined use of  chelatants (EDTA and gluconate) to 
improve PTE extraction from WFA while using lower water volumes. Apart from complexation constants, 
the agents were selected due to their ability to simulate the matrix decomposition of  WFA particles, a 
process that might have occurred outdoors with assistance of  environmental agents. The study involved 
the comparison of  untreated and treated WFA by the standard leaching test and the analysis of  individual 
hazardous elements in the leachates and remaining WFA material.
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2. Materials and Methods

WFA was supplied by the municipal solid waste-to-energy incinerator plant of  AVR-Van Gansewinkel 
(Duiven, the Netherlands). 

2.1 Samples and reagents
Deionized water (a Milli-Q Academic system, Millipore) was used for the preparation of  all the solutions and 
washing. Nitric acid (69%, for analysis, ISO-grade, AppliChem Panreac) was used for all the operations with 
ICP–AES. All standard solutions were from High Purity Standards. A mixture of  ICP-AM-6 (100 mg/L 
of  Al, Sb, B, Ba, Be, Cd, Ca, Co, Cr, Cu, Fe, Li, Mg, Mn, Mo, Ni, K, Na, Si, Pb, Tl, Sr, V, Zn) and ICP-
MS-68B (100 mg/L of  Sb, Ge, Hf, Mo, Nb, Si, Ag, Ta, Te, Sn, Ti, W, Zr) standard solutions was used for 
the calibration in the range 0.01-10 mg/L. A mixture of  an ICP-AM-15 standard solution (10000 mg/L 
of  Na, K, Ca, and Mg), P (10000 mg/L), and S (10000 mg/L) was used for the calibration in the range 
1–100 mg/L. An internal standard solution of  Sc (20 mg/L) was prepared from a standard solution 
(Inorganic Ventures, 1000 mg/L). 

2.2 Equipment

2.2.1 Inductively coupled plasma atomic emission spectrometry
Inductively coupled plasma atomic emission spectrometry (ICP–AES) provides rapid and highly sensitive 
multielemental quantification of  MSWI fly ash with high accuracy and precision [32,33]. An ICP–OES 
5100 SVDV spectrometer (Agilent Technologies) was operated in the axial mode (the auxiliary gas flow, 
1.2 L/min; coolant gas flow, 14 L/min; nebulizer gas flow, 0.8 L/min). All emission lines were measured 
simultaneously.

2.2.2 Flameless atomic-absorption spectrometry coupled with pyrolysis
An RA-915+ Mercury Analyzer (Ohio Lumex Co.), a portable multifunctional atomic absorption 
spectrometry (AAS) instrument with Zeeman high-frequency modulation of  polarization for background 
correction, with a RP-91C pyrolysis attachment (Lumex) was used for mercury determination. 

2.2.3 Ion chromatography
Ion chromatography (IC) was selected as a standard method for chloride and sulfate in leachates [34]. 
A Thermo Scientific Dionex ion chromatograph 1100, 2×250 mm AS9-HS ion-exchange columns, the 
isocratic flow (0.25 mL/min) was used. Ion detection was accomplished by measuring a suppressed 
conductivity making use of  an electrolytically regenerated suppressor (Thermo Scientific Dionex AERS 
500 2 mm). As eluent, a 9 mM solution of  sodium carbonate was used.

2.2.4 Auxiliary Equipment
An XP 504 analytical balance (Mettler Toledo), 15-D0438 riffle boxes (sample splitters, CONTROLs 
Group), an SM-30 shaking table (Edmund Bühler GmbH), a UF 260 drying oven (Memmert), and a 
Multiwave 3000 (Anton Paar) microwave oven for digestion with a 60-bar rotor were used throughout. 
Automatic Eppendorf  Research pipettes (Eppendorf  International) were used for the preparation of  
calibration solutions. A-class polypropylene volumetric flasks (Vitlab) with volume (50.00 ± 0.12) mL and 
(100.00 ± 0.20) mL and polypropylene test tubes (Axygen) were used for the preparation of  calibration and 
test solutions. 
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2.3 Procedures

2.3.1 Sample preparation
Fresh WFA samples were used for analyses and treatments. The material was oven-dried at 105°C to a 
constant mass. Next, the WFA fraction above 500 μm was sieved out (3.8% w/w), because it contained 
significant amounts of  unburned carbon. LOI at 550°C of  the fraction above 500 µm is 16.84. Next, the 
material was used for the standard leaching test. Subsequently, treated samples were collected and subjected 
to the standard leaching test again to assess the treatment efficiency.

2.3.2 Standard leaching test
The standard leaching test [35] was performed on untreated WFA and the fraction below 500 μm (5 
replicates of  40 g each) to evaluate the level of  PTEs, chloride, and sulfate. This test was also used to 
evaluate the combined (COMBY) and water-only (WATER-3) treatments (Section 3.3.2 below). After 
the standard leaching test (24 h shaking, L/S 10, 200 rpm), the samples were filtered through 17-30 and 
0.2-µm filters to prepare leachates for ion chromatography and ICP–AES/AAS. 

2.3.3 COMBY and WATER-3 treatment procedures
To test the efficiency of  complexing agents, individual solutions of  EDTA and sodium gluconate (Na-
Gl) were used. A WFA sample (40 g) was added to 200 mL of  0.05M EDTA and shaken for 20 min 
(200 rpm). The mixture was filtered (17-30 and 0.2-µm filters), and the washing water was collected for 
further analysis. The same procedure was repeated for another WFA portion, but Na-Gl instead of  EDTA 
was used. 

Figure 1 illustrates the scheme for both treatments consisting of  three steps. WATER-3 serves as a reference, 
it follows all steps from COMBY, but instead of  the additive solutions deionized water was used. Due to 
the dissolution of  soluble components, in all cases L/S was taken with respect to the initial sample mass. 

Figure 1: Scheme of  WATER-3 and COMBY treatments and analysis (figures in parentheses denote 
the number of  replicates for each stage) [36].
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3. Results and discussion

3.1 Untreated WFA properties

3.1.1 Comparison of  leaching vs. bulk element composition 
The standard leaching test results (L/S 10) (Table 1) on the untreated WFA show that Cr, Pb, Cd, Mo, and 
Zn concentrations exceed the legislation limits (LL) significantly (leachate pH 13) [36].

Table 1: PTEs in the WFA: their total content, leaching, and legislation limits (LL) [36].

Element
Leaching LL [37] Times over LL

(for leaching)mg/kg mg/kg
Sb < 0.02 0.32 –
As < 0.1 0.9 –
Ba 2.9 ± 0.3 22 –
Cd 0.10 ± 0.01 0.04 2.5
Co < 0.1 0.54 –
Cr 1.9 ± 0.2 0.63 3
Cu 0.10 ± 0.01 0.9 –
Hg < 0.001 0.02 –
Mo 6.7 ± 0.7 1 6.7
Ni < 0.01 0.44 –
Pb 26 ± 3 2.3 11.3
Se < 0.02 0.15 –
Sn < 0.02 0.4 –
V < 0.05 1.8 –
Zn 21 ± 2 4.5 4.7

In addition to high metal concentrations, WFA leachates after the standard leaching test contain large 
amounts of  chloride (110 ± 10 g/kg) and sulfate (50 ± 1 g/kg). It is similar to the previous findings, 
where the effectiveness of  a water treatment is shown [9,38–40]. 

3.2 Selection of  complexing agents 
Na-Gl and EDTA were selected because they are less aggressive than strong acids or bases, change the pH 
within 1.5 points only, which is important if  being compared with water, and show their effectiveness in the 
extraction of  Zn and Pb from WFA [8,38]. Thus, besides eliminating chloride and sulfate, these treatments 
elute PTEs. To test their effectivity, three independent treatments were performed (L/S 5; 20 min): water 
only, EDTA (0.05M), and Na-Gl (0.05M). 

The results (Figure 2) show that, firstly, each of  them efficiently elutes different metals, and secondly, 
they different affect the standard leaching test results for the treated material. Na-Gl is more effective in 
most cases (except for Ba, Sr, Mo, and Cd). It is vital to acknowledge its ability to elute major WFA matrix 
elements, calcium, aluminum, and iron. This may lead to matrix decomposition releasing an additional 
portion of  PTEs, which could not be released during the standard leaching test or treatment with water. 
PTEs, which showed the excess over the LL according to the standard leaching test, were Cr, Cd, Mo, Pb, 
and Zn. However, significant amounts of  Cu (by Na-Gl) and Cd (by EDTA) can also be liberated from 
WFA due to high stability constants (logβ1,Cu-EDTA = 18; logβ1,Cu-Gl = 36; logβ1,Cd-EDTA = 17; and logβ1,Cd-

Gl = 10) [41–43]. Being complementary, both agents were used sequentially in one treatment (COMBY) to 
elute the maximum number of  PTEs [36].
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Figure 2: Reagent efficiency relative to water : a) for elements, it is comparable to water) b) for 
elements, it is much higher than for water [36].

3.3 Two-reagent and water-only treatment comparison
Treatment parameters are the time of  contact, L/S, and the number of  steps. The priority task was to 
make a treatment which ensures the efficient chloride elution because its concentration is 100-fold higher 
than the LL. For a decrease in the chloride level by 98-99%, 15-30 min of  washing is enough [7,28,38,39]. 
In several studies, several-steps washing with L/S 1-3 proved to be more efficient than single-step ones 
with larger L/S [7,39,44,45]. In most papers on this topic, the number of  washing steps is limited to 2-3 
[28,39]. Given that the studied WFA is severely polluted (Table 1) and retains a large water amount (about 
30% after being in contact with water for about 20 min), we used a three-step washing procedure to 
remove the contaminated water. To minimize its amount, L/S 2 (relative to the initial sample mass) was 
used at each step. This ratio was selected empirically by obtaining a WFA–water paste with a viscosity low 
enough for its rapid mixing. EDTA was used at the first step as it elutes large amounts of  Cd (ca. 1000-fold 
higher than the LL), and this also provided more iterations of  rinsing out the contaminated water after 
this step. During the second step, Na-Gl was applied, and during the third, distilled water. All three steps 
together (1EDTA/2Na-Gl/3water) comprise COMBY. For the sake of  comparison, a WATER-3 treatment 
was applied. The procedure is the same as COMBY but instead of  additives, only distilled water was used 
at all steps [36]. 

3.3.1 Treatment results (elution)
Figure 3 shows the step-by-step elution for certain elements during both treatments. Taking into 
consideration that, for almost all metals, each step provides a significant PTE liberation, the number of  
steps cannot be less than three. The elution character for these two treatments differs for all metals (Figure 
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3). For WATER-3, the concentrations of  almost all the metals decrease in each step. This could be attributed 
to a change in pH at each step, however during COMBY pH drops are similar (see Figure 3 insets). For 
COMBY, the pH after the first step decreases more than with WATER-3. This probably occurs due to the 
removal of  alkaline compounds (mainly Ca) with EDTA. A pH change after the second step is the same, so 
the elution of  such metals as Pb and Zn would have to be even less than in the first step [46], but it is the 
opposite. Thus, it is worthwhile to look for another reason for such an elution character [36]. 

Figure 3: Elution of  metals during WATER-3 and COMBY treatments for each step; insets: pH of  
the washing waters during each step [36].

3.3.2 Standard leaching test results on treated WFA
Table 2 presents the standard leaching test results (L/S 10) for both treatments. Only elements with 
concentrations above the LL are shown. It is worthwhile to give a small remark regarding the LLs for 
chloride and sulfate. In this study, the environmental legislation for CCFA (LL (sulfate), 30,000 mg/kg; LL 
(chloride), 1000 mg/kg) could have been applied [47] because WFA is closer in some properties to CCFA 
rather than to MSWI bottom ash. However, because hereby no evidence of  complete WFA similarity to 
CCFA was presented, the legislation criteria for non-shaped building materials were used instead, see Table 
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2 [37]. It is rather negligible in the context of  this study because the goal was not to demonstrate the WFA 
leaching results after a treatment, but to show what changes the WFA undergoes. The treatment selection or 
other decision regarding the further utilization of  WFA can be made using these criteria though. Therefore, 
the LL values are taken for clarity, so that the challenge level can be estimated. 

Table 2: Standard leaching test results for untreated WFA and after treatments (for metals which concentrations 
exceed the legislation limit (LL)); underlined, more than the LL; bold, became worse after the treatment; italicized, 
became better after the treatment [36].

Leaching test Leaching test results (after treatments)

Element WFA untr. LL COMBY WATER-3

mg/kg
Cd 0.10 ± 0.01 0.04 10 ± 1 < 0.02
Cr 2.0 ± 0.2 0.63 0.50 ± 0.05 4.4 ± 0.4
Cu 0.10 ± 0.01 0.9 3.6 ± 0.4 < 0.02
Pb 21 ± 2 2.3 85 ± 9 < 0.05
Mo 6.7 ± 0.7 1 1.4 ± 0.2 3.3 ± 0.3
Zn 21 ± 2 4.5 38 ± 4 0.40 ± 0.04

g/kg
Сl– 110 ± 10 0.62 1.6 ± 0.2 1.9 ± 0.2

SO4
2– 50 ± 5 2.4 19 ± 2 16 ± 2

Table 2 shows that COMBY causes a strong increase in the PTE leaching except for Cr and Mo. In general, 
COMBY, which elutes matrix elements such as Ca, Fe, Al, Mg, and Zn, promotes the liberation of  PTEs 
enclosed in the matrix (Figure 2). At the same time, WATER-3 elutes orders of  magnitude less amounts 
of  these matrix elements, keeping PTEs inside. Therefore, after WATER-3, the concentrations of  a 
considerable number of  PTEs (except for Cr and Mo) are below the LL. Both treatments were not targeted 
to completely elute anions. Table 2 shows that both treatments were similarly effective in eluting chloride 
(COMBY, 99%; WATER-3, 98%), and close to each other for sulfate elution (COMBY, 62%; WATER-3, 
68%).

Table 2 shows that Cd leaching from the untreated WFA (using the standard leaching test) is only twofold 
higher than the LL (0.10 mg/kg). However, COMBY increased Cd leaching by about 100 times (10 mg/
kg), while during WATER-3 it has decreased by more than fivefold (< 0.02 mg/kg). At the first two steps 
of  WATER-3, a very small amount of  Cd was liberated (0.03 mg/kg, Figure 3), while during COMBY it 
was much larger at all the three steps (67.0 mg/kg). As at three steps of  COMBY, the eluted Cd amount is 
decreasing (45, 17, and 5 mg/kg, respectively), while the matrix component elution at the 1st step for water 
and EDTA is similar, it might be concluded that EDTA transformed all available Cd to soluble species 
on the surface layers. If  some additional Cd sources would have been uncovered by dissolving the matrix, 
an increase in its concentration at each subsequent step would have been observed. The ability of  Na-Gl 
to elute Cd is also significant (0.10 mg/kg), although less than of  EDTA due to a lower complexation 
constant (Section 3.2), and despite its use in the second step of  COMBY, an increase in concentration 
also did not occur. As WATER-3 is reagent-free, only a small amount of  soluble Cd got into the washing 
water (0.04 mg/kg), and the standard leaching test indicates WFA-WATER-3 as apparently non-hazardous. 
However, a very significant increase in the cadmium leaching using chelating agents shows that such a 
“clean” WFA may have a hazard under the action of  environmental substances [48].

Figure 3 shows that a significant amount of  Cr (0.7 mg/kg) is liberated at the 1st step of  COMBY, less  at 
the second step (0.2 mg/kg), and at the third step a negligible amount (0.1 mg/kg) is eluted, and according 
to the standard leaching test results its level satisfies the regulations. At the same time, for WATER-3, a 
small amount (0.1 mg/kg) of  Cr is liberated at the first two steps, and at the third step its amount increases 
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threefold. Eventually, WFA-COMBY leaches twofold Cr (4.4 mg/kg) as the untreated WFA (2.0 mg/
kg). The solution pH decreases during the treatment; however, at pH 8-13, Cr leaching does not vary this 
much [46]. On the other hand, Figure 4 illustrating a comparison of  Mg, Al, and Fe leaching at all steps, 
reveals that it is 2-3-fold larger at the first step of  COMBY (and Mg is not released at all at the first step 
of  WATER-3), and at the 2nd and 3rd steps for COMBY, the elution of  these components is 1-2 orders of  
magnitude higher than that of  WATER-3. It might be suggested that Cr is encapsulated in the matrix. Thus, 
as for Cd, the standard leaching test with L/S 10 does not show how much Cr will potentially leach out later, 
during the use of  WFA-based materials.

Figure 4: Matrix components elution during COMBY (marked C) and WATER-3 (marked W) 
treatments [36].

Considering the standard leaching test results (Table 2), for untreated WFA Cu leaching was below the LL, 
but after COMBY it has increased significantly. The character of  Cu elution differs from cadmium (for 
which the standard leaching test results after treatments were similar, Figure 3 and Table 2). Apart from very 
high complexation constants, the reason for such an elution character is also the matrix decomposition, 
elements are liberated 10-fold less effectively at the first step of  COMBY, as if  blocking Cu leaching. For 
WATER-3, these components are liberated only slightly, so approximately the same Cu elution is observed 
at all three steps.

After WATER-3, the concentration of  Pb in leachates is less than the LL; however, after COMBY, the 
WFA looks extremely hazardous (Table 2). In addition, even in the case of  WATER-3, much more Pb is 
liberated at the first (168.8 mg/kg) and subsequent (43.5 and 3.2 mg/kg) stages than during the standard 
leaching test on the untreated WFA (Figure 3, contact times are 20 min at every washing step and 24 h for 
the standard leaching test). This can be explained by the fact that during the standard leaching test, calcium 
salts can re-precipitate (e.g. CaSO4), with which Pb salts tend to co-precipitate [49]. Thus, in a short time 
of  COMBY this does not happen, and all available Pb transfers to the solution. This phenomenon is not 
observed for other metals because their chlorides and sulfates have rather high solubilities. 

Mo concentration in leachates have decreased after both treatments, and for COMBY it was close to the LL 
(Table 2). The elution character in both cases as well indicates a link to the elution of  matrix components: 
in WATER-3 it is slow, so at all steps a similar amount of  metal is liberated (0.8, 0.8, and 0.6 mg/kg, 
respectively); for COMBY, a much larger amount is eluted immediately (3.1 mg/kg), presumably, because 
of  a high complexation constant (logβ1,Mo-EDTA = 20) [31], and at the following steps it decreases (0.6 and 
0.2 mg/kg). The standard leaching test for the untreated WFA showed 6.7±0.7 mg/kg of  Mo, and the mass 
balance for treatments and liberated/left amounts for COMBY was 3.9±0.4/1.4±0.1 = 5.3±0.5 mg/
kg, and for WATER-3 was 2.2±0.2/3.3±0.3 = 5.5±0.5 mg/kg, indicating that, probably, the rest of  Mo 
(Table 1) is encapsulated in the silicate matrix and is unlikely to pose further threat. 
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For WATER-3, Zn level has decreased to an environmentally acceptable level (Table 2). However, for 
COMBY, it has become twofold worse than before the treatment. During WATER-3, it is very probable 
that only readily soluble Zn species are eluted, and at every step the elution decreases (5.5, 4.0, and 0.8 mg/
kg). For COMBY, there is no significant Zn leaching at the first step (6.4 mg/kg), but at the second one, 
18-fold higher amounts of  the metal eluted (115.4 mg/kg). This can result from the matrix elements 
beginning to be effectively liberated at the Na-Gl step of  COMBY, entailing enhanced Zn leaching [36].

4. Conclusions

Thus, the leaching properties of  untreated and treated WFA are studied. As a whole, the efficiency of  a 
three-step combined treatment with two complexing agents (ethylenediaminetetraacetate and gluconate) to 
increase the toxic-element elution from fly ash in contrast to conventional water-only treatments is shown. 

• The main metal impurities in the WFA are Cd, Cr, Mo, Pb, and Zn. Their leaching exceeds the 
legislation limits by 3-11 times. The leaching of  anions exceeds the corresponding limits by 25-1000 times. 
Leaching of  chloride is 110 g/kg, and sulfate is 50 g/kg.

• The ability of  gluconate to elute metals from the WFA is especially efficient (10-200-fold higher 
than of  water) for Cd, Cu, and Zn; and EDTA is the most efficient for Cd (800-fold higher than of  water).

• The ability of  combined treatment to elute metals in comparison with water-only is 40% higher for 
Pb, 15 times higher for Zn, 1800 times higher for Cd, 115-fold higher for Cu, and 2 times higher for Mo 
and Cr.

• As a result of  combined treatment, the WFA has become even more hazardous than before the 
treatment. In the case of  water-only treatment, the WFA appears to be much cleaner than before the 
treatment.

It is necessary to highlight that the same WFA, which, according to the leaching test results, looks non-
hazardous from almost all points after being washed with water, proves to be extremely hazardous (it 
matches the criteria for even more hazardous category than the untreated one). The aim underneath this 
research is to draw attention to the issue of  WFA processing once again. If  the extraction of  metals 
turns out to be economically feasible for a certain country, it would be rather insubstantial to incorporate 
the material in concrete. We believe that these findings will help in issues related to treating, processing, 
and utilizing WFA. For further research, it is expedient to study the mechanisms of  mutual elution of  
matrix components and PTEs in detail, as well as to investigate the structure of  WFA and how, if  used as 
secondary building materials, it affects the target material properties. The full data on this completed study 
can be found here [36]. 
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Abstract 

In this study, hydrophobic functionalization of  the ≤ 0.125 mm fraction of  municipal solid waste incineration 
(MSWI) bottom ash by creating a hydrophobic surface layer was investigated, focusing on the optimization 
of  the surface modification protocol. Moreover, the influence of  surface modification on the leaching 
behavior of  bottom ash was studied. The original and hydrophobic bottom ash (BA) was analyzed with X-ray 
photoelectron spectroscopy (XPS). Hydrophobicity was assessed with static contact angle measurements 
with the sessile drop technique. The hydrophobic layer was grafted with a wet-chemistry method, in which 
1H, 1H, 2H, 2H-perfluorooctyl triethoxysilane (fluorosilane) were tested. First, the reaction conditions were 
optimized and the influence of  weight percentage (wt.%) of  the functionalizing agent, the solvent, pH, and 
reaction temperature on the static water contact angle (CA) were investigated. The surface characterization 
involved investigating the nature of  adsorption, especially differentiation between physically and chemically 
adsorbed functionalizing agents. Subsequently, one-batch leaching test was performed to determine the 
influence of  hydrophobic functionalization on the leachability of  heavy metals, chloride and sulphates.

Keywords: Hydrophobic, Surface functionalization, MSWI, Bottom ash, Leaching

1. Introduction

In recent years, municipal solid waste incineration (MSWI) has attracted increased interest as a waste-to-
energy conversion technique due to the rapid worldwide increase in solid waste generation. Landfilling, as 
a widely used but least favorable waste disposal technique, is facing increased challenges related to growing 
environmental concerns and land space restrictions [1]. MSWI accomplishes a volume reduction of  70-
90%, and energy recovery 20-30% for electricity or up to 80% if  used for heating. After incineration, a small 
amount of  approximately 30 wt.% inert incineration ash remains [2]. These incineration ashes comprise 
large quantities of  inert by-products [3]. Bottom ash (BA) is the most abundant by-product, accounting for 
more than 80% concerning generated volumes [4]. Due to the recent Dutch initiative “Green Deal B-76” 
in 2020, 100% of  BA produced in the Netherlands must be upgraded to primary building material level [5].

Earlier studies have shown that BA can be used as an aggregate in concrete [1]. However, MSWI BA is 
often contained heavy metals, chlorides, and sulfates [6,7], making it unsuitable for application in building 
materials without a proper pre-treatment. Currently, the BA undergoes a treatment, which involves 
separation of  unburnt materials, removal of  metals, followed by sieving and washing. After this treatment, 
only the BA fraction with sizes between 4 and 32 mm is used in building materials. However, the fraction 
with particle sizes below 4 mm, which is rich in contaminants has limited applications [8,9]. Recently, a 
combination of  washing and sieving has been successfully applied to this <4 mm fraction [10], bringing 
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the leaching of  contaminants under the Dutch legal limit. However, the clean fraction of  BA was obtained 
by removing the finest particles, sized below 0.125 mm, from the bottom ash fraction before and during 
washing. This fraction contains the most contaminants and contributes the most to the leaching of  heavy 
metals, chlorides, and sulfates. To meet the goals set by the Green Deal initiative, proper treatment of  these 
fine particles is required.

This study will investigate a treatment method for the ≤0.125 mm fraction. Since removing the contaminants 
from these particles appeared to be challenging, modification of  the particles will be studied to prevent 
leaching of  contaminants. Because these contaminants are leached by water, it is presumed that hydrophobic 
functionalization of  the fine particles could decrease the leachability [11,12]. Still, even when hydrophobic 
functionalization does not help to decrease the leaching of  contaminants, making the particles hydrophobic 
will add a new useful property to the material. Consequently, the research question of  this project is the 
following: what is a suitable treatment for the hydrophobic functionalization of  the ≤0.125 mm MSWI 
BA fraction, preventing leaching of  heavy metals, chlorides, and sulfates? A wet-chemistry method will be 
investigated to modify the particle properties. Hydrophobicity of  the acquired samples will be assessed, and 
the method will be optimized accordingly. After the wet-chemistry treatment, the bottom ash surface will 
be characterized to investigate the nature of  adsorption, after which the influence of  the treatment on the 
leaching behavior will be examined. The objective of  this research is the development of  a wet-chemistry 
treatment for the MSWI BA particles sized below 0.125 mm, making it hydrophobic, the characterization 
of  the functionalized surface, and the subsequent investigation of  the influence of  the hydrophobic 
functionalization on the leachability of  heavy metals, chlorides, and sulfates. 

2. Methodology

2.1 Materials
BA ≤ 4 mm used in this study was provided by Heros Sluiskil, the Netherlands. The received BA ≤ 4 mm 
fraction was then separated into three different fractions, ≤ 0.125 mm (BA-S), 0.125 – 1 mm (BA-M), and 
1-4 mm (BA-L), using a vibratory sieve shaker (Retsch AS 450 Basic) according to DIN EN 933-1. The 
BA-S fraction was used in this study.  1H, 1H, 2H, 2H-perfluorooctyl triethoxysilane (98%) was purchased 
from Sigma-Aldrich. NaOH tablets (≥ 97.0%) and 32% HCl were purchased from VWR Chemicals.

2.2 Methods

2.2.1 Functionalization protocol
5 g of  BA was refluxed for 5 hours in a conventional reflux set-up in a round bottom flask of  250 ml, in a 
mixture with 150 ml ethanol, 50 ml water and a specific amount of  fluorosilane. Before adding the bottom 
ash, first, the silane was hydrolyzed at pH 3-4 (fluorosilane) for 1 h. After the reaction, the bottom ash was 
separated from the reaction mixture by vacuum filtration, and dried overnight at 60 °C. The influence of  the 
following parameters were investigated: mass ratio silane – bottom ash, pH of  the mixture (adjusted with 
droplets of  0.1 M NaOH or 0.1 M HCl solution to a pre-determined pH-value), and reaction temperature. 

2.2.2 Hydrophobicity assessment
Static water contact angles (CA) were measured using the sessile drop technique (Dataphysics CA 
Systems OCA, TBU 90E) to assess the degree of  hydrophobicity. The samples were prepared by pressing 
approximately 5 g of  BA together at 40 kN for 1 minute in a 40 mm diameter press tablet set. Water 
droplets of  2.000 μL were disposed on the surfaces of  these tablets. Reported CA values to correspond 
with the average measured CA of  five separate measurements, and the margin of  error was defined as the 
95% confidence interval of  these five measurements.
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2.2.3 Material characterization
TGA measurements were performed using a Perkin Elmer Pyris 6 TGA 400 System, in the temperature 
range 45 - 600 °C at a heating rate of  1 °C/min, under a nitrogen flow of  40 ml/min. The surface elemental 
composition was analysed with X-ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-alpha 
spectrometer equipped with a monochromatic Al Kα X-ray source.

2.2.4 Leaching tests
Leaching tests were performed with the most hydrophobic sample for each compound. Leaching liquids 
were obtained by shaking a mixture of  approximately 4 g BA and 40 g distilled water (L/S ratio 10), for 
24 h in a horizontally placed, sealed PE bottle on a linear reciprocating shaking device (Stuart SSL2) at a 
constant rate of  250 rpm with the amplitude of  20 mm. After the extraction, leachates were filtered. The 
liquid was diluted 5 times in a 25 ml volumetric flask. The liquid was acidified with 50 μl 6.5 wt.% ultrapure 
HNO3 solution to prevent precipitation and subsequently filtered again. The contents of  the leaching 
liquids were determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES; Varian 
730-ES). Furthermore, the concentrations of  sulfates and chlorides in the leachates were determined by 
ion chromatography (IC) (Dionex 1100) equipped with an ion exchange column AS9-HS (2 × 250 mm). 
A 9 mM solution of  Na2CO3 was used as an eluent with an isocratic flow of  0.25 ml/min. The detection 
of  ions was done by measuring suppressed conductivity using an electrolytically regenerated suppressor 
(Dionex AERS 500, 2 mm).

3. Results and discussion

3.1 Surface modification
The influence of  the wt.% of  fluorosilane relative to the BA mass, pH of  the solvent, and reaction 
temperature on the CA values were investigated. The result of  the wt.% variation on the contact angle of  
modified sample is shown in Figure 1. and the results of  the pH and reaction temperature variation are 
shown in Figure 2. 

 Figure 1. The contact angle values of the modified bottom ash with the addition of fluorosilane 
(wt.%). 

Figure 1 shows the expected relation between the wt.% functionalizing agent and the contact angle values. 
The plateau value was reached around at 2.5 wt.%. Further addition of  the functionalization agent did not 
result in the increase of  contact angle. Moreover, no significant influence of  the solvent pH and reaction 
temperature was observed as shown in Figure 2. An optimum temperature was expected in the temperature 
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variation graph, because of  the difference between the expected optimum temperature of  hydrolysis and 
condensation equilibria, however, the result did not correspond with the expectations. This could mean that 
the equilibria do not change in this process when the temperature is changed, likely because the utilized 
functionalizing agent is already completely hydrolyzed during the activation before the condensation 
reaction starts. Aside from the influences of  reaction temperature, pH and wt.% fluorosilane, Figure 1 
shows that the fluorosilane yielded very hydrophobic samples. The best samples were obtained with a wt.% 
above 2.5 wt.%, at a pH of  13, and with a reaction temperature of  70 °C. The most hydrophobic sample 
had an average CA of  142° ± 3.5. One of  the measurements of  this sample is shown in Figure 3.

Figure 2. The effect of  synthesis temperature (left side) and pH (right side) on the contact angle 
of  hydrophobic bottom ash. 

 

Figure 3. The contact angle of  the hydrophobic bottom ash modified with 5.14% of  f luorosilane, 
measured via sessile drop technique.

It is interesting to notice that the contact angle values of  samples with high fraction of  fluorosilane show a 
large margin of  error. The part of  the large error margin can be explained by the measurement technique 
itself  since CAs are measured with static contact measurements, which have in general a relatively high 
margin of  error. Especially with hydrophilic surfaces (in case of  original bottom ash fraction), the margin 
of  error was big with static contact angle measurements, because water droplets tend to collapse gradually 
within a few seconds. Because of  the time delay between surface contact and the actual contact angle 
measurement, static contact angle measurements gave less unambiguous results, especially with hydrophilic 
surfaces. Another factor was the preparation of  the sample. To get representative results for the sample as a 
whole, a homogeneous distribution of  the different minerals in BA is necessary. The functionalizing agent 
could react better or worse with different minerals. During the investigation, however, it was observed that 
some samples had a more homogeneous distribution of  different phases than others as shown in Figure 4.
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Figure 4. (a): pressed tablet of  homogeneously distributed BA, visible as a uniform color of  the 
tablet. And (b): pressed tablet of  heterogeneously distributed BA, visible as darker and lighter areas 
in the tablet.

3.2 Surface characterization
The elemental composition of  the surface was determined with XPS. The measurements were carried out 
on the silane reference sample and on the most hydrophobic sample of  BA modified with fluorosilane. The 
results are shown in Table 1.

Table 1. Atomic percentage of  elements on the surfaces of  untreated BA, the most hydrophobic 
BA sample after treatment with f luorosilane and the atomic percentages in the original compounds.

Sample O1s (%) Ca2p (%) C 1s (%) Al2s (%) Na1s (%) F1s (%)

0% silane reference 63.6 9.6 17.4 7.4 1.9 -

BA + fluorosilane 40.5 6.7 23.7 7.4 - 21.7

Pure fluorosilane 12 - 32 - - 52

Table 1 shows that all samples have a surface composition that consists of  oxygen atoms and some 
smaller amounts of  Ca, C, Al, and a little Na in the case of  the 0% silane reference sample. These atomic 
concentrations suggested that the surface of  the BA particles mainly consists of  carbonates and aluminates. 
This analysis also showed that some Na was present at the surface. According to earlier studies, Na indeed 
accumulates at the surface in the form of  NaCl [10]. Analysis of  the functionalized samples showed that the 
amount of  Na atoms on the surface decreased below the detection limit when a layer of  the functionalizing 
agent was applied on the surface, probably due to the dissolving of  NaCl during the functionalization 
process. 

3.3 Thermogravimetric Analysis
Figure 5 shows the TGA of  BA functionalized with 5.14 wt.% fluorosilane, compared to a reference sample 
that was treated similarly to the fluorosilane sample, except that no fluorosilane was added to the reaction 
mixture. The figure shows that two steps could be distinguished, where the derivate of  the weight plots 
diverged. The first weight loss step took place between 45 and 165 °C, whereas the second weight loss step 
took place between 225 and 472 °C. 

a b
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Figure 5. Thermogravimetric analysis of  BA-S functionalized with 5.14 % (m/m) of  FS, and 
reference (BA-S underwent same modification protocol in the absence of  FS).

The weight losses in the first step, was approximately 2 percent point higher than the weight loss of  the 
reference sample. This weight loss could be attributed to the desorption of  physisorbed fluorosilane, but 
also different water contents of  the functionalized sample and the reference sample.  In the second step, the 
weight loss was approximately 3% higher for the functionalized sample, which presumably corresponded to 
the loss of  chemically bonded fluorosilane. The weight decreases was more significant in the temperature 
range of  approximately 330 - 360 °C.

When the TGA curve of  the reference sample was subtracted from the TGA curve of  hydrophobic sample, 
the weight loss due to the functionalizing agent can be tracked. The weight loss can be divided into two 
different stages. The first weight loss correspond to 2% and the loss is attributed to the physisorbed silane 
that it is linked with surface, just due to the physical adsorption. The second step of  the weight loss is 
accounts for 3.2%, and happens in the higher temperature ranges. Here the energy required to remove the 
silane from the sample indicates the presence of  chemisorption. In the chemisorption, the silane are attached 
with the surface via silanol bonds and the breakdown of  these bonds requires higher energy, which happens 
at the high temperature range of  330 °C onwards. The two-steps pattern of  weight loss did not correspond 
with the predicted three-step weight loss pattern. However, it could be possible that the predicted second 
and third step, corresponding with respectively the desorption of  physisorbed polycondensate fluorosilane 
and the desorption of  chemisorbed fluorosilane, overlapped in this measurement. This would also be a 
good explanation for the big temperature range in which the observed second step takes place, compared 
to the much shorter weight loss step for stearic acid.

3.4 Leaching analysis
To investigate the influence of  hydrophobic functionalization on the leachability, leaching test was 
performed, and subsequently, the leachates were analyzed with ICP-OES and IC. The results are shown in 
Table 12. The results of  the silane samples indicated that hydrophobic functionalization with silanes slightly 
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decreased the leaching level compared with the untreated BA. Summarizing, hydrophobic functionalization 
with silanes yielded a significant reduction in contaminant leaching. Although hydrophobic samples achieved 
large reductions in the leaching levels, the levels of  Cu, Sb, Se and SO4

2- remained above the legal limits. 

Table 2. Determined concentrations of  contaminants after leaching tests of  original and 
functionalized samples, and their allowed emission limits regulated by the soil quality decree. [13]

Parameters
Non-shaped 

materials (mg/kg 
d.m.)

BA ≤ 0.125 mm 
(mg/kg d.m.)

Hydrophobic BA
(mg/kg d.m.)

Ba 22.00 0.51 0.47
Cr 0.63 1.14 0.87
Cu 0.90 6.53 2.59
Mo 1.00 1.20 0.98
Sb 0.32 0.91 0.76
As 0.90 0.16 0.17
Cd 0.04 <L.D. <L.D.
Co 0.54 0.05 0.05
Pb 2.30 <L.D. 0.03
Ni 0.44 0.07 0.06
Se 0.15 0.45 0.39
Sn 0.40 <L.D. <L.D.
V 1.80 0.12 0.13
Zn 4.50 0.52 1.07
Cl- 616 11,367 537

SO4
2- 1,730 20,979 19,483

4. Conclusions

The hydrophobicity of  the BA ≤0.125 mm fraction was successfully modified from hydrophilic to 
hydrophobic. As expected, the highest contact angles values (CA) were obtained with high fraction of  
fluorosilane (> 2.5%), with values reaching the superhydrophobic range (145°). The amount of  added 
functionalizing agent appeared to be the only influential factor on the hydrophobicity: Indeed, the pH, 
reaction time, and temperature did not have a significant influence on the hydrophobicity as seen with 
CA measurements. The threshold of  weight fraction of  fluorosilane that can react with the BA-S was 
characterized to be around 2.5 – 3 % (m/m). Adding more fluorosilane did not increase the hydrophobicity 
of  the BA-S because as characterized by TGA and GC-MS, the excess of  silane cannot be chemically bonded 
to the active sites and therefore forms additional silane layer that is physisorbed to the BA. Moreover, 
leaching of  potentially toxic elements Cr, Cu, Mo and Sb from the functionalized bottom ash reduced by 
28, 61, 13 and 22 %, respectively. The decrease in the leaching is attributed to the functionalized protocol 
in which these contaminants were washed away and after the modification due to the hydrophobic nature 
of  particles.
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Abstract 

The attached cement paste on recycled concrete aggregates (RCA) is the main factor causing impaired 
quality of  the new concrete. Since attached mortar is not as hard or strong as natural aggregates, its presence 
weakens the overall performance of  the RCA. Additionally, the attached mortar is known to cause a higher 
water absorption, an increased water cement ratio, and therefore a more porous and weaker concrete. 
Due to the negative influence of  the attached mortar on the RCA properties, ideally all mortar should be 
removed from the original natural aggregates, returning the recycled concrete into its original aggregates 
and hardened cement paste (HCP). In order to study the efficiency of  treatments designed to achieve this 
purpose, methods for estimating the amount of  HCP attached to the original aggregates need to be used. 
Such methods, which include e.g. composition tests (XRF, XRD), thermogravimetric analysis or chemical 
methods are generally time-consuming and complex. In this study, a more straightforward method based 
on oxide composition is proposed and corroborated with the results from other test results.

Keywords: Recycled concrete, oxide composition, hardened cement paste, cement content, aggregates.

1. Introduction

Generally, it can be assumed that recycled concrete aggregate (RCA) is better applicable when its properties 
resemble that of  natural aggregate (NA). According to Mindess et al., “aggregates should be hard and 
strong, free of  undesirable impurities and chemically stable” [1]. The attached (residual) mortar or cement 
paste is the main concern in using recycled concrete aggregates in new concrete; it accounts for the main 
difference between NA and RCA. The attached paste on incorporated recycled concrete aggregates is the 
main factor causing impaired quality of  the new concrete. Since attached mortar is not as hard or strong as 
NA, its presence weakens the overall performance of  the RCA. Additionally, the attached mortar causes a 
higher water absorption, an increased water cement ratio, and therefore a more porous and weaker concrete 
[2]. Due to the negative influence of  the attached mortar on the RCA properties, ideally all mortar should 
be removed from the original natural aggregates (ONA), returning the recycled concrete (RC) into its 
original aggregates and hardened cement paste (HCP). Because of  depletion of  geologically exploitable 
gravel sources in the Netherlands, a degree of  reliance on imports seems unavoidable for coarse virgin 
aggregates [3], hereby a demand is created for the production of  high quality RCA.

In order to study the efficiency of  treatments designed to better separate the attached HCP from the ONA in 
recycled concrete fractions, methods for estimating the amount of  HCP attached to the original aggregates 
need to be used. Such methods include e.g. oxide and mineralogical composition tests, thermogravimetric 
analysis for the quantification of  portlandite, carbonates and free and bound water [4,5], or chemical 
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methods are generally time-consuming and complex [6–12]. In this study, a more straightforward method 
based on oxide composition is proposed and corroborated with the results from other test results.

2. Methodology

2.1 Materials

The concrete demolition waste used as initial material in this study was generated during the renovation and 
evacuation process of  the cyclotron building at the Eindhoven University of  Technology (TU/e). After 
the decommissioning phase, 119 concrete elements with a combined volume of  127 m3 became available 
for recycling. Prior to receiving the material, the steel reinforcement was removed by crushing the elements 
with a concrete pulveriser. Due to the fact that the concrete was predestined to be applied as road base 
material, the material was then crushed to RCA using an excavator operated jaw crusher with unknown 
settings. At this point, the material was piled up before being transferred into 1 m3 flexible intermediate 
bulk containers (FIBC).

2.2 Methods

2.2.1 Sample preparation
The RC fractions investigated are produced in an optimised crushing process from a course RCA fraction 
(>10 mm) which was obtained by screening the initial recycled concrete (RC) on a Mogensen 5 deck 
sizer (model: 0554), fitted with an effective screen mesh of  10.0 mm under a 15˚ angle, running with an 
8 mm amplitude of  linear vibration at a 45˚ angle. Consecutively, the course RCA was crushed with a jaw 
crusher-based crusher explicitly designed for concrete recycling with the aim of  producing RCA with a high 
degree of  HCP removal. The sampling of  the processed material was done in accordance with EN 932-1 
[13] from the output conveyor of  the crusher. Prior to further testing, the material was oven-dried at 105 
°C to a constant mass. In accordance with EN 933-1 and EN 933-2 [14,15], the materials was dry sieved, 
determining its particle size distribution (PSD). Additional to the mesh sizes described in EN 933-2 [15], 
intermediate sieves following the same logarithmic distribution were added: 91 µm, 180 µm, 355 µm, 710 
µm, 1.4 mm, 2.8 mm, 5.6 mm, 11.2 mm, and 22.4 mm.

2.2.2 Composition tests
The elements in the materials (computed as oxides) were determined by energy-dispersive X-ray fluorescence 
(EDXRF) using a PANalytical Epsilon 3 instrument (a 9 W / 50 kV rhodium X-ray tube, a silicon drift 
detector) equipped with Omnian software 1.0.E (PANalytical). The samples for EDXRF were 40-mm 
fused beads prepared from pre-dried powdered samples, 0.95 g, with a 67.00% Li2B4O7 – 33.00% LiBO2 
flux, 9.50 g; and 0.32 ml of  a 4 M LiBr solution as a non-wetting agent using a LeNeo fluxer (Claisse) at 
1065 °C with Pt-Au crucibles.

The loss on ignition (LOI) of  the materials was determined according to EN 196-2:2005 [16], yet measuring 
the mass loss of  samples at 1000 °C instead of  950 °C to a constant mass in accordance with [17]. The 
additional thermal analysis using a Netzsch STA 449 F1 Jupiter was performed by thermogravimetric 
analysis (TGA) to determine the mass loss for specific temperature intervals and by differential scanning 
calorimetry (DSC) to determine the quartz content of  the various size fractions. At about 573 ºC, the 
endothermal crystalline phase changes from α-quartz to β-quartz without loss of  mass [18]. The thermal 
analysis was performed in Pt crucibles in inert atmosphere (N2) up to a maximum temperature of  1000°C. 
The peak area on the DSC curve of  both the heating and the cooling step of  20 ºC / minute was analysed 
and correlated to measurements of  samples containing a known amount of  α-quartz, quantifying the quartz 
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content of  the measured samples. In contrast to prior studies, pure quartz is used for the calibration since 
the quartz content of  the original aggregates used is unknown [4,19–21].

3. Results and discussion

Figure 1 shows the particle size distribution and of  the recycled concrete used in this study. Further on, the 
complete 0-45 mm particle size range will be used and the individual narrow size fractions will be quantified 
in terms of  their composition and HCP and aggregate content.

Figure 1 PSDs of  the recycled concrete used 

Since ENCI, currently a subsidiary of  the Heidelberg Cement Group, was founded in 1926 and is the 
longstanding leader on the Dutch cement market, it is highly likely that ENCI cement was used for the 
production of  the concrete. The earliest chemical composition which could be retrieved was from 1982 
(Table 1). According to ENCI, this chemistry is similar to the cement which was produced in 1967. Both 
the clinker used in 1967 and 1982 was produced in the same wet clinker ovens 5, 6 and 7. 

Figures 2 and 3 show respectively the oxide compositions determined by XRF of  the recycled concrete 
samples for the main (Al2O3, SiO2, CaO, and Fe2O3) and minor oxides (MgO, SO3, K2O, TiO2, and MnO) 
for the oxides in common with the cement oxide composition (Table 1). Corresponding LOI is given in 
Figure 5.

Figure 2 Al2O3, SiO2, CaO, and Fe2O3 content of  all RC fractions vs. particle size 
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Table 1 Cement composition, ENCI CEM I 1982

MgO Al₂O₃ SiO₂ SO₃ K₂O CaO TiO₂ Cr₂O₃ MnO Fe₂O₃ LOI

1.71 5.64 21.54 3.02 0.81 63.01 0.30 0.00 0.05 3.02 0.90

CaO shows a relatively constant decrease in content with an increase in particle size until it reaches a 
near stable value in particles larger than 5.6 mm, while SiO2 shows an opposite trend. In the Netherlands, 
siliceous river aggregates are commonly used, therefore, these trends can indicate relatively clean aggregates 
and a concentration of  cement stone in the fines. Even though visual inspection of  the aggregates supports 
this theory, the absence of  non-siliceous aggregates or siliceous fillers cannot be assured, making the 
quantification of  the quality of  liberation based on SiO2 or CaO content uncertain. Other oxides might 
also not be used as cement specific tracer since Al2O3 and MgO can occur in natural aggregates, Fe2O3 
content can be altered by contamination from either rebar or processing, and the deviations between the 
different samples for K2O, TiO2, and MnO can be within the measurement error of  the equipment used. 
SO3, however, can be used as a cement specific tracer oxide since the initial RCA is clean (from e.g. gypsum) 
and it is an element unlikely to be found in natural aggregates in the Netherlands. Through the oxide 
composition of  the unhydrated cement and the SO3 content of  the RCA sample, the initial cement content 
is calculated (Figure 4). 

Figure 4 Calculated content of  cement of  all RC fractions vs. particle size
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The thermogravimetric analysis of  all fractions gave information about the mass losses at various 
temperatures, which can be correlated to the content of  portlandite, calcite, and chemically bound water 
in the hardened cement paste for each sample [5,22]. Figure 5 shows the associated mass loses. It can be 
observed that the trend obtained for the cement content in Figure 5 correlates to the one of  the total LOI 
at 1000 ºC. The contents of  portlandite and calcite can also be used to estimate the total hardened paste 
content of  each fraction, but large uncertainties can be introduced by the presence of  limestone aggregates 
or fillers, and through the carbonation of  the HCP. Since the values for the portlandite content were lower 
than expected for uncarbonated pastes, it was decided to recalculate the carbonate content as portlandite, 
in order to account for the degree of  carbonation of  the samples. 

Figure 5 LOI for Ca(OH)2, CaCO3, and total LOI (1000°C) of  all RC fractions vs. particle size

Figure 6 Estimated composition of  all RC size fractions considered. HCP comprises: Ca(OH)2, 
residual cement paste, and residual bound water. Aggregates include: quartz and residual aggregate 
contents

From the DSC measurements, the quartz content of  the samples can also be accurately determined [22]. 
This will also be presented separately, and together with the so-termed residual aggregates, make up the 
complete aggregate fraction for each sample.
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Collecting all the data presented above, Figure 6 shows the estimated composition of  all considered recycled 
concrete size fractions. Here, a trend can be observed for the contents of  HCP and aggregates of  the 
samples with particle size. The content of  HCP is highest for the finest particles, and then diminishes up to 
a particle size of  11.2-16.0 mm. For larger particles, a slight ascending trend can be observed for the HCP 
content. An opposite trend can be observed for the aggregate content of  all samples. These findings are in 
line with the ones in [22], and the shift in trends >16.0 mm can be explained by the maximum aggregate size 
of  the initial concrete. Once the size of  the RC fraction produced exceeds this maximum size, the material 
contains more HCP, approaching the composition of  the overall initial concrete for the largest fractions. 

4. Conclusions

Based on the presented results and discussion it can be concluded that the proposed method is able to 
estimate the amount of  hardened cement paste (HCP) attached to the original aggregates, solely based on 
its oxide composition. By using an oxide tracer in the cement, in contrast to other methods, this method 
is independent of  the composition of  both aggregates and fillers, making it suitable for a wide range of  
applications, given that the recycled concrete (RC) is clean.

Furthermore, the presented data shows that, out of  RC, the optimised crushing method used is able to 
produce gravel and sand fractions which are cleared from HCP, a fine fraction enriched in HCP, and an 
oversized fraction (<15 wt. %) suitable for refeeding to the crushing process.

The data presented here is part of  a larger study, which includes correlations between the bound water and 
various hydrated products, as well as a mineralogical study of  the aggregates. The proposed method of  
using the sulphate content as a tracker for the initial cement percentage of  an RC sample is then tested and 
validated on other recycled concrete compositions and sized, and the results compared to a complete panel 
of  chemical and physical characterization.
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Abstract

This study investigates the suitability of  municipal solid waste incineration bottom ash granulates as 
natural aggregate replacement in concrete mixes. Bottom ash is a heterogeneous material, consisting of  
glass particles, synthetic ceramics fragments, minerals (quartz, calcite, lime, feldspars), paramagnetic and 
diamagnetic metals and unburnt organic matter. The proportion of  these constituents can vary with the 
particle size and will affect the properties of  the final concrete mix. The separation and washing techniques 
also influence both the particle size and constituent proportions of  the MSWI bottom ash. Therefore, 
different size fractions of  bottom ash granulates were studied, with various dimension ranging between 0 
and 20 mm. These were further separated into smaller particle ranges, and their chemical and mineralogical 
composition studied. Leaching tests were performed on different size fractions, along with quantifying the 
aluminium content. The water content and density of  all materials was measured. Based on this information, 
new mortar and concrete recipes were designed and tested for mechanical and environmental properties. 
The results show that this type of  material can be used successfully as aggregate in concrete recipes.

Keywords: MSWI, bottom ash, treatment, concrete, leaching

1. Introduction

Municipal solid waste incineration (MSWI) plants generate several types of  solid residual materials. Typical 
residues of  MSWI by grate combustion are bottom ash, boiler ash, fly ash and air pollution control (APC) 
residues, among others. Boiler ash represents the coarse fraction of  the particles carried over by the flue 
gases from the combustion chamber, while fly ashes are made up of  the fine particles in the flue gases 
downstream of  the heat recovery units. APC residues include the fine material captured prior to effluent 
gas discharge into the atmosphere. 

Bottom ash contains elevated concentrations of  Br-, Cu, Mo, Sb, Cl- and SO4
2-, among others. Certain waste 

particles contain large concentrations of  contaminants, which can lead to higher emissions. Experimental 
research has shown that the largest part of  the contaminants (heavy metals) is absorbed by the smaller size 
bottom ash particles (sludge). Chimenos [1] quantified the metal content of  bottom ash by particle size, 
concluding that the concentrations of  Pb, Zn, Cu, Mn, Sn, Cr, Ni and Cd all peak in the 0-2 mm fraction 
and continue to decrease steeply in bottom ash particles in the 2-6 mm fraction; larger particles have much 
lower metal concentrations. Mueller et al. [2] also studied the distribution of  certain contaminants in the 
bottom ash. Acid and water soluble chlorides and sulphates, as well as aluminium were found to decrease in 
concentration with the increase of  particle size. The leaching of  chlorides and sulphates, as well as of  ionic 
species of  Cu and Sb are evaluated in [3].

Upgrading MSWI bottom ash to a new building material is a sustainable approach which leads to lower 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

843

IC
SB

M
 2

01
9

ID
 1

56

landfilled quantities of  the material as well as reducing the demand for natural aggregates in concrete. In 
order to obtain a suitable building material from the bottom ash, a complex sequence of  treatment steps 
is necessary. These treatment steps include fractionation, metal recovery (both ferrous and non-ferrous), 
screening and wet cleaning of  the bottom ash into a clean granulate fraction. The use of  bottom ash particles 
as aggregates in mortars and concretes have been studied in literature. Al-Rawas et al. [4] used bottom ash 
as sand replacement in mortars, up to 40% of  natural sand; all samples achieved a higher compressive 
strength than the reference after 28 days. However, the slump of  the samples decreased significantly with 
the increase of  bottom ash use.

The use of  bottom ash as concrete aggregate is also investigated by Müller and Rübner [2]. Two mechanisms 
are identified as the cause of  durability issues in concrete containing bottom ash- the reaction of  metallic 
aluminium in bottom ash with the alkali environment, and the possibility of  ASR. Pera et al. [5] used 
4-20 mm bottom ash as aggregate in concrete. The study found that bottom ash has a lower density, a 
higher water demand and lower strength than natural gravel. Moreover, the main detrimental factor was 
the content of  metallic aluminium. It is concluded that, if  the bottom ash is alkali-treated to remove the 
metallic aluminium, it can be used as 50% replacement of  aggregates in concrete without affecting the 
durability. The review in [6] concluded that concrete incorporating bottom ash as 50% replacement of  
aggregates can achieve a 28 days compressive strength of  25 MPa. Courard et al. [7] proposed the use 
of  bottom ash as aggregate in concrete pavement tiles; the conclusion is that a sufficiently aged bottom 
ash (minimum six weeks) that has undergone post-incineration treatment (removal of  ferrous parts and 
sieving) can be successfully used for this purpose. Moreover, sufficient compaction was deemed necessary, 
to compensate the higher water demand of  the bottom ash.

2. Treatment methods of  MSWI bottom ash granulates 

Sabbas et al. [8] summarize the possible treatments for bottom ash. The main classes of  such operations are 
physical and chemical separation, stabilization/solidification techniques and thermal treatment. The first 
category comprises a larger number of  possible treatment steps, which are commonly used in combination 
to treat bottom ashes: size separation, magnetic separation, eddy current separation, washing, chemical 
extraction/precipitation etc. The second category comprises weathering (aging) of  the bottom ash, as well 
as the use of  binders for immobilizing contaminants. Santos et al. [9] concluded from a literature review 
that a weathering step reduces the leaching of  Pb, Mo and Zn from bottom ash, but it is not useful in the 
case of  Cr, Cu and Sb. Mangialardi [10] found that a washing step is capable of  removing the contaminants 
(Al, Cd, Pb, Zn) through two different mechanisms: precipitation of  aluminium hydroxide and adsorption 
of  cadmium, lead and zinc ions onto flock particles of  Al(OH)3.

Three treatment sequences were used to generate the materials investigated in this study. All final treated 
bottom ash fractions are termed FCG, and referred to by their particle sizes. A first material, termed FCG 
0-8, was selected from bottom ash treated following a 3-steps process. An improved line of  treatment was 
used to generate a 2-20 mm fraction, referred to as FCG 2-20. The differences between the treatment stages 
and the obtained granulates will be described in detail in the following section.

2.1 Phase 1 of  bottom ash treatment  
The  first cleaning treatment of  bottom ash comprised five steps, which include both physical and chemical 
separation steps, as classified in [8]: 

Step 1. Weathering fresh MSWI bottom ash

The fresh material is weathered for around 6 months. Weathering reduces the quantitative leaching of  heavy 
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metals (e.g. copper) and further reduces the reactivity of  the material.

Step 2. Dry separation MSWI bottom ash 

Bottom ash from the depot is first treated by extracting the large fraction of  ferrous metals < 400 mm 
(overhead magnet). The generated bottom ash fraction is crushed to obtain a 0-40 mm fraction. 

Step 3. Dry separation and metals recovery 

The fraction 0-40 mm is treated with overhead magnets and separated in many smaller fractions. The 
fractions are treated with overhead magnets and with 3 eddy current magnet systems for optimal recovery 
of  non-ferrous metals. Organics and plastics are largely recovered. All mineral fractions are mixed together 
generating one mineral granulate fraction 0-40 mm. A 0-8 fraction of  the bottom ash is separated after this 
stage, which will be investigated further under the name of  “FCG 0-8” in order to show the relevance of  
the washing step on the whole treatment phase.

Step 4. Wet separation and washing treatment

The mineral bottom ash fraction 0-40 mm is treated in a mobile washing plant. The input fraction is firstly 
separated from ferrous parts with overhead magnet and then split into four fractions: an organic floating 
fraction, a 0-63 µm sludge, a fine granulate 63 µm-2 mm fraction and a coarse granulate fraction 2-40 mm. 
The organic fraction is reused in the incineration process. The sludge fraction contains the largest amount 
of  heavy metals and salts. The wet cleaning technique is based on concentrating the potential contaminants 
from the input fraction into the sludge fraction. The fine granulate fraction is more or less a sandy fraction 
and the coarse fraction is a stony/glassy granulate fraction. The washing water from the washing plant 
is treated and filtered and reused within the process. No process water discharge is needed. The washed 
granulate fraction 2-40 mm is further treated with the mobile ferrous and non-ferrous unit.

Step 5. Final treatment of  the bottom ash granulate 

The total washed fraction 2-40 mm is treated with overhead magnet reducing the total of  small ferrous 
particles. In addition, extra non-ferrous metals are recovered with an eddy current system. 

This final material is then separated in three fractions: a 0-8 mm, an 8-16 mm and a 16-40 mm. 

2.2 Phase 2 of  bottom ash treatment  
Freshly produced MSWI bottom was also treated on site to produce a new building material. The initial 
fresh bottom ash consists of  80% mineral material (sintered ash, stone, glass and ceramics), 5-13% ferrous 
metals, 2-5% non-ferrous metals (Cu, Al, Zn, Pb) and 1-3% unburnt organic material (paper, textiles, 
plastic). The final fraction is a 2-20 mm heterogeneous aggregate, which is called FCG. The treatment 
process is a combination of  dry and wet separation techniques [11-13], which can be divided into five 
separate steps. Since these five steps present multiple differences from the two treatment lines presented 
above, they will be described again in detail.

Step 1. Weathering of  fresh MSWI bottom ash

Freshly produced bottom ash (a batch of  1000 t) is transported from the MSWI incineration towards a 
depot. The fresh material is weathered for around 3 months. Longer weathering can strongly influence the 
further oxidation of  ferrous and non-ferrous metals. 
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Step 2. Dry separation MSWI bottom ash 

The weathered bottom ash is first treated by extracting the large fraction of  ferrous metals < 400 mm using 
an overhead magnet. The generated bottom ash fraction is separated with a drum sieve (60 mm mesh) in 
two fractions, particles under 31.5 mm and above 31.5 mm. Both fractions are again treated by extracting 
the large fraction of  ferrous metals using 2 overhead magnets. The fraction 0-31.5 mm is the input material 
for the 3rd step and is further treated, extracting large non-ferrous metals, large minerals e.g. stones and slag 
and the large unburnt organic fraction.

Step 3. Wet separation and washing treatment

The mineral bottom ash fraction 0-31.5 mm is treated with a mobile wet separation-washing plant; this step 
is similar to Step 4 presented in the case of  FCG 0-8, with the difference that in this process the maximum 
particle size is 31.5 mm instead of  40 mm.

Step 4. Dry separation and metals recovery washed granulate 

The washed granulate fraction 2-31.5 mm is treated with an overhead magnet for the separation of  ferrous 
metals and separated in two fractions: 2-16 mm and 16-31.5 mm. Both fractions are treated with an overhead 
magnet and additionally with a cascade double sequenced eddy current magnet system for optimal recovery 
of  non-ferrous metals. A separation into two divided partial fractions is needed, creating more favourable 
particle size fractions and particle densities, which is needed for an optimal non-ferrous recovery. The 
fraction 16-31.5 mm is additionally treated (handpicked) for the recovery of  stainless steel. Both fractions are 
mixed together generating one mineral granulate fraction. Step 4 is the final treatment step for introducing 
the granulate (non-shaped) building material as base material for the road and construction industries. 
However, an additional step is necessary for generating a material which is usable as concrete constituent.

Step 5. Final treatment of  the bottom ash granulate (for application in concrete)  

The final fraction of  Step 4 can be additionally treated for application in concrete. The total fraction is 
treated with a drum magnet, reducing the amount of  small ferrous particles, which would interact with 
the cementitious matrix when applied in concrete and thus lead to a change in colour of  the product. In 
addition, extra non-ferrous metals are recovered with a double sequenced eddy current system. The total 
fraction is finally sieved (mesh 22 mm) into a final granulate fraction 2-20 mm. The final FCG fraction 
contains 55-60% SiO2, ~ 10% CaO and ~ 6% Al2O3, which is close to other secondary building materials 
used in concrete. This fraction will be investigated further in this study, and referred to as FCG 2-20.

2.3 Leaching behaviour of  the MSWI bottom ash granulates
An important analysis for secondary building materials which needs to be performed in order to establish 
their possibility of  use as building materials is the leaching of  contaminants. In the Netherlands, the 
legislative document that regulates the use of  building materials is the Soil Quality Decree [14]. 

The leaching results, determined following the requirements of  the NEN 7375 standard [15] for the two 
considered fractions, FCG 0-8 and FCG 2-20 mm are shown in Table 1. The aim of  the treatment of  the 
bottom ash was to achieve either the acceptable emissions of  non-shaped building materials for FCG, or 
the requirements of  shaped materials for prefab concrete containing FCG.

The FCG 0-8 was expected to be the most contaminated step, due to its least sophisticated treatment 
method, as well as to its smallest particle size. Its leaching of  contaminants is within the norm [14], except 
for antimony, chlorides and sulphates (5 times higher than the accepted limit). 
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Table 1 Leaching data of  the FCG 0-8 and 2-20 fractions, which can be compared to the maximum levels 
for non-shaped materials, as demanded by the Soil Quality Decree [14].

Contaminant
FCG 
0-8

(mg/kg)

FCG 2-20 (mg/
kg)

Non-shaped 
materials (mg/

kg)

Antimony (Sb) 0.34 0.41 0.32

Arsenic (As) < 0.050 0.1 0.9

Barium (Ba) < 0.60 0.28 22

Cadmium (Cd) < 0.0010 0.01 0.04

Chromium (Cr) 0.052 0.1 0.63

Cobalt (Co) < 0.030 0.1 0.54

Copper (Cu) 0.2 0.13 0.9

Mercury (Hg) 0.0005 0.005 0.02

Nickel (Ni) < 0.050 0.1 0.44

Molybdenum (Mo) 0.61 0.36 1

Lead (Pb) < 0.10 0.1 2.3

Selenium (Se) 0.029 0.039 0.15

Tin (Sn) < 0.030 0.1 0.4

Vanadium (V) < 0.20 0.1 1.8

Zinc (Zn) < 0.30 0.2 4.5

Bromide (Br-) < 0.50 4.1 20

Chloride  (Cl-) 3000 690 616

Fluoride (F-) 5.5 72 55
Sulphate (SO4

2-) 6400 2300 1730

The elements that had leaching values close to the limit (mainly Cu and Br) have shown a clear decrease 
after both Step 3 and Step 5 of  the treatment. Chlorides and sulphates, as well as Sb, have decreased by a 
considerable percentage, but are still above the legal limit. The leaching of  these elements makes the use 
of  FCG 2-20 only possible as concrete aggregates when used in prefab concrete elements, because the 
contaminants will be bound by the cementitious matrix and the “shaped materials” limits will apply.

3. Materials used in concrete mixtures

3.1 Powders
The particle size distributions (PSDs) of  the employed powders were analysed using a Mastersizer 2000 
laser granulometer. The obtained PSDs, were used in the mix design process, as detailed in Section 5.1. 
CEM III/B 42.5N was used in testing the FCG 0-8. CEM II/A-LL 42.5 was used for the FCG 2-20 mix. 
These PSDs can be found in Figures 1 and 4.

3.2 Aggregates
All aggregates were used as-received in the test program, in wet conditions as this is the case in practice. 
However, the water content was determined for each aggregate fraction, by drying at 105 ± 5ºC for 24 
hours. These values were taken into account when designing the mixes for the test program. The water/
cement ratio of  the mix was adjusted to take into account the water content of  each aggregate type. Table 
2 summarizes the water content of  each of  the considered aggregates. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

847

IC
SB

M
 2

01
9

ID
 1

56

Table 2. Physical properties of  all aggregates used (*estimated value).

Material Water content
(% initial mass)

Water content
(% d. m.)

Dmin
(μm)

Dmax
(μm) Density (g/cm3)

Sand N1 0.05 0.05 128 125 2.65
Gravel G1 0.10 0.10 275 5600 2.65
Gravel G2 0.10 0.10 710 8000 2.65
FCG 0-8 12.65 14.48 60.3 8000  2.45*
FCG 2-20 1.69 1.72 63 22400 2.41
Sand S1 3.40 3.52 125 8000 2.64

Gravel G3 3.38 3.50 125 16000 2.57
Gravel G4 0.89 0.91 2000 22400 2.57

Commercially available natural aggregates were used as reference for the test program. A 0-2 sand (Sand 
N1), a 2-8 gravel (Gravel G1) and an 8-16 gravel (Gravel G2) were selected. The PSD of  these aggregates 
were determined through dry sieving (Figure 1), and the results used in the mix design algorithm. In a 
further step, certain percentages of  these aggregates were replaced by FCG with the same PSD range.A 
second test program is centred on the use of  FCG 2-20 as prefab concrete constituent; the recipe designed 
using this material is compared with a reference one, which contains three types of  aggregates: a natural 
sand termed N3 and two gravel types termed G3 and G4. The properties of  these aggregates are also 
included in Table 2.

4. FCG 0-8 results

The FCG fraction 0-8 generated through the treatment phase 1a was used in the first part of  the test 
program on laboratory scale. Figure 1 presents the cumulative particle size distributions of  all materials 
used in the first part of  the tests, together with the computed target PSD and the actual mix PSD. These last 
two curves were obtained using an optimization algorithm [16]. Using this algorithm, the deviation between 
the optimal distribution and the actual one can be calculated. The ideal case would be reached when the 
value of  the deviation equals zero. The purpose of  the optimization is to lower the value of  the deviation 
as much as possible. The R2 value, which is another measure of  how well the composed mix matches the 
target line, is included for each composed mix in its description (Table 3).

4.1 Composition of  the designed mixtures
In order to assess the suitability of  FCG as aggregates replacement, 9 different concrete mixes were 
prepared, which follow two optimized recipes. For each mix, four batches were prepared, each batch for 3 
test specimens. 

Table 3. Proportion of  the FCG 0-8 as aggregate replacement for the 9 mixes, and the deviation of  
each mix from the target PSD.

% FCG 0-8 Deviation R2

Recipe 1

Mix 1 0 1658.5 0.908
Mix 2 10 1500.4 0.933
Mix 3 15 1438.2 0.935
Mix 4 25 1428.6 0.935

Recipe 2

Mix 5 0 968.7 0.946
Mix 6 10 917.1 0.959
Mix 7 15 892.4 0.960
Mix 8 25 859.4 0.961
Mix 9 35 825.8 0.962
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Table 3 presents the composition of  all these mixes, with regard to the replacement levels of  FCG 0-8. The 
replacement levels used were 0, 10, 15 and 25% FCG 0-8 on Recipe 1 (with Mix 1 as reference) and 0, 10, 
15, 25 and 35% FCG 0-8 on Recipe 2 (with Mix 8 as reference). FCG 0-8 has a PSD between the ones of  
the Sand N1 and the Gravel G1. Because of  this, the replacement using FCG 0-8 will be done by replacing 
65% of  the sand and 35% of  the gravel, as FCG 0-8 has 65% of  its particles under 2 mm.
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Figure 1. Example of  target l ine determined using the optimization algorithm, for the reference 
mixes of  a. Recipe 1 and b. Recipe 2.

The two columns “Deviation” (integrated area between the target line and the actual PSD curve of  the 
chosen mix) and “R2” (the coefficient of  determination) included in Table 3 are methods of  measuring 
the fit between the target line computed using the optimization algorithm and the actual recipe grading 
curve. The lower the deviation or the higher R2 is, the better the packing of  the mix. Because the difference 
between the qualities of  the mixes is easier to compare on the deviation value, rather than on R2 which can 
have very similar values (see Table 3), the deviation will be used from now on as a measure of  the particle 
packing quality. Figure 1 shows an example of  the output of  the optimization algorithm, in which the 
difference between the two designed mixes (Recipe 1-Mix 1 and Recipe 2-Mix 5) can be observed.
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According to the deviation values of  the mixes, the replacement of  natural aggregates by FCG 0-8 should 
be beneficial for the mix, as the packing density improves. Therefore, mixes 2-4 and 6-9 are expected 
to perform slightly better than the initial mixes (1 and 5). However, the packing density is not the only 
influencing factor for the final strength of  the samples, as the properties of  the FCG also can play an 
important role.

It was observed during the preparation of  the samples that the mixes became increasingly stiffer as the 
proportion of  FCG 0-8 was increased. The standard compaction method did not produce optimum results, 
as in the case of  the reference recipes. The water addition should be therefore adjusted to the higher water 
demand of  the FCG aggregates. In the current test, the same water to cement ratio was used for all samples, 
in order to ease the comparison between the results. The distribution modulus q was chosen to be 0.3.

Table 4 summarizes the amount of  each component for a batch of  concrete for Recipes 1 and 2. The 
amount of  water is already corrected for the water content of  the aggregates. All samples were mixed, 
mould and cured according to the EN 196-1 standard [17].

4.2 Mechanical strength results
In this section, graphs comparing the compressive and flexural strength of  all composed mixes (Table 3) 
will be shown and discussed. Figures 2 and 3 correlate the compressive and flexural strengths of  Mixes 1-4 
and Mixes 5-9 respectively with the level of  FCG 0-8 replacement in the mix.

Table 4. Proportion of  each component in kg/m3 of  concrete for Recipe 1 and Recipe 2 reference 
mixtures.

CEM III/B 42.5 Sand N1 Gravel G1 Gravel G2 Water

Recipe 1 263 668 669 283 131

Recipe 2 281 842 749 - 170

In the case of  the compressive strength (Figure 2a), an addition of  10% FCG is beneficial, the results being 
slightly better than for the reference mix at all 3 test dates: 3, 7 and 28 days. For a replacement of  15% FCG 
0-8, a decrease of  approximately 10% in compressive strength can be observed. This is still encouraging 
since the strength decrease is slightly lower than the aggregate replacement level. For the 25% FCG 0-8 
however, the decrease in compressive strength is more significant.

Similar results can be seen from Figure 2b, which depicts the average flexural strength of  Mixes 1-4 for 
the test dates of  3, 7 and 28 days. The increase in strength for the 10% FCG 0-8 replacement is even more 
pronounced than in the case of  compressive strength, but also the decreases at 15% and 25% FCG 0-8 
are higher. These results indicate that a 10% replacement of  natural aggregates with FCG 0-8 is beneficial 
for the mix, and a 15% replacement can still be accepted. However, a higher replacement level (in this case 
25%) is detrimental to the mechanical properties of  the concrete mix.

Figure 3 shows the strength development of  the mixes based on Recipe 2 (Table 3), which is optimized 
for the replacement of  FCG 0-8. It needs to be mentioned that, as it can be seen in Table 4, Recipe 2 has a 
6.8% higher cement content, and also a higher water/cement ratio than Recipe 1. These factors influence 
the final mechanical properties, but the following comparison between the latter will highlight differences 
which are much higher than what can be expected through just the increased cement content and therefore 
must also be due to the type of  aggregates employed.
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In the case of  compressive strength (Figure 3a), the replacement of  up to 25% of  the natural aggregates 
did not affect the results obtained after 3 days of  curing. For the 7 and 28 days tests, a decrease is observed 
for the 10 and 15% FCG 0-8, but the strength stays the same for the mixes with 25% and 35% FCG 0-8. 
For the mix with 35% FCG 0-8 the results for 3 and 7 days are slightly below the ones obtained from Mixes 
2-4 (Figure 2a), but the strength attained after 28 days is with approximately 70% higher in the case of  Mix 
8 (Recipe 2, 25% FCG 0-8), as can be seen in Figure 3a.
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Figure 2. a. Compressive and b. f lexural strength for 0-25% FCG 0-8 replacement by mass in Recipe 
1 (Table 3).

The compressive strength of  Mix 4 (Recipe 1, 25% FCG 0-8) is similar to the one of  Mix 9 (Recipe 2, 
35% FCG 0-8) after 28 days. This shows that Recipe 2 is better suited for the replacement of  FCG 0-8 
aggregates, and also that this can be further improved. In Figure 3b, a comparable trend can be observed in 
the case of  flexural strength for the 3 days tests- a replacement of  up to 25% FCG 0-8 does not influence 
the results significantly. The decrease after 7 and 28 days is more visible, but still it is not greater than 10%.  
Again, for the mix with 35% FCG 0-8 there is a sudden decrease in strength. When comparing to the results 
obtained for Mixes 2-4 (Recipe 1, Table 4), the same trend as in the case of  compressive strength can be 
observed. Also here, the 35% replacing of  natural aggregates with FCG 0-8 gives the same strength as Mix 
4 (25% FCG 0-8, Recipe 1) after 28 days, and much higher values for the replacement level of  25%.
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Figure 3. a. Compressive and b. f lexural strength for 0-35% FCG 0-8 replacement by mass in Recipe 
2 (Table 3).

The decrease of  strength that can be observed can be in a large part explained by the higher water demand 
of  the FCG, as drier mixes are harder to compact, and a lower degree of  compaction will lead to decreased 
compressive strength. Adjusting the water to cement ratio with the replacement level of  natural aggregates 
by FCG can solve this issue. 
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5. FCG 2-20 results

5.1 Concrete design
The bottom ash granulates FCG 2-20 obtained at the end of  the treatment were used in a concrete mix 
designed for kerb stones to replace 20% of  the aggregates. 

The initial reference mix was composed of  13% cement (a CEM II/A-LL 42.5) and three types of  
aggregates: a 0-4 mm natural sand (termed N3) and two gravel types, a 2-8 mm (termed G3) and an 8-16 
mm (termed G4), shown in  Figure 4. The ratio of  the aggregates N3:G3:G4 by mass in the reference 
sample is 1:2:3. Out of  the total volume of  the aggregates, 20% was replaced by FCG 2-20, and the recipe 
adjusted to keep the same cement/aggregates and water/cement ratios. 
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Figure 4. Particle size distributions of  all used aggregates.

5.2 Mechanical strength results
The kerb stones produced had the dimensions of  1000 x 200 x 100 mm. The total production of  this pilot 
test was of  5.5 m3 of  concrete- about 275 kerb stones. From these elements, cylinders of  100x100 mm were 
drilled and tested for compressive strength. The flexural strength was tested according to EN 1340 [18], 
except for the curing requirements. 
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Figure 5. a. Compressive and b. f lexural strength of  the hardened samples.

The stones were kept in storage under usual factory conditions (15-18ºC, 47-67% relative humidity) until 
the test date. Figure 5 shows the strength development of  the reference sample (termed “reference”) and 
the FCG-containing stones (termed “sample”). At early ages (1 and 7 days), the compressive strength loss 
of  the sample containing 20% vol. FCG was 17-18% of  the reference concrete. However, after 35 days, 
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this difference was of  only 11%. The flexural strength, which is the most important parameter in the case 
of  kerb stones, had an even more promising behaviour. At early ages, the loss of  flexural strength was of  
only 5.1-5.5%, and after 35 days the FCG-containing kerbs reached the same flexural strength values as the 
reference concrete. After 56 days, the FCG-sample reached a flexural strength higher with ~ 10% than the 
reference sample. 

5.3 Leaching results

The two designed earth moist kerb stone recipes were tested for leaching after 64 days, as required by [14]. 
Table 5 presents the obtained values on both the shaped kerb stones (in mg contaminant/m2 sample) and 
the crushed blocks (in mg contaminant/kg sample). The maximum values required by the Soil Quality 
Regulation [14] for non-shaped materials can be found in Table 1. 

Table 5. Leaching data of  the kerb stones (reference mix and 20% FCG 2-20 mix).

Contaminant Crushed reference
(mg/kg d.m.)

Crushed sample
(mg/kg d.m.)

Shaped reference
(mg/m2)

Shaped sample
(mg/m2)

Shaped materials 
[14] (mg/m2)

Antimony (Sb) 0.017 0.01 0.4 0.4 8.7
Arsenic (As) < 0.05 < 0.05 4.0 4.0 260
Barium (Ba) 4.5 6.6 19 20 1500

Cadmium (Cd) < 0.001 < 0.001 0.1 0.1 3.8
Chromium (Cr) 0.1 0.08 4.0 4.0 120

Cobalt (Co) 0.04 0.04 2.4 2.4 60
Copper (Cu) < 0.05 0.33 4.0 4.0 98
Mercury (Hg) < 0.0004 < 0.0004 0.0 0.0 1.5
Nickel (Ni) < 0.05 < 0.05 4.0 4.0 81

Molybdenum (Mo) 0.012 0.021 0.8 0.8 144
Lead (Pb) < 0.1 0.82 8.0 8.0 400

Selenium (Se) < 0.007 < 0.007 0.6 0.6 4.8
Tin (Sn) < 0.02 < 0.02 1.6 1.6 50

Vanadium (V) < 0.1 < 0.099 8.0 8.0 320
Zinc (Zn) < 0.2 < 0.2 16 16 800

Bromide (Br-) < 0.5 < 0.5 2 2 670
Chloride  (Cl-) 18 41 88 80 110000
Fluoride (F-) 3 3.2 128 96 2500

Sulphate (SO4
2-) 30 26 960 960 165000

The fact that the leaching of  all contaminants was under the required legal limit, for both the shaped and 
the crushed samples confirms the fact that the combination of  cleaning treatments and incorporation of  
the FCG 2-20 in a concrete matrix renders the bottom ash granulates as appropriate aggregate for such 
products.

6. Conclusion and discussion

Bottom ashes from Dutch incinerators were investigated in this study, with the scope of  determining their 
suitability for use in concrete recipes. In the first part of  the study, a cleaned bottom ash fraction termed 
FCG 0-8 mm was applied as sand replacement in concrete recipes. It was shown that, using an optimized 
particle packing, the FCG 0-8 can be used to replace up to 25% of  the sand and gravel in the concrete 
mix without significant loss of  mechanical strength. In the second part of  this study, the FCG has been 
treated in order to obtain a suitable building material for concrete mixes or prefab elements. Five separate 
treatment steps were used in order to achieve this, consisting, among others, of  particle size separations, 
washing procedures and the removal of  ferrous and non-ferrous metals. The resulting fraction is termed 
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FCG 2-20 and contains less than 0.3% non-ferrous metals and less than 0.1% metallic iron. Almost all 
the contaminant leaching values were under the legal limits after the whole treatment process. However, 
because chlorides and sulphates still had a slightly raised leaching value, the material was used in the 
production of  shaped building blocks.  Kerb stones were produced using a 20% by volume replacement of  
the aggregates with FCG 2-20. The final aspect of  the kerb units did not differ from the reference samples. 
The compressive strength was slightly lower than expected, which can be explained by the non-standard 
curing conditions. The low relative humidity during curing has affected the strength of  the samples, since 
at low w/c ratios as employed in this study, the porous samples can easily dry out. Also, the cement used 
has a slow hydration rate, which will further delay the development of  strength. The strength results were 
extremely positive, with a flexural strength after 35 days of  the same level as the reference recipe. After 
56 days the flexural strength of  the FCG-containing sample reached a flexural strength 10% higher than 
the reference. This is an indication that the cement content of  the recipe can be lowered when using FCG 
instead of  natural aggregates, while keeping the flexural strength of  the sample to the same level. The 20% 
replacement of  aggregates is a sustainable option, by reducing the amount of  natural sand and gravel and 
by decreasing the need for cement (and therefore the CO2 footprint).  All in all, the FCG produced from 
upgraded and treated municipal solid waste incineration bottom ash have proven to be suitable for the use 
in prefab concrete such as kerb units.
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Abstract

In the current study, an air granulated converter slag has been characterized. It was granulated by pouring 
liquid slag in front of  a strong fan and the obtained granules were sieved into five different fractions of  
2mm, 1mm, 0,5mm, 0,25mm and <0,25mm in order to determine the influence of  the cooling speed, 
because small granules are cooled faster. Detailed bulk chemical and mineralogical composition of  every 
fraction was established by XRF (X-ray fluorescence) spectroscopy and powder-XRD (X-ray diffraction) 
with Rietveld refinement. One batch leaching tests according to EN 12457-2 were carried out and the 
supernatant analyzed by ICP-OES (Inductively coupled plasma-optical emission spectroscopy).The mineral 
phases present in the slag were divided into three main categories 1) common mineral phases of  slag 2) 
weathering products 3) contaminants. All fractions except <0,25mm exhibited high leaching values for 
chromium and vanadium. The smallest fraction <0,25mm showed low value of  chromium such as 0,11 and 
0,12 mg/kg while in case of  vanadium, it found to be less than detection limit of  the instrument.

Keywords: air granulated slag, cooling rate, dicalcium silicate, vanadium, chromium

1. Introduction

Steel slag is the main byproduct of  steel making. Steel slag is generated from lime and dolomite added 
in the basic oxygen furnace and forms when oxygen is blown onto the pig iron from the blast furnace 
to remove S (sulfur), P (phosphorus), C (carbon) and other constituents to produce crude steel. The so-
called converter steel slag differs from the slag produced in the blast furnace process [1-2]. It is estimated 
that the global annual production of  steel currently is more than 1.6 billion metric tons. The annual 
amount of  steel making slag lies in the range of  315Mt to 420Mt globally [3]. The modern integrated LD 
(Lindz-Donawitz)/converter steel plants mass produce around 90-100kg of  steel slag per tonne of  steel 
production. The cooling method and mineralogy determines the bulk properties of  slag such as major and 
minor elements, leachability, volume expansion, crushing strengths, abrasion resistance, all relevant for the 
recycling potential [4-5].

 Steel slag is utilized in the cement industry as aggregate for cement based products, raw material for iron 
correction of  clinker as well as admixture for cement base materials. The presence of  dicalcium silicate 
(C2S), tricalcium Silicate (C3S), tetracalcium-aluminoferrite (C4AF) and other mineral makes it a potential 
building material [6-7]. But the low cementitious characteristics form a barrier for civil application of  steel 
slag in cement. The overall utilization of  steel slag is still less than 30% after more than 50years of  research 
and many avenues have been investigated from cooling methods to post-processing of  slag [8-9].  
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The research has corroborated that there are low amounts of  C3S present in the slag, in most converter 
slags only dicalcium silicate exists. Thus steel slag can be considered  less hydraulic than Portland cement 
clinker being dominated by dicalcium silicate (40 to 60wt.% )instead of  C3S [10]. In addition the C4AF phase 
consists predominantly of  the ferric endmember, which is also less reactive than its aluminous counterpart 
[11]. When applying converter slag as SCM (supplementary cementitious materials), the main problem that 
restricts the utilization of  high amounts of  steel slag is low early age strength. To deal with this problem, 
various approaches have been reported such as mechanical activation, alkali activation and varying cooling 
condition (water quenching, dry granulation and air granulation of  slag) [11-12]. As a rule, the hydraulic 
activity of  a slag, structure and phase composition depends on the chemical composition and thermal 
history [13-14].

Prior to the effective utilization of  steel slag, the leaching behaviour needs to be investigated. Steel slag 
usually contain minor amounts of  heavy metals, in particular chromium and vanadium. The leaching 
behaviour of  slag is highly dependent upon the mode of  cooling (water quenching, air cooling and air 
granulation) and mineralogical composition. There have been studies showing that quenching of  electric 
arc furnace steel slag in water leads to less leaching of  toxic metals due to high amorphous content. In 
addition the glassy amorphous structure exhibits better chemical resistance toward decomposition by acid 
than the crystalline structure [15]. 

In the current studies, an air granulated converter steel slag has been taken from Tata Steel, the Netherlands. 
The converter slag was sieved into different fractions: 2mm, 1mm, 0,5mm, 0,25mm, <0,25mm to study the 
influence of  the cooling speed. Every fraction is characterized by XRF, powder XRD, Rietveld refinement. 
And detailed leaching behaviour has been observed with the one batch leaching test and ICP-OES.

2. Methodology

2.1 Materials
Air granulated slag was provided by TATA steel, the Netherlands. A sample was sieved into fractions: 
2mm, 1mm, 0,5mm, 0,25mm, <0,25mm for characterization as shown in Fig. 1. The bigger particle size is 
associated with a somewhat slower cooling rate while small particle cooled more rapidly.

Figure 1: Morphology of  air granulated slag sieved into different fractions. The smaller fractions 
c) 0,5mm d) 0,25mm and c) <0,25mm have contamination that can be observed with the naked eye.

A representative sample has been taken from every fraction of  granulated converter slag. For his purpose, 
a static sample splitter has been used. Prior to analysis, every sample was dried in oven at 100ºC.

2.2 Methods

2.2.1	 XRF	(X-ray	fluorescence):
The chemical composition of  every fraction of  granulated slag was determined with X-ray fluorescence (XRF; 
PANalytical Epsilon 3, standardless) using fused beads as shown in Table 2. Gain on ignition (GOI) was 
measured at 1000 °C until a constant mass was reached. For the preparation of  fused beads, the residue 
from the GOI was mixed with borate flux by keeping the sample to flux ratio (1:12) respectively, a mixture 
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of  67 % Li2BO7 and 33 % LiBO2 (Claisse). Moreover, 150 µL of  4 M LiBr was added to the mix as a non-
wetting agent. The mixture was placed in a borate fluxer oven (classisse leNeo) for 24 mins at 1065 °C. 

2.2.2 Powder-XRD (X-ray diffraction)
XRD diffractograms were measured with a Bruker D4 (Source: Co K α1 1,7901 Å and K α2 1,7929 Å, 
Detector: LynxEye, with variable slits) to understand the mineralogical composition of  air granulated 
slag of  every fraction. For phase recognition, X’Pert Highscore Plus with the ICDD PDF-2 database 
was employed. For quantitative analysis, an internal standard (Si: 10wt.% of  the total sample) was mixed 
homogenously with the sample. TOPAS 4,2 Bruker software was utilized for quantification.

2.2.3 ICP-OES (Inductively Coupled Plasma-Optical Emission Spectroscopy):
The ICP-OES has been used to analyze the leaching behaviour of  heavy metals quantitatively. An ICP-OES 
spectrometer (Spectroblue FMX36, Autosampler series: 121705A280, auxiliary gas flow) has been used 
for quantitative analysis of  leachate. Prior to measurement with ICP-OES, every leachate was subjected to 
acidification with nitric acid (65% suprapure) to ensure a pH value ≤2 at 21±3ºC. 

2.2.4 Sample Washing
To eliminate the potential foreign contamination of  slag sample during collection of  granulated slag, the 
surface dust of  the granules was removed with anhydrous isopropanol followed by diethyl ether. Only 
those contamination were removed by washing that had particle size smaller than the slag fraction. That’s 
why, the mass loss due to washing have fluctuating values as shown in Table 1. The anhydrous isopropanol 
is used to avoid any kind of  dissolution of  granulated slag. While diethyl ether is used to quick removal 
of  isopropanol. To eliminate all organic solvent, the sample is dried in oven at 40°C under vacuum. The 
sample is marked as washed (W) and not-washed (NW). For this purpose, the mass loss due to washing has 
been calculated as shown in following Table 1.

Table 1: Mass loss during organic washing of  air granulated converter slag.

Slag fraction Mass Loss (weight %)

2mm 1,6%

1mm 0,6%

0,5mm 17,7%

0,25mm 2,2%

<0,25mm 14,3%

2.2.5 Leaching Analysis
All fractions of  granulated slag have been contacted with deionized water with L/S=10 (10g in 100ml 
of  the deionized water). All the reactors were agitated horizontally at 300 rpm for 24h at 21±2ºC. After 
the experiment, the sample was filtered and stored at 5°C. For ICP-OES analysis, the supernatants was 
filtrated to 0,2µm (Polyethersulfone membrane). Additionally the pH of  each sample was measured. Prior 
to measure pH, the pH meter has been calibrated with buffer solution of  known pH at 20°C. 

3. Result and Discussion

The bulk composition of  every fraction of  granulated slag is shown in Table 2. The major oxides are CaO, 
Fe2O3, SiO2, MgO and Al2O3. From the above analyses, it appears that droplet size correlates with a higher 
calcium and silica contents, while the smaller granules appear to be more iron rich. 
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Table 2: Oxide composition of  granulated slag. 

aS,F (mm) MgO Al2O3 SiO2 P2O5 SO3 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3 Total

2 8,2 4,1 13,6 1,2 0,8 44,9 1,4 0,6 0,2 4,2 20,8 100

1 8,3 3,4 13,4 1,2 1,4 44,9 1,4 0,7 0,2 4,2 21,0 100

0,5 8,0 6,0 13,2 1,2 0,5 43,3 1,4 0,6 0,2 4,1 21,6 100

0,25 6,1 8,5 17,5 0,8 0,7 32,8 1,2 0,5 0,2 3,1 28,4 100

<0,25 6,0 9,6 20,4 0,6 1,2 26,4 1,1 0,42 0,2 3,1 31,0 100

a=Slag Fraction 

3.1 Mineralogical Composition of  granulated slag
The mineralogical composition of  the slag size fractions is shown in Table 3. While Fig. 2 shows an example 
of  an XRD diffractogram of  the air granulated slag.

Figure 2: Powder-XRD of  the 0,5mm fraction of  granulated slag with Si as an internal standard.

Converter slag exhibits relatively constant mineralogical composition, but the mineral phase proportions 
vary. The most abundant converter slag minerals are larnite, dicalcium silicate-alpha H′, calcium ferrite, 
lime and magnesio-wuestite as shown in Table 3. The mineral phases like pseudobrookite, perovskite, 
protoenstatie and nauqite are not usually observed in converter slag but are likely formed in the slag due to 
the quick cooling. Calcite and lepidocrocite are weathering products, while the other minerals such as quartz 
and corundum are contaminants. The amount of  quartz and calcite is very pronounced (around 21-24%) in 
the smaller fractions. It is not clear if  the high amorphous content in the fine fractions is due to amorphous 
phase generated during air granulation or if  it is a result of  amorphous contaminants. This means that the 
bulk chemical composition measured with XRF is not representative of  the actual composition of  the 
granulated converter slag. But it can be corrected by removing the known amount of  hematite, calcite, 
quartz and corundum from the bulk composition as shown in Table 4. It is quite clear from the table that 
the major oxide composition is more aligned to their mineralogical composition. 
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Table 3: Rietveld refinement of  different fractions of  air granulated converter slag.

 Mineral Phases Formula 2mm 1mm 0,5mm 0,25mm <0,25mm

Larnite, β-C2S Ca2SiO4 21,0 18,9 13,9 6,2 2,7

αH′-C2S Ca2SiO4 20,9 21,4 26,4 19,0

Fe-wuestite (Fe,Mg)O 4,6 4,3 4,0 3,5 5,9

Mg-Wuestite (Mg,Fe)O 8,1 4,1 2,7

Mn - Wuestite (Fe,Mn)O 1,0 0,3

Periclase MgO 2,1 5,6 7,8 6,7

Magnetite Fe3O4 2,5 2,0 2,8 6,6 10,3

Srebrodolskite Ca2Fe2O5 24,1 21,4 20,8 12,6 10,3

Pseudobrookite Fe2TiO5 0,3 0,3 0,3 0,1 0,5

Lime CaO 0,1 0,1

Quartz SiO2 8,9 13,3

Calcite CaCO3 0,3 4,0 17,9

Perovskite CaTiO3 7,6 10,0 12,5 8,4 1,7

Protoenstatite Mg2Si2O6 1,2 0,7

Graphite C 0,3 0,2

Naquite FeSi 0,7 0,5 0,6 0,3

Vaterite CaCO3 1,1 0,8 1,0 0,7

Rutile TiO2 0,4 0,4 0,5 0,2

Corundum Al2O3 2,9 1,7 3,0 5,6 0,8

Hematite Fe2O3 2,1 1,9

Albite NaAlSi₃O₈ 1,1

Titanite CaTiSiO₅ 0,5

Lepidocrocite γ-FeO(OH) 2,8

Clinoenstatite MgSiO3 2,1

Moissanite 2H SiC 0,3

Amorphous  2,0 6,8 3,0 12,1 31,0

Total  100 100 100 100 100

It was expected that all granulated slag size fractions have the same bulk composition, but the large converter 
slag granules appear to contain more C2S than the smaller ones. The most plausible reason is that solid 
phenocrysts of  periclase and C2S are present in the liquid converter slag before cooling. It appears that the 
C2S is incorporated preferentially in the large size fractions, while the MgO phenocrysts are preferentially 
incorporated into the smaller granules. Therefore, they tend to be enriched in CaO and SiO2, with a lower 
MgO and Fe2O3 content. 

Based on the variation in bulk composition it seems the addition of  C2S and MgO controls the small 
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differences in chemical bulk composition of  the granulated slag sizes. It can be observed that the large 
granules seem to be indeed richer in C2S phenocrysts compared to the small granules, while the smaller size 
fractions contain more MgO. 

Table 4: Corrected oxide composition of  air granulated converter slag. The fraction <0,25mm was 
not included because of  the strong contamination.

Slag 
Fractions MgO Al2O3 SiO2 P2O5 CaO TiO2 V2O5 Cr2O3 MnO Fe2O3

2mm 8,5 1,2 14,1 1,2 46,6 1,5 0,6 0,2 4,4 21,6

1mm 8,6 1,8 13,8 1,2 46,3 1,4 0,7 0,2 4,3 21,6

0,5mm 8,5 3,2 14 1,3 45,7 1,5 0,6 0,2 4,3 20,7

0,25mm 7,4 3,3 12,2 1,0 37,9 1,5 0,6 0,2 3,7 32

3.2 Leaching Analysis
The leaching values of  heavy metals in granulated slag are presented in Table 5. 

Table 5: Leaching values of  granulated slag of  1mm, 2mm, 0,5mm, 0,25mm and <0,25mm respectively.

Slag fractions

Permissible 
Emission value 1mm_aW 2mm_W 0,5mm_aW 0,25mm_W <0,25mm_W

(mg / kg) (mg / kg) (mg / kg) (mg / kg) (mg / kg) (mg / kg)

Contact time 
(hours) 24 24 24 24 24 24

pH (20˚C) 10,84 11,0 10,89 9,62 11,11

Antimony (Sb) 0,32 0,19 0,19 0,17 0,18 cL.D.

Arsenic (As) 0,9 0,22 0,21 0,15 0,15 L.D.

Barium (Ba) 22 0,02 0,11 0,02 0,11 0,04

Chromium (Cr) 0,63 1,83 1,70 1,91 2,42 0,11

Molybdenum (Mo) 1 0,14 0,14 0,002 0,011 0,022

Vanadium (V) 1,8 10,84 11,49 11,43 8,84 L.D.

Zinc (Zn) 4,5 0,06 0,06 0,07 0,08 0,28

a=Washed, Cd, Cu, Hg, Co, Pb, Ni, Se, Sn=below detection limit, c=Lower than Detection limit

In most fractions of  granulated slag, heavy metals are below the permissible emission limits in building 
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materials [17], except for vanadium and chromium. The smallest fraction exhibits leaching values of  
vanadium below the detection limit and chromium lies below the permissible limit but this is likely due to 
the high amount of  inert contaminants such as calcite and quartz. In general the leaching of  vanadium and 
chromium is much higher than reported for standard cooled converter slag.

4. Conclusion

In the present studies, the air granulated converter slag has been characterized by XRF spectroscopy and 
powder- XRD as well as leaching behaviour. The following conclusions can be made on the basis of  this 
study.

• The chemical bulk composition of  granulated slag varies in the different size fraction of  the slag, 
although they were all produced from the same slag batch. Large fractions exhibit a somewhat higher 
amount of  calcium and silicon, while the smaller fractions are richer in magnesium and iron. This 
seems to be the result of  an unequal distribution of  dicalcium silicate and (Mg, Fe)O.

• The air granulated slag contains the same phases as standard cooled slag: C2S, Mg-Wuestite, srebrodolskite 
and magnetite. Additionally, perovskite is formed due to quick cooling.

• 2mm, 1mm, 0,5mm and 0,25mm fractions of  air granulated slag show leaching value above the legal 
limit for chromium and vanadium, which seems to be a result of  increased reactivity compared to 
standard slag due to air granulation.

As a next step calorimetric measurements will be performed to determine the hydraulic reactivity of  the 
granulated slag.  SEM/EDX measurements will be carried out to understand the microstructure and locate 
the source of  chromium and vanadium.
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Abstract:

Due to its pozzolanic reactivity, waste glass has been widely studied as Supplementary Cementitious 
Materials (SCM) in conventional concrete production in recent years. Waste glass is an amorphous, SiO2 
rich material, which can be used as the Si source in alkali activated materials, for example, alkali activated 
ground granulated blast furnace slag GGBS or fly ash (FA) based geopolymers. This paper investigates the 
application of  waste glass powder as part of  the binder in slag-fly ash systems activated by blended (NaOH/
Na2CO3) activators. To investigate the reaction kinetics, mechanical performance and durability properties 
of  waste glass blended alkali activated GGBS-FA binders, calorimetry, XRD, setting time, strength and 
resistance to carbonation tests were conducted. The results show that glass powder has a higher reactivity 
compared to fly ash but still lower than GGBS. The mechanical performance of  different samples is mostly 
controlled by the Ca/Si of  dry mixtures and the activator type. After the slag-fly ash binder system was 
modified by the waste glass, a significant enhancement of  resistance to carbonation was identified for 
NaOH/Na2CO3 activated mortars, which shows an increase of  300% on the carbonation resistance ability 
compared to the reference sample. 

Keywords: alkali activation, slag-fly ash binder, waste glass, reaction kinetics, carbonation

1  Introduction 

With the increasing consumption of  glass products, a high amount of  waste glass is being produced all 
over the world. On account of  being un-biodegradable, waste glass causes a high pressure on landfills. In 
consideration of  environmental protection, it is an efficient method to apply waste glass in new building 
materials. In previous studies, waste glass (WG) exhibited a potential as ingredient in concrete; for example, 
waste glass fractions can not only be used as aggregates [1][2], but also supplementary cementitious materials 
as ground granulated blastfurnace slag (GGBS) or coal fly ash [3]–[6]. In recent years, recycled waste 
glass has attracted more attention for sustainable application in building materials. Since waste glass (WG) 
contains a high amorphous content of  silica, a potential of  pozzolanic reaction has been identified  [7]. A 
microstructure improvement was observed after waste glass addition in concrete [8]. In the latest studies, 
WG was also used combined with GGBS or fly ash (FA) for alkali activated concrete. The high content 
of   amorphous silica  can be used to produce the precursor of  alkali activate materials to replace water 
glass [9]–[12]. In a previous study, the blended activators, which combine sodium hydroxide, water glass or 
sodium carbonate, show an overage performance compared to single activator [12]. There are some reports 
that waste glass can play a role similar to sodium silicate (water glass) on microstructure modification [11]. 
Waste glass is prone to be attacked by the alkali solution, and a higher dissolution rate of  waste glass in 
NaOH/Na2CO3 solution than in NaOH solution at the same sodium concentration has been observed 
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[13]. As well known, the selection of  the binder’s composition and activator of  alkali activated concrete 
can have large influences on concrete durability performance. It has been reported that the higher silicate 
modulus of  the activator provides a higher resistance for carbonation of  alkali activated slag [14]. However, 
the influence of  waste glass as binder in alkali activated slag-fly ash system on mechanical and durability 
performance by using different activators is still not clear. Therefore, the application of  waste glass in slag-
fly ash alkali activated systems still needs more focus. The activator types, reaction mechanism, mechanical 
and durability performance need further study.

 The present study evaluates the application of  waste glass in slag-fly ash alkali activated binder 
systems.  The waste glass was used to replace slag, fly ash or total binder by 20%, respectively, to study the 
influences of  waste glass on the performance of  slag-fly ash binder systems. The sodium hydroxide-sodium 
carbonate blended solution was selected as the activator. 

2  Materials and methods

2.1  Materials characterization
 The recycled waste glass fractions (mixed colour) were supplied by a glass recycling plant. Then, 
a ball mill was used to ground it into a fine powder. Ground granulated blast furnace slag (GGBS) was 
supplied by ENCI, IJmuiden, Netherlands. Class F fly ash was supplied by Vliegasunie B.V., the Netherlands. 
Table 1 shows the chemical composition of  waste glass, GGBS and fly ash. 

Table 1 Chemical composition of  recycled glass, GGBS and f ly ash

Oxide Waste glass
(% mass)

GGBS
(% mass)

Fly ash
(% mass)

Na2O 14.651 / /
MgO 1.298 8.57 1.141
Al2O3 1.93 13.214 26.98
SiO2 68.328 29.407 51.442
SO3 0.086 2.639 1.121
K2O 0.702 0.424 1.84
CaO 11.904 42.665 5.83
TiO2 0.062 1.487 1.78
Cr2O3 0.117 0.001 0.034
MnO 0.022 0.398 0.057
Fe2O3 0.364 0.366 8.271
ZnO 0.009 / 0.022
BaO 0.061 0.081 /
PbO 0.05 / 0.009

P2O5 / / 0.849

2.2  Test methods

2.2.1  Activator preparation

 The activator was prepared from solid sodium hydroxide pellets, sodium carbonate and distilled 
water. The equivalent Na2O% to binder ratio is 10%.

2.2.2  Experiments
 The calorimetry test was performed using an isothermal calorimeter (TAM Air, Thermometric). 
All measurements were conducted for 150 h under a constant temperature of  20 °C. The setting time was 
measured according to the Vicat needle method as described in EN 196-3 [15]. The strength tests were 
carried out according to EN 196-1 [16]. Carbonation curing was conducted by a carbonation chamber. The 
related parameters are RH 65%, 25 °C, 20% of  CO2 dosage and atmosphere pressure. 
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Fig. 1 XRD patterns of  all materials employed as binder

The XRD of  raw materials is shown in Fig. 1. The particle size distribution of  recycled waste glass powder, 
GGBS, fly ash, and sand are shown in Fig. 2. 
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Fig. 2 Particle size distribution of  materials employed as binder

Table 2 Mix design for 1 m3

Sample
ID GGBS / kg Fly ash / kg Recycled glass 

/ kg Sand / kg Activator / w/b

NC1 251.5 251.5 0 1509.0 274.6 0.4
NC2 252.4 151.4 100.9 1514.3 275.5 0.4
NC3 150.0 250.0 100.0 1500.1 272.9 0.4

NC4 200.9 200.9 100.5 1507.2 274.3 0.4
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3.  Results and discussion

3.1  Reaction kinetics and products characterization
As shown in Fig. 3, the sodium carbonate-sodium hydroxide activated blends show the initial dissolution, 
induction, acceleration to deceleration and stable periods [17]–[19]. The variation of  peaks intensity can be 
observed according to the difference of  binder systems.
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Fig. 3 Calorimeter results of  mixtures (a) heat f low and (b) cumulative heat

   For NaOH/Na2CO3 series samples, the highest reaction intensity and reaction rate is 
observed for the NC2 sample. NC3 shows a relative low reactivity, while NC2 shows the highest cumulative 
heat during the reaction. In slag-fly ash binder systems, the higher slag proportion usually induces high 
reaction intensity and cumulative reaction heat [28]. These results indicate that the waste glass powder may 
show a medium reactivity compared to GGBS and FA. 
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Fig. 4 XRD of  different mixtures

 The XRD patterns of  paste samples are shown in Fig. 4. As can be seen, some minerals exist in all 
mixtures, regardless of  the activator types (for example, quartz and mullite, which are the residual minerals 
in fly ash). In comparison to the XRD data of  raw GGBS and FA, many new peaks were formed after 28 
days reaction. Gaylussite was formed after 28 days curing. The addition of  waste glass in binders shows no 
significant effect on the variation of  reaction products. 
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3.2  Setting and mechanical behaviours
The setting behaviour and mechanical performance are shown in Table 3. NC2 and NC4 exhibit almost the 
same duration to the setting, which is shorter than the reference NC1. The longest setting time is shown 
by NC3. This observation is in accordance with the results of  the calorimetry test in Section 3.1.1. The 
addition of  waste glass powder seems to reduce the setting time, except for NC3.

Table 3 Setting and mechanical performance of  mortars

Sample ID Initial setting 
(min)

Final setting 
(min)

Flexural strength (MPa) Compressive strength (MPa)

7 days 28 days 7 days 28 days
NC1 320 410 5.20 6.29 16.38 25.68
NC2 306 380 4.84 5.30 16.09 23.89
NC3 370 470 3.23 5.12 12.38 17.99
NC4 307 379 4.18 5.13 14.00 21.62

 

The reference sample (NC1) achieves a compressive strength of  25.7 MPa, while 23. 9 MPa, 18.0 MPa and 
21.6 MPa are achieved by waste glass containing samples NC2, NC3 and NC4, respectively. The difference in 
mechanical performance is possibly induced by the chemical composition of  binders. The slag component 
is a critical parameter of  strength behaviour for alkali activated slag based materials [20]. As can be seen 
from Table 2, NC3 has the lowest GGBS content, and also shows the lowest compressive strength after 
28 days curing. When waste glass was used to replace 20% of  fly ash or total binder, the setting time was 
reduced, however, the reduction of  strength also can be observed.

3.3  Resistance to carbonation
Fig. 5 clearly exhibits the different carbonation depth of  mortars. After the waste glass was blended in the 
GGBS-FA system, the resistance to CO2 penetration was improved. The reference sample NC1, without 
glass addition, shows a carbonation depth around 14 mm. When the waste glass replaced 20% fly ash, the 
carbonation depth decreased to less than 6 mm (NC2). 
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Fig. 5 CO2 penetration depth of  mortars with different carbonation ages 

 The sample containing waste glass replacing 20% GGBS also accounts for a carbonation depth 
around 7.5 mm. From the above results, it can be seen that all waste glass blended mortars show a lower 
compressive strength than the reference. However, a significant higher resistance to CO2 was observed after 
the waste glass addition. This may be due to the modifying effect of  pore size distribution after the addition 
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of  waste glass. In a previous study, the high Si available through the pozzolanic reaction usually induces a 
small pore size of  reaction products [21]. 

4.  Conclusions

 Waste glass was used as part of  the binder, replacing GGBS, FA or total replacement in mortars 
activated by a blended activator. The reaction kinetics and products were characterized. The setting and 
mechanical performance were tested, and the resistance to carbonation was evaluated. The following 
conclusions can be drawn:

1. The incorporation of  waste glass as part of  the binder in alkali-activated GGBS-FA systems exhibits 
no significant effect on the reaction products. The calorimetry results show that when 20% of  fly ash was 
replaced by waste glass, the reaction intensity and cumulative heat were enhanced.

2. The reduction of  the initial and final setting time was observed after 20% fly ash or 20% total binder 
were replaced by waste glass powder. However, the addition of  waste glass induced a strength reduction.

3. The incorporation of  waste glass in GGBS-FA binder contributed to a significant enhancement (of  up 
to 300%) of  resistance to accelerated carbonation penetration.
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Abstract

Global increase in population and increase in wealth/consumption provides a challenge for raw materials 
and resources.  The construction industry is with 40% of  global material use and 20% of  water use by far 
the largest consumer of  raw materials. Moreover emissions in this sector amount to 50% of  global CO2 
emission and 35% of  global waste.

The development of  low carbon buildings and structures  and associated reduction in energy/material 
consumption is one of  the biggest challenges currently facing the construction industry. Circular economy 
principles provides solutions for material and energy reduction. 

Europe is a continent with a low amount of  raw materials , hence the focus of  the EU on recycling / re 
use of  materials : in december 2015 the EC launched its Circular Economy package with clear targets for 
recycling and reducing waste. 

Steel plays a vital role in the Circular Economy, since steel is light weight, providing large transport and 
foundation saving. Steel structures are constructed/built  using demountable fixings (screws/bolts) , 
providing an option for flexible/adaptable buildings. The flexibility ensures that buildings can be modified 
to ensure a long functional life of  building, reducing waste streams. Moreover the demountability provides 
options for re-use of  building components and materials in a new application . Already a large share of  
steel beams are being re-used at the end of  life of  a building in new applications. The re-use of  building 
components provides a significant energy saving since steel does not need to be re-melted and no new raw 
materials are needed

Tata Steel provides solutions for design for re-use , developing BIM  (Building Information Modelling 
) solutions for tagging  and tracing building materials and working with providers of  so-called material 
passports of  buildings to ensure/enable  re-use.. Moreover new coating systems like HPS 200 and Prisma 
by Tata Steel provides up to 40 years maintenance free protection against corrosion , ensuring durable steel 
structures.

Contrary to other materials,  steel has a well developed recycling infra structure , since the value of  scrap is 
considerable , scrap will be returned to the steel industry in order to be remelted into a new steel applications. 
In fact steel is the most recycled material in the world.

By rapid cooling and quenching , low grade steel can even be up-cycled into a higher value application. 
Almost all other building materials are being downcycled and eventually turn to waste at the end of  life of  
a building or are being landfilled or incinerated.  Due to this characteristics is steel is the only  permanent 
material in society , endless re-used/recycled providing a solution to the global resource shortage . 

Keywords: Circular Economy, recycling, low carbon buildings, re-use.   

mailto:bauke.hoekstrabonnema@tatasteel.com
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Abstract 

Due to the high carbon emissions linked to concrete production and a rapidly increasing demand for 
cementitious materials, particularly in the global South, it is inevitable to use cement in concrete more 
efficiently. This can be achieved best by minimising the Portland cement content in the binder and by 
developing concrete mixtures with low water to cement ratios. For both approaches, chemical admixtures 
are required to cope with the negative rheological influences of  supplementary cementitious materials that 
are often observed, and the higher solid volume fraction, respectively.

However, particularly in the growing economies of  the Southern hemisphere, where a massive part of  the 
future construction activities will take place, the supply chains are often poor with regard to performance 
enhancing chemical admixtures, and local production facilities are lacking today.

This paper presents case studies of  polysaccharide based alternative admixtures such as acacia gum, 
cassava starch and the gum of  the bark of  Triumfetta pendrata A. Rich, which can be used effectively as 
superplasticizer, robustness enhancer, and thixotropy incorporating agent, respectively. Their modes of  
operation are discussed based on their zeta potentials and hydrodynamic diameters in the presence of  
calcium ions. Eventually, local value chains are discussed for bio-based by products on the example of  
cassava peels wastes.  

Keywords: admixtures, concrete, cassava, acacia gum, Triumfetta pendrata A. Rich.

1. Introduction

Cement production consumes a high amount of  raw materials, required high energy and involved chemical 
processing. Thus, it contributes significantly to global CO2 emission. Global cement production is estimated 
at 4.6 Gt/a [1] in 2015 and will rise to values between 6 and 13.5 Gt/a in 2050 [2, 3]. However, since cement 
is urgently required to build structures and infrastructures with concrete, and concrete is the only material 
in the world that can meet the global demand for construction materials, the situation is aggravated as the 
world’s population increases from today 7.3 to 9.7 billion in 2050 [4]. The production of  cement creates 
high carbon emissions from fuelling, but even more from decarbonation of  calcium carbonate from the 
limestone to convert it to calcium oxide, resulting in assumedly more than 8% of  all the greenhouse gases 
released by human activity and carbon emission estimates for concrete in the order of  magnitude of  10% 
of  all global carbon emissions [5]. Yet, other materials have even higher carbon footprints and energy 
demands [6, 7], which makes concrete inevitable as mass construction material. 

Consequently, the only way to make the construction industry more environmentally friendly means making 
concrete technology greener and using cement in concrete more efficiently. This means that the water 
cement ratios in concrete have to be reduced by using chemical admixtures that help to control the rheology 
despite the lower water content [23]. In Africa, the efficient usage of  cement is even more important, 
since the cement prices are significantly higher than in other parts of  the world, when expressed in local 
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purchasing power (Fig. 1). The efficient use of  chemical admixtures for higher performance materials, thus, 
can have a tremendous leverage towards a better global climate.

Figure 1: cement price differences in different countries in the world expressed in number of  
working days for an average income earner to purchase a ton of  cement for the years 2009 and 2018. 
Price information obtained from local inhabitants. 

Furthermore, this inevitably calls for blending cement with more sustainable supplementary cementitious 
materials [8]. In most developing countries in sub-Saharan Africa, the established materials such as ground 
granulated blast furnace slag or fly ash are hardly available, but agricultural wastes are available in large 
quantities with a growing potential for the agricultural industry on the continent [9, 10]. Thus, using bio 
materials as pozzolanic materials is getting more important in research, globally, but particularly in Africa. 
Some notable studies that demonstrate the use of  ashes of  rice husk, sugar cane straw and groundnut 
husk as pozzolanic components in concrete are presented in [11-20]. They have shown that mechanical 
and durability properties can be enhanced, depending upon the amorphous silica content. Africa provides 
60% of  the global unused arable land [21]. Thus, the continent has a tremendous potential for further 
development of  the agricultural harvest. Hence, vegetable ashes are a real potential for many African 
countries to make concrete technology greener and more economically viable by creating local value chains. 

Nevertheless, the use of  agricultural by-products as cementitious materials often comes along with new 
challenges for the workability, since the rough and fissured surfaces absorb more water than cement, which 
demands for chemical admixtures again to control the rheology.

Hence, chemical admixtures help to use cement in concrete more efficiently by reducing the required water 
and helping to cope with the challenges arising from the use of  supplementary cementitious materials 
used to reduce the amount of  Portland cement clinker in the binder. However, many regions in the world, 
particularly in the Southern hemisphere lack supply of  chemical admixtures, that often have to be imported 
from Europe, North America or Asia. As a result, they are available only in limited variability and at high 
costs [22]. This limits the applicability of  sustainable and high performance applications in regions of  the 
Southern hemisphere, particularly on the African continent, which is a real obstacle for Africa’s enormous 
innovation potential and rapid economic upswing [9].

Feasible alternatives to traditional synthetic polymers are innovative and efficient admixtures based on 
locally available plant-based bio-materials. It has already been shown that high performance concrete can be 
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developed [23], and complex rheological properties can be achieved [24-26] with bio-based polysaccharides. 
In addition, new markets can be created [27].

This paper shows a review of  some potentially viable bio-polymers that can be used for high performance 
applications in concrete technology.

2. Case studies

2.1 Acacia gum as superplasticizer

Acacia gum can be found in various modifications all over the African continent. The most important global 
exporters are Senegal and Sudan, while there is hardly a real market in other countries. Acacia gum has 
shown to be an excellent superplasticizer, though, its effect depends strongly on the solid volume fraction. 
Fig. 2 shows the torque change of  cement pastes with different polymer dosages of  two qualities of  acacia 
gum from Sudan and South Africa in comparison to two polycarboxylates (PCE) and a lignosulfonate.

At low dosage, the acacia gum acts as a stabilising agent, which can be seen from the increasing torque. 
However, upon addition of  higher amount the torque decreases indicating a reduced viscosity. Both acacia 
gums show this liquefying effect. The gum from Sudan shows even higher efficiency than the pre-cast PCE, 
while the South African gums has similar effect to the ready-mix PCE and the lignosulfonate.

The effect of  acacia gums depends strongly on the solid volume fraction. A liquefying effect can only be 
observed, when the w/c is moderately low. At extremely low w/c no liquefying effect can be observed.

Figure 2: effect of  different polymer dosages on the torque at rotational speed of  240 rpm in 
cement pastes with a solid volume fraction of  0.40. 

2.2 Cassava starch as stabilising and plasticizing admixture
Cassava is the third most important source of  starch in the world after rice and maize. It feeds about half  a 
billion people in the Southern hemisphere. Major cassava producers can be found in East Asia, Africa, and 
South America (Fig. 3), the most important of  which is Nigeria where about 20% of  the global cassava is 
being produced. 
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Figure 3: top 20 cassava producing countries in 2010 and 2014. 

Cassava tubers are rich in starch, and like potato starch it contains around 80% amylopectin and 20% 
amylose. Nevertheless, potato starch is typically used to increase the stability of  cementitious systems by 
increasing the viscosity, while cassava starch can incorporate plasticizing effects as well (Fig. 3). Depending 
on dosage and solid volume fraction, cassava can thus help to generate a softer consistency, while, due to 
the viscosity enhancing properties of  the starch, the coherence of  the cementitious system is increased, 
which creates higher robustness.

Figure 4: Torque change in cement pastes at a solid volume fraction of  0.4 and a rotational speed 
of  240 rpm due to the addition of  potato starch and cassava starch. 
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2.3 Triumfetta pendrata A. Rich to enhance thixotropy

The gum of  the malvaceous plant Triumfetta pendrata A. Rich is typically used as food consistency 
regulating agent for a typical Cameroonian dish called ‘nkui’. The easily water-soluble polymers incorporate 
a very cohesive consistency to the soup. Mixed with concrete, the polymers have little effect in cement 
pastes only, but in the presence of  superplasticizers they bear the capacity to totally reverse the liquefying 
effect by dramatically increasing the yield stress without significantly affecting the plastic viscosity. Flowable 
systems, thus, build up a thixotropic structure within short period of  time. 

The effect is shown in Fig. 5. The red curves show the flow values on the Haegermann table without 
strokes. The blue curves show the results of  the respective samples after 15 strokes. The strokes significantly 
increase the flow values for both systems, with and without the addition of  nkui gum. 

The effect of  the gum becomes most obvious at a w/c of  0.4. While the system without gum spreads wide 
without strokes, the system with gum nearly shows no flow, but after 15 strokes, the flowability with and 
without gum are nearly identical. The strong thixotropic effect of  the gum can be used beneficially, e.g. in 
all kinds of  additive processing such as 3D-printing.

Figure 5: f low values (Haegermann cone) of  cement pastes with 0.35% PCE (bwoc) in the presence 
of  0.08% Nkui gum (bwoc) and without the gum. Blue curves show results after 15 strokes, red 
curves show results without strokes. 

3. Discussion of  results

The results of  some rheological experiments in the presence of  different bio-gums were presented. In the 
case of  the present polymers the following conclusions can be made:

• Acacia gum can be used as superplasticizer. However, at low dosages they act as stiffening agents.

• Cassava starch can be used as slight plasticizer and consistency regulator.

• The gum of  the bark of  Triumfetta pendrata A. Rich incorporates strong thixotropy.

Zeta potential measurements and measurements of  the hydrodynamic radii provide some indicators for 
the different behaviours of  the gums. Although their zeta potentials vary greatly in water, in the presence 
of  calcium ions, their zeta potentials are all negative in the same order of  magnitude between -7.4 and 
-13.2 mV. Thus, all polymers can be assumed to adsorb on cementitious particles, which alone cannot 
explain their effect. Their major difference lies in their polymer sizes and agglomeration tendency. 
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The acacia gum polymers tend to agglomerate to form a large variety of  polymer sizes. The range goes 
from 20 nm to 1 µm. Thus, it can be assumed that polymers are packed densely in the liquid phase, which 
explains, why at low dosages they have a stiffening tendency. Only, when the water between the particles is 
sufficiently high, the polymers become more mobile, and thus may create a kind of  a ball bearing effect in 
the liquid phase, while the adsorbed polymers sterically keep the cement particles in distance, thus, causing 
the excellent flow properties. 

The cassava starch also adsorbs on particles in the cementitious system. The present cassava starch polymers 
are significantly smaller in size (~150 nm] than what is reported in literature for potato starch (amylopectin 
> 500 nm) [28], which explains the different effects shown in Fig. 4. While potato starch polymers are 
particle sized and, thus, hinder particles from movements [25], the investigated cassava starch polymers are 
much smaller, so that the particle stabilising effect becomes much smaller, and steric effects become more 
prominent. 

The Triumfetta pendrata A. Rich polymers seem to significantly form huge agglomerates in the presence 
of  calcium ions. The agglomerates being formed show sizes up to 5 µm, which is particle size. This 
agglomeration explains the strong thixotropic structural build up. Since the calcium linking is not stable, the 
structure easily breaks down under shear forces, giving the material good flow under forces.

The present figures and the table show the clear difference between the use of  synthetic polymers and 
biopolymers. While synthetic polymers can be modified according to the requirements, bio-gums have to 
be taken as they are. This means, the polymers’ effects have to be understood at first, and then their best 
use can be determined. However, despite their different effects all polymers can be applied in different 
high-performance applications. Thus, they provide enormous potentials for greener concrete admixtures.

Table 1: Zeta potentials and hydrodynamic radii of  the present polymers in different ionic media, 
measured with dynamic light scatter.

Acacia gum Cassava starch Bark gum of   
Triumfetta pendrata A. Rich

Water Saturated 
limewater Water Saturated 

limewater Water Saturated 
limewater

Zeta potential 
[mV] -16.3 -7.7 0.6 -7.4 -25.3 -13.2

Dhyd [nm]
Distinct peaks 
at ~10 nm and 

~100 nm

Broad range 
between 

~20 nm and 
~1 µm

Distinct peak 
at ~150 nm

Distinct peak 
at ~120 nm

Distinct peak 
at ~250 nm

Distinct peaks 
at ~700 nm and 

5 µm

4. Local value chain potentials

Considering the scarcity of  chemical admixtures in many countries of  the Southern hemisphere, bio-based 
solutions can become a viable option, particularly since plants containing promising polysaccharides grow 
all over the African and South American continents. This easy availability creates potentials for local value 
chains that support the local markets as well.

Cassava is one most promising example. The peels of  cassava have limited use in livestock feeding as they 
cannot be digested by most animals. Thus, the peels are typically dumped away. They require large spaces, 
where the waste rots away, creates malodour and attracts insects. Sometimes the wastes are burnt to save 
the space for dumping, but the ashes are not further used any more. 

However, instead of  dumping, the organic starch content that is still adhered to the peels can easily be 
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obtained to become a precursor for a concrete chemical admixture to enhance the performance and save 
cement in concrete. After obtaining the starch, the residual peels can still be burnt, thus, create energy for 
example for brick production. After burning, the ashes were shown to have pozzolanic properties, thus, 
help reducing the Portland cement content in the binder for concrete. The concept is shown in Fig. 6.

Figure 6: possible new value chains based on today simply dumped cassava peels. An organic and 
an inorganic value chain can be created from the same residues in parallel. Both value chains help 
making concrete more sustainable, by enhancing the concrete properties and reducing the Portland 
cement content in the binder, respectively. 

5. Conclusions

The present results and interpretation have shown some remarkable properties of  bio-gums obtained from 
acacia gum, cassava starch and the gum of  the bark of  Triumfetta pendrata A. Rich. The mode of  operation 
of  the different gums in the cementitious system is complex and requires further understanding. Much of  
the effects can be explained by the polymer sizes and size distributions as well as their interactions with 
particle surfaces and calcium ions in the aqueous phase of  cement paste.
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Functionalization of  fibres for cement-
based materials – selected test methods

J. von Werder1, A. Gardei1, B. Meng1

1Bundesanstalt für Materialforschung und -prüfung, Unter den Eichen 87, 12205 Berlin, Germany, julia.von-werder@
bam.de

Abstract 

The low tensile strength of  cement-based materials can be improved by the addition of  fibres. In a joint 
research project, an industrial partner designed special coatings for polymer and carbon fibres by integrating 
surfactants and hydrophilic compounds. Aim of  the developed functionalization was to ensure an even 
coverage of  the fibre surfaces and to anchor them chemically in the cement-based matrix. Task of  the 
BAM was to quantify the effect of  the improved bond. In a first step a workable mortar adjusted to the 
strength of  the tested fibres was developed and the fibre distribution assessed by light microscopy and 
computed tomography. To test the new coating for its efficiency to prevent cracking during hardening and 
to improve the loadbearing behaviour new test setups were developed or existing methods were adjusted. 
The experiments showed that the functionalization leads to a reduction of  the crack area measured after 
the exposure of  the wet mortar to strong drying conditions in the wind channel. Regarding the efficiency 
to mitigate shrinkage cracks the functionalisation turned out to be more efficient for fibres made from 
polyacrylonitrile (PAN) than for carbon fibres. An improvement of  the tensile strength after cracking of  
the cementitious matrix could only be documented for the coated carbon fibres. It could be quantified, 
however, only in the three-point bending tests because the fibres turned out to be too brittle for the applied 
single fibre pull-through test.

Keywords: fibres, functionalization, mortar, computed tomography, shrinkage

1. Introduction

Cement based materials play a decisive role in the building materials sector because of  their economic and 
technical benefits. To further improve their applicability and durability regarding special applications, they 
are more and more frequently equipped with fibres made from different types of  material like for example 
steel, carbon or polymers. Due to their superior mechanical performance, even carbon nano tubes are used 
[1]. Fibres are added because of  different reasons. Within renders as part of  external thermal insulation 
composite systems (ETICS) for example their purpose is to permanently absorb the tensile and flexural 
stress resulting from thermal and hygric loads [2]. In other cases, their primary aim is to reduce shrinkage 
cracking during the hardening process [3,5] or to prevent explosive spalling in case of  fire [6].

The effectiveness of  fibres is based on the dissipation of  the fracture energy due to the adhesive friction 
between the fibres which are in most cases hydrophobic and the hydrophilic hardened cement paste. This 
pure physical interaction between fibres and matrix requires a certain amount and length of  fibres [2] for 
a specific load case which can lead to technical restrictions in terms of  workability especially for slender 
components with high requirements regarding mechanical strength (ultra-high-performance concrete). 

Aim of  a joint research project with an industrial partner was therefore, to improve the fibre performance 
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by the integration of  surfactants and hydrophilic compounds into a new polymeric coating. The 
functionalization was designed to allow an even coating and to make the surface of  the fibres hydrophilic so 
that a chemical bond between the fibres and the hardened cement paste is established [7,9]. The preparation 
process of  the fibres was developed and continuously refined by the project industrial partner. Task of  the 
BAM was to quantify the improved chemical bond between the fibres and the cementitious matrix due to 
the new functionalization. To evaluate the effect on the mechanical performance and the shrinkage cracking 
in comparison to uncoated reference fibres existing tests had to be adjusted and new test set-ups had to be 
developed 

2. Methodology

2.1 Materials
To analyse the performance of  the functionalization a mortar with a good workability allowing a 
homogeneous distribution of  the fibres had to be designed. Furthermore, the strength of  the mortar 
had to be carefully adjusted so that a differentiation between the performance of  the standard untreated 
fibres (reference) and the chemically functionalized fibres was feasible. To achieve a significant number 
of  evaluable cracks in the wind tunnel test, the formulation was impoverished by adding a substantial 
proportion of  limestone powder (Table 1).

Table 1: Formulation of  the cement mortar to evaluate the effectiveness of  the functionalization

Component Weight 

g

CEM I 32,5 R 270

limestone powder 1145

standard sand 1350

water 550

Fibres for test were selected from different material types: polyacrylonitrile (PAN), polypropylene (PP) and 
carbon (Table 2). The carbon fibres were covered by an epoxy-coating. In the course of  the research project 
two different batches of  the same carbon fibres were ordered.

For mixing the fibres into the mortar two different modes were tested: in the first case they were added in 
a wet state immediately after the treatment with the agent and in the other case they were put in after the 
treatment agent had dried on their surface.

  

1a)    1b)    1c)
Figure 1: PAN fibres (1a), PP fibres (1b) and carbon fibres (1c).

IC
SBM

 2019
ID

 002



889

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 0

02

889

IC
SBM

 2019
ID

 002

Table 2: Physical properties of  the fibres used in the study.

Sample Length Diameter Young’s Modulus Tensile strength Raw density Fibre surface (dry)

mm µm kN/mm² N/mm² g/cm³ cm²/g

PAN 4;6;8;12 15 15-20 330-530 1,18 2250

PP 4,6; 6 15,4 4-18 320-560 0,9

Carbon 6 7 240 4.000

2.2 Methods
The workability of  the mortar, depending on the amount of  fibres added, was quantified by the flow spread 
according to DIN EN 1015-3 [10].

Because of  their fluorescent properties, the distribution of  the PAN-fibres within the cementitious matrix 
was analysed in a first step two dimensionally by optical microscopy employing ultraviolet light. For this 
microscopic analysis polished cross sections of  standard prims (40 x 40 x 160 mm³) were used. The three-
dimensional analysis of  the fibre distribution was performed by x-ray computer tomography (3D-CT) using 
small cores with a maximum diameter of  10 mm and a minimum length of  20 mm. These samples were 
drilled out of  solidified standard mortar prisms, which were impregnated with epoxy resin for stabilization. 
The measuring principle of  the 3D-CT is based on the radiography of  a sample from different angles during 
the stepwise rotation around 360°. By specific reconstruction algorithms the spatial distribution of  the 
X-ray absorptivity coefficient α is calculated from the individual images and visualized three-dimensionally 
by the allocation of  greyscales (Figure 2).

The distribution of  the carbon fibres could only be examined under the light microscope. Due to the small 
difference in x-ray absorptivity to the mortar matrix a three-dimensional analysis by CT was not possible.

The flexural strength after the incipient crack was quantified by calculating the energy of  deformation from 
the area under the load-deflection-curve resulting from a three-point bending tests of  mortar prisms (mean 
value of  a set of  three mortar prisms 40 x 40 x 160 mm³).

Figure 2: Measuring principle of  the 3D-CT.

To exclude effects due to the distribution and orientation of  the fibres, the improvement of  the bond 
between the fibres and the matrix was additionally quantified by a fibre pull-through test. For the test set-up 
individual fibres with a larger diameter (PAN: 80 μm and PP: 72 μm) and a length of  2 cm were embedded 
into the fresh mortar of  small specimens with a thickness of  2, 3 and 4 mm (Figure 3).
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3a)     3b)
Figure 3a: Form work of  the samples made for the individual fibre pull-through test
Figure 3b: Specimens in the thickness of  2,3 and 4 mm with embedded fibres

The shrinkage behaviour was evaluated according to the test procedure of  the German Institute for Building 
Technology (DIBt) for the entrance examination for the approval of  polymer fibres to be used in concrete 
[11,13]. To provoke shrinkage cracks, paving slabs of  the size 30 x 30 cm² were plastered with the different 
fibre-mortar mixes and afterwards rapidly dried in a wind channel at 30 °C and 50 % relative humidity at a 
wind speed of  5 m/s (Figure 4). 

For the analysing procedure after rapid drying three areas (16 x 16 cm²) were selected, and digitized (with a 
resolution of  50 µm/pixel). From these images the length and the width of  all cracks above 100 µm were 
measured and the crack opening area was calculated.

Figure 4: Wind channel with four previously plastered paving slabs (30 x 30 cm) in a climate 
chamber operated at 30° C and 50 % relative humidity

3. Results and discussion

As expected, the addition of  fibres had a significant impact on the properties of  the freshly mixed mortar. 
Figure 5 shows the correlation between increasing fibre content and increasing stiffness of  the mortar, 
which is reflected by a decreasing flow spread and confirms the observations by [14]. The decreasing flow 
spread with increasing volume content of  fibres is most prominent for the carbon fibres (Figure 5) and least 
pronounced for the PP fibres. The mode of  addition of  the functionalized fibres (in the wet or dry state) as 
well as the length of  the fibres seems to have no or rather a minor impact on the flow spread in such tests.

The analysis of  the two-dimensional fibre distribution revealed that an increasing fibre content favours 
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the agglomeration of  fibres (Figure 6). The three-dimensional analysis further illustrates that the spatial 
distribution is not homogeneous in terms of  amount and preferred orientation (Figure 7). The smaller 
amount of  untreated PP fibres in the reference sample (Figure 7a) indicates that the functionalization 
improves their even distribution (Figure 7b). As already confirmed for the mortar with 0,5 Vol.-% of  PAN 
fibres by optical microscopy (Figure 6a) the 3D-CT images show that also the mortar with 0,5 Vol.-% of  
PP fibres does not agglomerate. It could be demonstrated that the orientation distribution function derived 
from the 3D-CT results can be used for calculation of  the effective elastic properties of  polymer fibre 
reinforced concrete [15, 16].

Figure 5: Flow spread fibres according to the fibre content and the mode of  addition (mean of  two 
measurements with a maximum standard deviation of  6 mm)

 

6a)    6b)
Figure 6: Sections of  mortar prisms with PAN fibres (length = 4 mm) under UV-light

6a) 0,5 Vol.% 6b) 1,0 Vol.-%
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7a)    7b)   
Figure 7: Three-dimensional distribution of  PP in the cement mortar (fibre-content: 0.5 Vol.-%, 
fibre length: 4,6 mm) analysed by CT with colour code attributed to the fibre orientation
7a) reference 7b) functionalized, wet

The load deflection curves from the three-point bending test, shown in Figure 8, illustrate if  maximum load 
has been reached the matrix breaks and the load is transferred to the fibres. The higher the load related to 
the deformation, the more efficient is the transfer of  loads due to adhesion and friction. To compare the 
mechanical performance of  the mortars the energy of  deformation is calculated which is represented by 
the area below the load-deflection curve. For the addition of  0.05 Vol.-% of  carbon fibres the energy of  
deformation increases up to 50 %, when the functionalized carbon fibres are compared to the hydrophobic 
reference (Figure 9). To provide reliable statistics, however, numerous retries were performed in which it 
turned out that the magnitude of  improvement also depends on the batch of  fibres. Whereas one batch 
of  carbon fibres exhibited a comparable low energy of  deformation in the not treated reference state, the 
next order was characterized by a high level already for the reference so that the potential for improvement 
decreased. Using scanning electron microscopy, no differences could be distinguished regarding the surface 
structure of  the fibres, so that chemical differences of  the epoxy coating might be an explanation.

Figure 8: Envelope curves of  the minimum and maximum values for load and def lection of  three 
mortar prisms with 0,05 Vol.-% carbon fibres, not treated versus functionalized, added in the wet 
and in the dry state 
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Figure 9: Energy of  deformation calculated from the area under the envelope curves from Figure 
8 until a def lection of  1 mm

As expected, optimum fibre contents can be defined regarding the optimization of  the post-cracking 
behaviour. While for mortars containing the not treated fibres (reference) the energy of  deformation 
increases up to a fibre content of  0.3 Vol.-% (Figure 10), the maximum is already reached at 0.1 Vol.-% for 
the functionalized fibres.

Figure 10: Minimum and maximum values (3 prisms) of  the energy of  deformation of  mortars with 
increasing contents of  not treated carbon fibres (reference)

Whereas the addition of  fibres increases the energy of  deformation for all types of  materials, only for the 
much stiffer carbon fibres a further improvement by the functionalization of  the fibres could be measured. 
The reason for the inefficiency of  the functionalization applied to the elastic PAN and PP fibres could be 
the lateral contraction under load, which might lead to a delamination of  the chemical bond between the 
hydrophilic fibre surface and the cementitious matrix. The results gained for the elastic fibres in the three-
point bending test are confirmed by the individual fibre pull-through test. The load-displacement curve 
illustrates that after reaching the maximum load the bond between the fibre and the cementitious matrix 
breaks abrupt and subsequently the fibre is pulled out through the sample (Figure 11a). The PAN fibres 
exhibited in general higher maximum pull-out loads as the PP fibres. Both types of  fibres however show no 
increase in the maximum load for the functionalized fibres compared to the reference, as shown in Figure 
11b for the PAN fibres. The improvement of  the mechanical performance by the functionalization of  the 
carbon fibres quantified by the energy of  deformation could unfortunately not be verified by the pull-
through test. The brittle fibres broke while imbedding them into the mortar specimens so that the actual 
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test could not be performed.

  

11a)       11b)

Figure 11a): load displacement curve of  an untreated PAN fibre with an embedment depth of  4 mm
Figure 11b): Median values of  the maximum loads (n=9) for the reference fibres and the 
functionalized PAN fibres with an embedment depth of  4 mm

The analysis of  the crack formation due to shrinkage promoted by the wind tunnel test turned out to be very 
sensitive to slightest changes in the test conditions. The simultaneous test of  several specimens positioned 
one after another (Figure 4) or in different heights did not generate consistent results. Also, specimens 
which were positioned in the wind channel with a delay of  10 minutes were not comparable to specimens 
moved immediately after manufacture. A further challenge was to define the content of  untreated reference 
fibres. The volume had to be adjusted to allow enough crack formation so that a reduction due to the 
functionalization could be measured. After many preliminary tests and retries it could be proved that a fibre 
amount of  0,05 Vol.-% is suitable to evaluate the functionalization of  the PAN fibres and for the carbon 
fibres an even smaller amount of  0,025 Vol.-% is enough. For the PAN-fibres the addition of  untreated 
fibres did not decrease the formation of  shrinkage cracks whereas the addition of  functionalized fibres 
reduced the average crack opening area by about 50 %. The samples containing standard carbon fibres 
exhibited a reduction of  about 10 % compared to the samples without fibres and the functionalization of  
the fibres further reduced the average crack opening area further by about 30 % (Figure 12).

Figure 12: Geometrical parameters of  the shrinkage cracks analysed after the wind tunnel test 
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normalized to 100 % of  the specimen without fibres

4. Conclusions

• The tests performed confirm that the special functionalization developed by the project partner is 
efficient in improving the bond behaviour between the fibres and the cementitious matrix.

• To assess the efficiency of  the functionalization in reducing shrinkage cracking a very lean mortar had 
to be formulated. Only after diluting the mortar with a high amount of  limestone powder and strongly 
reducing the amount of  fibres enough cracks were formed in the wind tunnel test.

• The test set-up to evaluate the crack formation during accelerated shrinkage in the wind tunnel proved 
to be very sensitive to slightest changes in the test conditions and therefore requires adequate statistics.

• For the mortar selected it could be demonstrated that the functionalization effectively reduced the 
average crack opening area for the elastic PAN fibres as well as for the brittle carbon fibres. Due to their 
worse performance in the individual pull-through test the analysis of  the PP fibres regarding shrinkage 
cracking was deferred.

• The potential increase in ductility of  the functionalization was evaluated by calculation of  the energy of  
deformation derived from three-point bending tests. An improved mechanical behaviour could only be 
measured for the functionalized carbon fibres. The degree of  improvement further proofed to depend 
on the batch of  fibres. The maximum amount of  functionalized fibres for achieving effectiveness was 
specified as 0,1 Vol.-%

• The results derived from the individual pull-through test confirmed that the functionalization of  the 
polymer fibres does not affect the load transfer after incipient crack and are therefore in accordance 
with the results from the bending test. Because of  their brittleness the pull-through test could not be 
performed with the carbon fibres.

• The analysis of  the three-dimensional fibre distribution by CT revealed that the polymer fibres added 
in small amounts do not agglomerate but are not homogeneously distributed and oriented. The 
calculation of  the effective elastic properties based on the derived orientation distribution function 
requires therefore adequate statistics.
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Abstract

5% of  all man-made emissions of  the greenhouse gas carbon dioxide in the world is generated by the cement 
industry. The bioconversion of  CO2 into multicarbon products of  interest such as biofuels is a particularly 
efficient and versatile strategy to create value from greenhouse gas and to reduce their footprint on the 
environment. Chemical or biological CO2 reduction requires an energy source, which ideally should be 
renewable and inexpensive. One promising and novel technology for biological CO2 reduction is microbial 
electrosynthesis (MES) where a biocatalyst uses electrons from the cathode of  an electrochemical system 
to reduce inorganic carbon into useful organic carbon molecules. 

In essence, MES makes it possible to plug biocatalysts into the power grid and tap energy for biological 
CO2 conversion. Electrochemical systems for MES are usually powered by renewable sources of  electricity 
such as wind or solar. Additionally, MES reactions can also be partly driven by useful biological oxidation 
reaction at the anode such as organic carbon removal from municipal, commercial or industrial wastewater. 
Here, we describe the development of  a novel high-performance cathode for MES made of  a copper 
foam core and coated with reduced graphene oxide (rGO). Copper is a highly conductive and inexpensive 
cathode material widely employed in electrochemical apparatuses. However, the antimicrobial properties of  
copper limit its usage in bioelectrochemical systems. 

Thus, we coated biocompatible and conductive rGO on copper foam and tested the resulting electrode 
in a MES system where the acetogenic bacterium Sporomusa ovata was catalyzing the conversion of  
electricity and CO2 into acetate. The novel composite cathode combines the outstanding physicochemcial 
and electrical properties of  copper with the biocompatibility of  rGO to enable the fast MES of  acetate at a 
rate of  1697.6 mmol m-2 d-1. A current density of  -21.6 A m-2 and a Coulombic efficiency of  70.2 % were 
also observed. Acetate production rate by MES with the rGO-coated copper foam cathode was 21.3 times 
and 7.6 times faster than uncoated copper foam and pure rGO foam cathodes, respectively. 
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The results demonstrated the potential of  copper in bioelectrosynthesis systems and led to the conclusion 
that rGO-copper foam composite is a promising cathode material for the scaling up of  MES and the 
reduction of  CO2 emitted by industries such as cement.

Keywords: Carbon dioxide emission, Bioproduction, Microbial electrosynthesis, Bioelectrochemistry, 
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Abstract

In the transition towards a more sustainable energy system, renewable energy sources, e.g. wood, are of  
significant importance in the withdrawal of  the coal-fired power plants. This leads to a decrease in the 
availability of  the by-product coal fly ash, which is traditionally used in the concrete production, and to an 
increase in the residual waste, wood ash. The performance of  wood ash in cementitious materials varies 
markedly throughout the literature depending on the physicochemical characteristics, determined by, e.g. the 
wood product, temperature, combustion method, and on pretreatment of  the wood ash before utilization. 
This aim of  this study was to determine the influence from the physicochemical characteristics of  wood ash 
from grate combustion of  wood pellets and the properties of  cementitious materials. The work includes 
both with partial cement replacements with the untreated (marked WA) and prewashed WA (marked WA-
W). 

The WA was divided into two portions. One portion was subjected to a washing treatment as follows: WA 
and distilled water were mixed to an L/S (liquid-to-solid) ratio 5 and shaken for 1 min. After settling, the 
water was decanted. This procedure was repeated three times and the suspension was vacuum-filtered. The 
morphology of  the particles for cement, WA and WA-W was evaluated with SEM. Cementitious materials 
with 10 wt% cement replacement with WA and WA-W, respectively, were investigated. The w/b-ratio 
for all mixes was kept at 0.55. The workability was determined according to EN 196-3, the setting time 
according to EN 196-3 and the compressive strength at 7, 14, 28, 60 and 90 days according to EN 196-1. 
Development of  phases were measured on cement paste with 10 wt% cement replacement with WA and 
WA-W, respectively, by XRD and TGA at 7, 14, 28, 60 and 90 days. Reference tests were conducted for all 
test with 100 wt% cement.   

Use of  WA and WA-W in the mortar mix resulted in a decrease in the workability due to the water absorption 
of  the WA and WA-W and a delay in the setting time compared to reference mixtures. A more distinctive 
decrease in the compressive strength was seen for WA compared to WA-W. The delayed setting time and 
the decrease in compressive strength can both be attributed to the clinker dilution effect for both ashes. 
The rounded particles (filler effect) determined by SEM and the increase in portlandite content determined 
by TGA for WA-W can explain the higher compressive strength when WA-W is utilized compared to WA. 
The phase development showed a decrease for portlandite and the ettringite content for pastes containing 
WA and WA-W, more profound for WA. Thus, the washing treatment of  wood ash from grate combustion 
of  wood pellets facilitates a wood ash more suitable for utilization in cement-based materials. 

Utilization of  wood ash in cementitious materials presents new challenges. However, due to the possibility 
for hydraulic activity and the particles to function as a filler, the potential for wood ash as a partial cement 
replacement should be taken into consideration for new and sustainable cementitious materials. 

Keywords: wood ash, prewashing, cementitious materials
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Abstract 

Appropriate curing is of  utmost importance to guarantee that a concrete structure (or any cementitious 
material) achieves proper hydration and can provide the user with the best of  its desired properties. For 
most of  conventional concrete compositions external curing has proven to be effective, but the advent 
of  the (ultra) high performance showed a different reality. Given its finer microstructure, the water from 
external curing methods cannot always penetrate the whole depth of  the structure. External curing thus is 
not efficient in preventing problems such as cracking due to autogenous shrinkage, but a solution could be 
to include an internal curing system. Alternative inclusions such as lightweight aggregates and shrinkage-
reducing admixture (SRA) have been studied and used as internal curing agents. Recently, researchers have 
been investigating the use of  hydrogels or superabsorbent polymers for internal curing purposes and the 
results are promising. In this paper three different “in-house” produced polymers are studied as internal 
curing agents in cement pastes. The polymers differ in chemical composition leading to different properties. 
Initially they were tested for the water uptake in artificial cement pore solution by means of  a filtration test 
and further tested in cement pastes with a range of  w/c ratios from 0.30 to 0.40. Their efficiency as internal 
curing agents was assessed by means of  autogenous shrinkage measurements with corrugated tubes for 
a period of  seven days. All three polymers showed promising results in the mitigation of  the autogenous 
shrinkage but two of  them with the pitfall of  requiring a higher amount of  additional water. To summarize, 
the hydrogels are indeed interesting as internal curing agents but attention should be given to their chemical 
composition and physical aspects since for each application different properties are required. 

Keywords: hydrogels, autogenous shrinkage, cement, superabsorbent polymers.

1. Introduction

Most of  the deteriorating mechanisms acting on concrete structures are related to the ingress of  aggressive 
agents inside structures. Even before reaching its hardened state, a cement-based material is subjected to 
crack formation especially due to the effects of  shrinkage during the early age. The formed porosity of  
the material can become the perfect path for the ingress of  those aggressive agents. After the formation 
the water intrusion causes a drop in pH of  the concrete that can lead to steel corrosion; the ingress of  
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chlorides causes the de-passivation of  the protective film, the intrusion of  CO2 can cause carbonation and 
both processes can accelerate the corrosion.

The shrinkage phenomena, especially when referring to autogenous and plastic shrinkage, are inherent to 
the hydration process of  the cementitious material and (among other factors) are a function of  the water-
to-cement ratio and curing conditions (temperature and humidity). The autogenous shrinkage is related to 
the self-desiccation initiated in the pores of  the material due to the hydration process [1].

Appropriate curing is of  utmost importance to guarantee that a concrete structure (or any cementitious 
material) achieves proper hydration and can provide the user with the best of  its desired properties. For 
most of  conventional concrete compositions external curing has proven to be quite effective, but the advent 
of  the (ultra) high performance showed a different reality. Given its finer microstructure, the water from 
external curing methods cannot always penetrate the whole depth of  the structure. External curing thus is 
not efficient in preventing problems such as cracking due to autogenous shrinkage, but a solution could be 
to include an internal curing system. Alternative inclusions such as lightweight aggregates and shrinkage-
reducing admixture (SRA) have been studied and used as internal curing agents. Recently, researchers have 
been investigating the use of  hydrogels or superabsorbent polymers (SAPs) for internal curing purposes 
and the results are promising [2-4].

Superabsorbent polymers (or hydrogels) are a natural or synthetic water-insoluble 3D network of  polymeric 
chains cross-linked by chemical or physical bonding. They possess the ability to take up a significant amount 
of  fluids from the environment (in amounts up to 500 times their own weight). The swelling and posterior 
water release are of  great interest in the study of  smart self-healing materials but can also be explored to 
promote self-sealing [2-5]. In this paper, three different in-house produced SAPs are presented as alternative 
for promoting internal curing in cement pastes.

All SAPs are produced with different co-monomers (Figure 1), each of  them being designed to have 
different swelling capacities. The required properties of  the SAPs were based on the properties found in 
literature for commercially available SAPs aiming at a proper internal curing of  cementitious materials.

The internal curing efficiency of  the SAPs was evaluated by means of  an autogenous shrinkage test. A 
filtration test and slump flow test were also performed to assess the water uptake by the SAPs and their 
influence in the workability of  the mixtures. 

Figure 1: Co-monomers that were used in the SAPs from ChemStream.

2. Methodology

2.1 Materials
All tests were performed on cement pastes produced with cement type CEM III-B 42.5N – LH/SR; a 
polycarboxylate superplasticizer (at a constant dosage of  0.3 m% in relation to the cement mass; Glenium 
51, 35% conc.); an effective water to cement ratio of  0.3; three different hydrogels (all in-house produced) 
with a dosage in the range of  0.023 m% to 0.4 m%. The composition of  the studied mixtures can be found 
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in Table 1.

Table 1: Composition of  the mixtures studied.

Mixture Cement [kg/
m3]

Mixing 
water [kg/

m3]

Superplasticizer 
[kg/m3]

SAP  [kg/m3] 
(m%)

Additional water 
[kg/m3]

w/c

Effective Total

REF1 1620 486 4.86 0 0 0.3 0.3

REF2 1490 447 4.47 0 0 0.354 0.354

SAP1.1 1490 447 4.47 0.34 (0.023%) 80.46 0.3 0.354

SAP1.2 1198 359.4 3.59 1.31 (0.11%) 259.96 0.3 0.517

SAP2.1 1490 447 4.47 2.01 (0.135%) 80.46 0.3 0.354

SAP2.2 1393 417.9 4.17 2.78 (0.2%) 139.3 0.3 0.4

SAP3 1490 447 4.47 5.96 (0.4%) 80.46 0.3 0.354

All SAPs were produced by ChemStream and have been tested specifically for use in cementitious materials. 

SAP type 1 is a SAP composed of  2 co-monomers NaAMPS (2-acrylamido-2-methyl-1-propanesulfonic 
acid sodium salt) and SVS (sodium vinyl sulfonate) that are lightly cross-linked. Both co-monomers contain 
the sodium salt form of  a sulphonic acid group, which leads to a very densely charged hydrogel with great 
osmotic power for absorbing water. This type of  SAP-composition is based on ChemStream’s prior art 
EP2835385. 

SAP type 2 is a SAP that is similar to SAP type 1, since it mainly consists of  co-monomer NaAMPS, but 
it is ‘diluted’ with a non-charged or neutral monomer ACMO (acryloyl morpholino acrylate) (20% mol).  

SAP type 3 is also very similar to SAP type 1, because it is solely composed of  monomer NaAMPS but with 
a lower absorption capacity. 

More information on the properties of  the SAPs can be found in Table 2.

Table 2: Properties of  the SAPs.

SAP Mean particle size D50 
[μm] Absorption capacity* [g/g] Soluble materials  [%]

SAP1 100 275 36

SAP2 100 261 9

SAP3 100 54 8
* For absorption in demineralized water after 24 hours

2.2 Methods
The absorption capacity of  the SAPs was evaluated by means of  a filtration test using cement filtrate (1 kg 
of  cement CEM III-B 42.5N – LH/SR and 5 l of  demineralized water) at 10 min and 24h after the first 
contact of  the dry hydrogels with water. 

Afterwards the absorption capacity in real cement pore fluid was assessed by means of  slump flow test with 
the cement pastes mentioned in Table 1. The principle of  this test is to add a certain amount of  SAPs to a 
cement paste with w/c of  0.354 (theoretical value for a complete hydration of  the system according to [6, 
7]) until the slump flow measured equals the value of  the reference cement paste REF1. By doing so, it is 
assumed that the difference in water content of  both reference mixtures (w/c of  0.054) is totally absorbed 
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by the SAPs. The average slump of  the reference mixture REF1 was 300 ± 15 mm. The measurements were 
performed after 10 min counted from the moment the water was added to the mixture.

The internal curing effect of  the SAPs was evaluated by means of  a shrinkage test, performed with 
corrugated tubes, in compliance with ASTM C1698-09. The measurements of  deformation were performed 
automatically with linear variable differential transducers (LVDT) with a range of  5 mm (Figure 2). From 
the total deformation curve, the autogenous shrinkage strain was calculated zeroing the deformations at the 
knee-points of  the original curves [8] (Figure 3).

Figure 2: Set up for the autogenous shrinkage measurement.

In some cases, the amount of  SAP determined to absorb the additional amount of  water corresponding 
to the additional 0.054 in the w/c ratio was not enough to completely mitigate the autogenous shrinkage 
of  the mixture. For those cases, the amount of  SAP was increased and the additional water inserted in the 
system was corrected to achieve a fully mitigation of  the autogenous shrinkage. This justifies the existence 
of  mixtures SAP1.2 and SAP2.2 (shown in Table 1) for which results will be presented in the following 
section.

Figure 3: Illustration of  the knee-point in the shrinkage strain curve over time for a cement paste.

3. Results and discussion

The absorption capacity of  the SAPs in the different media shows different trends in behavior for the 
studied hydrogels (Figure 4). 
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Figure 4: SAP1 and SAP2 present a higher absorption capacity in cement paste in comparison with 
cement filtrate. SAP3 shows the opposite.

SAP1 and SAP2 both present a higher absorption capacity in the cement paste in comparison to the 
cement filtrate solution. The opposite was noticed with SAP3, which is in accordance to the behavior of  
commercially available hydrogels reported in other studies [9]. By increasing the amount of  SAPs in the 
system (mixtures SAP 1.2, and SAP 2.2) the increase in the required additional water did not show a linear 
behavior. This is also mentioned by [10] and can be explained by the change in the concentration of  ions 
in the system that occurs when more water is added and its influence on the sorption/desorption kinetics 
of  SAPs.

In terms of  chemical composition, SAP1 is more densely charged in comparison to SAP2 and SAP3 which 
theoretically would lead to a higher absorption capacity. The fact the this absorption is higher in the cement 
paste in comparison to the cement filtrate shows evidence that more variables are influencing the kinetics 
of  the SAPs once they are in contact with the paste (the presence of  superplasticizer, for example). 

The results for autogenous shrinkage of  the mixtures are show in Figure 5. 

Figure 5: All SAPs promote a reduction in the autogenous strain of  the cement paste in comparison 
to the references without SAPs. SAP3 shows the most promising result in terms of  additional water 
and effective internal curing.

All SAPs promote a reduction in the autogenous strain in comparison to the both references. Considering 
only the mixtures SAP1.1, SAP2.1 and SAP3 in comparison with the REF2 (all of  them with the same total 
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w/c ratio) only SAP3 is able to completely mitigate the autogenous shrinkage. Still, both mixtures SAP1.1 
and SAP2.1 show a shrinkage strain lower than the reference.

In both mixtures SAP1.2 and SAP2.2 there is complete mitigation of  the autogenous shrinkage during 
the complete period of  testing (seven days). However, the total w/c ratio of  both mixtures is higher in 
comparison to the references (0.517 and 0.4). In that case, in order to verify the real efficiency of  the SAPs 
in those mixtures, new references should be mixed with the same w/c ratios (0.517 and 0.4) to assess till 
what extent the mitigation of  shrinkage is due to the controlled released of  water promoted by the SAPs or 
due to the higher amount of  free water in the system. Also for clarification of  that matter, the water release 
of  the SAPs in the mixtures should be investigated, especially for SAP1 and SAP2. This should reveal why 
SAP3 showed a completely mitigation of  the autogenous shrinkage with the same w/c ratio as REF2 while 
the other SAPs needed to be added in a dosage higher than initially defined.

4. Conclusions

Despite the differences in chemical composition and properties, all SAPs showed promising results. In 
the range of  0.2-0.4 m% a complete mitigation of  autogenous shrinkage was obtained with a very small 
increase in the total w/c of  the mixtures and an amount of  0.1% led to a reduction of  around 80% in the 
shrinkage strain.

SAP1 and SAP2 showed a different behavior depending on the amount of  SAP and water in the system, in 
comparison with SAP3. Further study is needed to investigate the kinetics of  water release by the SAPs in 
the different situations presented in this paper.

The addition of  SAPs and water in the system might also have effects (not only positive) on other aspects 
of  the cementitious materials such as mechanical strength, setting time, microstructure and so on. All these 
influences should be taken into account when deciding to use a specific type of  SAP and a balance should 
be made between its positive and negative influences in order to choose the SAP that best suits a certain 
application.
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The course of  water absorption and 
desorption from superabsorbent polymers 

(SAP) in cementitious environment

M. Kalinowski1, P. Woyciechowski1

1Warsaw University of  Technology, Department of  Civil Engineering.

Abstract 

Superabsorbent polymers (SAP) are compounds that are able to absorb water increasing their mass and 
volume, resulting in mass exceeding the staring value by hundreds times or more. Their absorption capacity 
depends on the water absorption environment – the higher alkali content, the worse is the capacity. In terms 
of  concrete technology, the laboratory tests results indicate that the SAP absorption capacity in tap water is 
about ten times higher than in the environment of  liquid solution of  alkali content which is to simulate the 
cement paste environment. Taking into consideration the potential function of  SAP in hardening process 
of  cement binder as an. internal curing agent, the course of  desorption of  water from SAP particles should 
be taken into consideration while designing composites. The paper investigates the course of  SAP water 
absorption/desorption in the environment of  cement pastes of  water/cement ratio ranging from 50 to 
0.5, by means of  a teabag tests. In regards to absorption tests results it was found that the absorption 
capacity of  SAP decreases along with the decrease of  the water/cement ratio. To evaluate the dynamics of  
course of  water absorption of  SAP, the time of  reaching the 95% of  the maximal absorption was analysed. 
Depending on the water/cement ratio of  the absorption environment, it occurred within 2-40 minutes 
from the preparation of  cement paste. The methodology of  tests of  water desorption from SAP included 
obtaining full saturation of  SAP in the tap water and placing it in the cement paste solutions of  water/
cement ratios varying from 50 to 0.5. and determining the course of  SAP mass change in time. It was found 
that in cementitious environment the process of  water desorption from SAP was much slower than in case 
of  water absorption. Desorption tests lasted approx. 24 h depending on the water/cement ratio. Obtained 
results show strong impact of  paste characteristics on the course of  SAP water absorption and desorption 
in various cementitious composites. 

Keywords: superabsorbent polymers, absorption, desorption, water migration, cement composites.

1. Introduction

Superabsorbent polymers (SAP) could be described as a group of  cross-linked polyelectrolyte polymers 
capable of  absorbing high amounts of  water while maintaining a three-dimensional structure [1-2]. Due 
to high osmotic pressure caused by accumulation of  ions in SAPs structure, when exposed to water 
environment superabsorbent polymers swell, i.e. absorb water, in order to reduce aforementioned pressure 
[3]. With such a model of  SAPs interaction with water solutions in mind, its absorption capacity depend not 
only on the chemical composition of  any given SAP but is also influenced by external pressures resulting 
from SAPs change in volume in the process of  absorbing water [4]. Additionally, the alkalinity of  the 
environment in which the absorption takes place has an influence on the overall absorption capacity [5]. 

In concrete technology SAP is used as an internal curing agent – if  the balance between osmotic pressure 
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within SAP saturated with water and the internal stresses in cementitious composite is lost, SAP is able 
to reduce its volume, i.e. desorb water [6]. By using this effect, the kinetics of  water migration within 
the capillary network can be altered and wide range of  composite properties can be affected as a result, 
including modification of  the degree of  hydration [7], autogenous shrinkage [8], compressive strength [9] 
or changes in pore network distribution itself  [10]. With such an impact on properties of  cementitious 
composites, in order to fully predict and control the influence of  SAP only on the properties that one 
wants to alter, as much information on properties of  SAP in cementitious environment as possible should 
be gathered, including SAPs granulation and its properties concerning course of  water absorption and 
desorption in the cement paste environment. Those properties would be crucial to predict SAPs capabilities 
to modify the capillary network and alter the water migration within the cementitious composite. 

In order to evaluate water absorption properties of  SAP, several testing methods have been developed, 
including teabag method test and others [11]. Usually, these tests are performed in liquid solutions that 
are to simulate the pH and alkali content of  cement paste. However, those variables are not the only ones 
that have the influence on SAP properties in a cement paste. Another property of  cement pastes that 
cannot be taken into account in an absorption tests performed in a liquid environment is that cement 
paste environment could be described as a porous fluid consisting of  several phases. Those contribute to 
changes in the kinetics of  water migration compared to tests performed in liquid water solutions, i.e. by 
taking into account the impact of  solid particles of  cement in the absorption/desorption environment on 
the SAP properties and the capillary pressures resulting from presence of  several phases in the cement 
paste . By studying and experimenting with SAP behaviour in the environment most similar to the one of  
cementitious composite, ambiguous SAP influence may be easier to quantify. 

The aim of  the study was to investigate the course of  water absorption and desorption from SAP in 
cementitious environment and identify variables that have the biggest impact on SAP properties. By modifying 
the content of  cement particles in tested solutions, i.e. by performing water absorption/desorption tests 
in cement pastes of  different water-cement ratios, an environment most close to the actual SAP activation 
environment in concrete technology was created. SAP is most usually used in concrete technology as an 
internal curing agent. It would suggest that the desorption mechanics of  those polymers should have the 
biggest significance when designing cement composites modified with that kind of  modifier. The role of  
internal curing agents in composite is to maintain the internal humidity within the pore/capillary network 
at as high level for as long as possible. Without understanding SAPs properties concerning course of  water 
desorption and focusing only on the water absorption properties, full potential of  SAP may be yet not fully 
achieved in concrete technology. By focusing only on SAP absorption properties, a misinterpretation of  its 
properties is indicated by assumption that the course of  water desorption from SAP is directed in the same 
way as course of  water absorption but with negative coefficients. 

The information about SAP absorption potential in activation environments characterized by different 
water-cement ratios may also ensure an useful approximation of  the change in SAP properties dependent 
on water-cement ratio and help to improve its effectiveness in concrete technology. Others articles on the 
subject of  SAP absorption characteristics in different environments suggest that absorption potential in 
liquid environments with high alkali content is of  a level of  magnitude lower then in the environment of  
water. By confirming this hypothesis, simplification of  SAP properties could be formed and the design 
process of  cement composites incorporating SAP could be developed.
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2. Methodology

2.1 Materials
Cement CEM I 42,5 N was used as a binder in all of  the tested cement pastes. Its properties were in 
accordance with EN 196 standard. In order to obtain cement pastes with various water-binder ratios, 
water with properties in accordance with EN 1008 standard was used. Prepared cement pastes that served 
as water absorption/desorption environment for SAP were characterized by different water-binder ratios 
(Tab. 1). The water-cement ratios of  the tested cement pastes were designed between 0.5 and 500. While 
it’s unreasonable to think that water-cement ratios above 0.5 have any use in concrete technology, especially 
concerning UHPC or other high performance cement composites, the range of  properties of  tested cement 
pastes was designed in order to track the change in SAP properties dependant on the change from liquid 
environment of  absorption to the one of  porous liquid. As the properties of  porous liquid in cement pastes 
start to present themselves in a solution of  water-cement ratio approx.. 1-2, those values had to be included 
in the research program. Furthermore, this experiment was conducted in order to track the properties of  
SAP that could be used in concrete, not in order to design new types of  cement pastes with extremely high 
water-cement ratios. The cement paste with water-cement ratio of  500 was to simulate water activation 
environment with pH level of  12.3.    

Table 1: Water-binder ratios of  cement pastes which served as water absorption/desorption 
environment.

Cement paste ID Water-cement ratio [g/g]

CP05 0,5

CP1 1,0

CP2 2,0

CP5 5,0

CP50 50,0

CP500 500,0

 

Superabsorbent polymer which properties were tested during experiments was characterized by granulation 
measured using HORIBA Compact Laser Diffraction Particle Size Analyzer (Fig. 1) ranging from 175 to 
595 [µm] and was of  properties presented in Tab. 2. 

Table 2: Material characterization of  the superabsorbent polymer used in research program.

Characteristic SAP S

Chemical characterization Potassium acrylate and acrylic 
acid polymer

Solubility in water Insoluble

Polymerization process Invert suspention polimerisation
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Figure 1: SAP S granulation measured by means of  Laser Diffraction. 

2.2 Methods
In order to estimate the influence of  water-binder ratio of  the cement paste on the absorption properties of  
SAP, a regular teabag method test was conducted. It included sealing a known mass of  SAP in a teabag of  a 
known mass and measuring the increase in mass dependent on a time spend in the absorption environment. 
In order to mitigate the influence of  cement paste mass gathering on the outer side of  the teabag, a 
reference sample with no sealed SAP was prepared and put into cement paste of  the same water-binder 
ratio. The increase of  mass on the reference sample was then subtracted from the sample with sealed SAP 
at every measurement point. The test lasted for 60 minutes as it proved sufficient to reach maximal water 
absorption capacity of  SAP in each of  the tested cement pastes.

A slightly modified methodology was adopted in a case of  desorption tests in order to determine SAPs water 
desorption parameters. It involved preparing fully saturated SAP teabag sample in tap water environment 
which was then inserted into cement paste of  a given water-binder ratio. Unlike the absorption test, 
desorption tests lasted approx. 24 hours. The reduction in mass of  the teabag sample was then considered 
as the amount of  water that was released from SAP into the cement paste. As in the absorption tests, a 
reference sample was prepared for each of  the tests in order to mitigate the effect of  mass increase on the 
outer side of  the teabag exposed to cement paste environment which would have significant impact on the 
results if  left unchecked.

3. Results and discussion

The absorption tests results (Fig. 2) suggest a decrease in SAP water absorption capacity along with a 
decrease of  water-binder ratio of  the cement paste which served as an absorption environment. Obtained 
results were in accordance with other experiments on the subject [12], however the change from liquid 
absorption environment to gel cement paste could suggest an additional explanation for the reduced 
absorption capacity in cement pastes with lower water-cement ratios. The SAP water absorption capacity 
in any given absorption environment was defined as an asymptote value of  the hyperbolic trend line that 
estimated the course of  SAP water absorption (Tab 3). The time of  SAP activation was defined as the 
time required for tested SAP to reach the level of  95% of  the asymptote value (Tab 3). The influence of  
alkali content of  the solution on the properties of  SAP is undeniable – however additional effect reducing 
the SAP water absorption capacity in certain environments, in form of  solid particles in the absorption 
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environment is present in cement pastes. The aforementioned influence presents itself  in form of  different 
times required by SAP to achieve its maximal saturation in any of  the tested absorption environments (Tab. 
3). 

Figure 2: SAP water absorption capacity vs time for cement pastes of  different water-binder ratios 
serving as water absorption environments. 

Table 3: Asymptote values for hyperbolic trend lines that estimated the course of  SAP water 
absorption and the time required for SAP to reach 95% of  its maximal water absorption capacity.

Cement paste ID Asymptote value [g/g] 95% of  the asymptote 
value [g/g]

Time required by SAP 
to reach 95% of  water 

absorption capacity [min]

CP500 135,3 128,5 40,1

CP50 105,8 100,5 24,1

CP5 44,1 41,9 5,4

CP2 31,2 29,6 2,5

CP1 25,5 24,2 6,4

CP05 12,2 11,6 3,4

This phenomena could be explained by shortage of  water in the close distance from the teabag containing 
SAP. As the water is removed from between cement particles, an increasing in strength capillary pressure 
reduces the water migration within the capillary network towards the area of  SAP absorption. Also, as the 
cement grains have high surface areas, there’s a limited volume of  water that can overcome combined effect 
of  the surface tension of  the cement grains, the capillary forces of  the porous liquid and the influence of  
the ions present in the cement paste. The influence of  all those variables was combined and resulted in a 
decrease in SAP water absorption capacity as the water-cement ratio of  the cement paste that served as 
water absorption environment.

The course of  SAP water absorption capacity in a function of  water-binder ratio of  tested cement pastes 
(Fig. 4) shows a logarithmic dependence between absorption capacity achieved at any time by SAP and the 
water-binder ratio of  the cement paste which served as an absorption environment. 
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Figure 4: SAP water absorption capacity vs w/c ratio, for different measurement points. 

With small differences in the coefficients of  the logarithmic trend lines between different time of  
measurements, one can observe that the hypothetical water-binder ratio of  the cement paste environment 
in which the SAP water absorption capacity would be zero, presented itself  between 0.2-0.3, the amount 
of  water that is usually used in full for hydration purposes [13]. Unfortunately, water absorption tests in 
cement pastes characterized by such low water-binder ratios would be extremely inaccurate, hence this 
hypothesis would be difficult, if  not impossible, to confirm experimentally.

Between tested cement paste a severe difference in SAP water absorption capacities were observed. The 
cement paste with water-binder ratio at 500 illustrates the maximal SAP water absorption capacity. The 
absorption in cement paste characterized by water-binder ratio of  0.5 was approx. 10 times lower than 
the SAP maximal water absorption capacity. It’s reasonable to assume that in absorption environments 
characterized by even lower water-cement ratios, SAPs water absorption capacity would be further limited, 
although this motion would need to be verified experimentally. However, the assumption that SAP water 
absorption potential in cement pastes of  water-cement ratio of  0.5 is approx. 10 times lower that the one 
of  SAP activated in water presents itself  as an reasonable starting point for designing cement composites 
modified with SAP.     As the water desorption from SAP tests were performed in cementitious environments, 
the duration of  those test was dependant on the properties of  cement pastes and the course of  hydration 
– the last measurement was performed after 24 hours from placing the teabag containing SAP in the test 
solution. The desorption tests results (Tab 4 and Fig 6) suggest even stronger influence of  an additional 
variable except the ion content in the water desorption environment on the course of  water migration from 
SAP.

Table 4: Initial and final results of  SAP absorption capacities in different desorption environments.

Cement paste that 
served as SAP 

water desorption 
environment

Initial SAP water 
absorption capacity [g/g]

Final SAP water absorption 
capacity after 24 h [g/g]

 105 % of  SAP water 
absorption capacity in 

cement paste that served 
as water desorption 
environment [g/g]

CP50 132.1 110.5 111.1

CP5 132.1 36.8 46.3

CP2 130.3 11.4 32.8

CP1 131.9 14.4 26.8

CP05 130.4 30.3 12.8
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As cement paste with low water-cement ratio cannot be treated as a fluid, presence of  alkali in cement 
pastes allows to explain the logarithmic dependant desorption in a function of  water-binder of  the cement 
paste which served as a desorption environment only to a certain w/c, below which the properties of  
a porous liquid start to control the course of  water desorption from SAP. Below that w/c ratio, other 
phenomena block the movement of  water from SAP to cement paste, mostly the change in the parameters 
of  a capillary network. When exposed to high capillary pressure resulting for local presence of  additional 
water (desorbed from SAP under the influence of  alkali originating from cement paste), the network loses 
its homogeneity, preventing continuous rapid desorption from SAP. That was the case with unusual course 
of  water desorption from SAP in cement paste of  a 0.5 water-cement ratio. 

Results of  the SAP water desorption test in this environment suggest, that in order for SAP to reduce its 
water absorption capacity to the level achieved in SAP water absorption tests, much more time would be 
required, i.e. that the water desorption process in cementitious environments characterized by low water-
cement ratios lasts longer than 24 hours. The process of  hydration and the properties of  porous fluid such 
as cement paste limit the intensivity of  the water desorption process from SAP. It indicates that much 
more time would be required for SAP to desorb its water to the water absorption level SAP achieved in 
absorption tests in a cement paste of  a water-cement ratio of  0.5.  

 Figure 6: SAP water absorption capacity over time in cement pastes of  different water-binder ratios 
serving as water desorption environments.

Several variables have the influence on water migration from SAP. In water desorption environments that 
could be described as fluids (characterized by water-cement ratio higher than 2), the ion content of  the 
desorption environment is probable to have the biggest impact on SAP desorption (Fig 7). SAP water 
desorption process in all of  the tested cement pastes that served as a SAP water desorption environment 
was characterized by logarithmic dependence. With time, in cement pastes with water-cement ratios lower 
then 2, the influence of  other variables started to impact the course of  water desorption from SAP, i.e. 
slowing the water desorption process. It is possibly prone to change in the properties of  the desorption 
environment with a reduction of  water-cement ratio. 

Water migration in cement pastes does not occur in the entire volume of  the desorption environment 
but is limited to migration through capillary/pore network. By adding additional restrictions on the water 
movement throughout the desorption environment, an increase in internal pressures further limit the rate 
of  water desorption from SAP. It leads to conclusion, that the course of  water desorption from SAP 
depends not only on the chemical properties of  the SAP or the desorption environment, but also on the 
physical properties of  the desorption environment.
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Figure 7: SAP water absorption capacity over specific measurement times in cement pastes 
characterized by different water-binder ratios serving as water desorption environments.

Research on the topic of  SAP influence on the internal humidity in cementitious composites suggest that 
SAP contributes to the maintenance of  internal humidity within concrete volume at the high level for a 
longer time than in reference mixes [14]. Most of  experiments carried out suggest a certain SAP dosing 
method to the rest of  the mix components – by introducing it as a non-saturated powder [15]. After its 
introduction into the mix, SAP is to absorb water from the mix and then, under the influence of  internal 
pressures (hydrostatic, capillary etc.) is to desorb water and by doing so, maintain the internal humidity at 
a high level [16]. 

Research presented in this article suggest different approach to the phenomenon of  water desorption from 
SAP. By adding SAP as a gel saturated with water to the rest of  the components of  the cement mix, the 
water migration is to occur only in a form of  water desorption from SAP. As presented in the article, the 
rate of  water desorption from SAP to an environment of  a low water-cement ratio is much slower than 
in the case of  SAP water absorption. This property of  SAP introduces an additional period of  intense 
water desorption from SAP into a cement composite. It occurs within first days after the preparation of  
the mix – in the time when intensive hydration occurs. The influence of  this change in the properties in 
water migration within composites structure and its influence on the properties of  concrete should be 
investigated further but it is safe to assume that this change would have an effect on the pore network 
distribution and consecutively, on other properties of  the composite.    

4. Conclusions

On the basis of  conducted research following conclusions were made:

• SAP absorption capacity in environments characterized by low water-cement ratios could be 
approximated as one tenth of  SAP absorption capacity in water environment.

• The rate of  SAP water absorption process increases along with a decrease of  water-cement ratio of  the 
absorption environment.

• The influence of  porous liquid properties on the course of  SAP water desorption is observed in paste 
with low water-cement ratios.

• The time required for SAP saturated with water to reduce its water content due to the desorption in 
paste to the level of  absorption capacity in paste prolongs as the water-cement ratio of  the environment 
decreases.

• The process of  water desorption from SAP has a slower rate than the process of  SAP water absorption 
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in the same environment.  
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Abstract 

At present, commonly-used self-healing methods include capsule encapsulation healing agents, hollow 
fiber encapsulation healing agents, or direct addition of  microbial bacteria. Some methods heal cracks by 
producing minerals such as calcium carbonate. In this study, a novel self-healing cementitious material is 
developed by using a hydrogel impregnated with phosphate as the healing agent. Hydrogel has a sensitive 
response mechanism to changes in the external environment compared to other healing agent. The aim is 
to form a hydroxyapatite-type mineral as healing products in the crack during the self-healing process by 
controlling the release of  phosphate.Hydrogels were used as a carrier to encapsulate phosphate and added 
to cement paste to manufacture self-healing cementitious materials. The self-healing mechanism of  this 
material is mainly when the crack is induced in the cementitious material, and the phosphate in the hydrogel 
is released into the pore solution in the crack due to the change of  the osmotic pressure. Water and carbon 
dioxide penetrate into the fracture and form bicarbonate ion (HCO3

-), and the Ca2+ and OH- ions released 
from the cement matrix react with the phosphate ions and HCO3

- to form hydroxyapatite-type mineral 
which can heal the crack.The self-healing efficiency was evaluated by the water permeability test. The 
results show that the hydrogels successfully preserved the phosphate in the paste and the self-healing agent 
produced dense hydroxyapatite on the sample in the simulated pore solution. The self-healing efficiencies is 
more than 60% on the water permeability.  The self-healing products were carbonated and calcium deficient 
hydroxyapatite (CCDHA) according to XRD and FTIR analysis.

Keywords: Self-healing cementitious materials, Hydrogel, Hydroxyapatite, Self-healing efficiency

1. Introduction

The self-healing technology has been widely used in concrete because it can fill external cracks and internal 
cracks in time when the concrete structure is destroyed, which greatly reduces the maintenance cost and 
prolongs the service life of  the concrete structure [1-3]. Self-healing in concrete is mainly divided into 
the following two types: autogenous healing and autonomous healing. Autogenous healing is the natural 
process of  crack repair occurring in concrete in the presence of  moisture, the healing mechanism is based 
on the continued hydration of  unhydrated cement particles and the formation of  calcium carbonate at 
the crack edge. Its maximum healing width can reach 300μm [4]; Self-healing is a self-healing ability of  
an artificially designed cementitious material. At present, commonly-used self-healing methods include 
capsule encapsulation healing agents [1], hollow fiber encapsulation healing agents [5], or direct addition 
of  microbial bacteria [6]. Its maximum healing width can reach 970μm [7, 8]. Most of  the healing products 
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are C-S-H, ettringite, CaCO3, polymer binder [9, 10], etc., and there are few self-healing materials using 
hydroxyapatite as a healing product.

Varieties of  self-healing materials are generally encapsulated by a polymer or glass to release the healing 
component of  the cementitious material when cracks occur. Some studies have used hydrogels as carriers 
to carry and protect bacteria to healing cracks and achieve excellent healing results [6, 11]. Hydrogels have 
a hydrophilic three-dimensional network structure that is chemically cross-linked or physically cross-linked, 
and is often used as a drug delivery vehicle due to its adjustable physical properties, controlled degradability, 
and ability to protect unstable drugs from degradation. The release rate of  the drug in the hydrogel is 
significantly related to the difference between the internal and external ion osmotic pressure and the pore 
size of  the hydrogel surface. The smaller the ion osmotic pressure difference inside and outside, the slower 
the rate of  release [12]. As an important component of  bone tissue, hydroxyapatite (HA) plays an important 
role in the self-healing phenomenon of  bone tissue, the solubility of  hydroxyapatite is much less than 
the solubility of  calcium carbonate, so hydroxyapatite-type minerals were formed and healed the cracks 
through the reaction between phosphate released from hydrogels and Ca2+ from the paste According to the 
encapsulated and sustained release characteristics of  hydrogels, it is proposed to use hydrogel encapsulated 
phosphate as a cementitious material healing component. After the hydrogel encapsulates the phosphate, 
most of  the water in the gel is bound by the hydrophilic hydrogel, leaving only a small amount of  free water 
and phosphate, and the internal osmotic pressure of  the hydrogel is larger. Then, the internal healing agent 
has a lower outward permeation rate with the same ions concentration in the cement slurry, which can 
effectively protect the healing agent.

In this study, a novel self-healing cementitious materials is developed by using a hydrogel impregnated with 
phosphate as the healing agent. The self-healing mechanism of  this materials is mainly when the crack is 
induced in the cementitious material, and the phosphate in the hydrogel is released into the pore solution in 
the crack due to the change of  the osmotic pressure. Water and carbon dioxide penetrate into the fracture 
and form HCO3

-, and the Ca2+ and OH- ions released from the cement matrix react with the phosphate ions 
and HCO3

- to form hydroxyapatite-type mineral which can heal the crack. A variety of  analytical testing 
methods were used to analyse and evaluate the phosphate release process, the characteristics of  healing 
products in the crack and the healing effect.

2. Methodology

2.1 Materials
An ordinary Portland cement complying with the Chinese standard GB 175-2016 classified as P.O. 42.5 
(Huaxin Cement Co, Ltd). The oxide compositions of  cement are listed in Table 1.

Table 1: Chemical composition of  cement (wt%)

Oxide Al2O3 SiO2 Fe2O3 CaO K2O SO3 Na2O MgO LOI
OPC 5.86 21.50 2.85 59.81 0.67 2.06 0.20 2.23 3.70

LOI: Loss on ignition at 1000°C

Disodium hydrogen phosphate (Na2HPO4), sodium dihydrogen phosphate (NaH2PO4), acrylic acid (AA), 
N,N-methylene BIS acrylamide (BIS), sodium hydroxide (NaOH), sodium dodecyl sulfate (SDS)，N2 gas 
with purity of  99.99% and sodium carbonate (Na2CO3) are used. All chemicals are AR grade.

The mix design of  self-healing cementitious materials in this experiment is shown in Table 2. The hydrogel 
used in the experiment is divided into two types. Where H is a blank hydrogel without phosphate, HP is a 
self-healing hydrogel containing phosphate, and the hydrogel is added in 3% by mass of  cement.
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Table 2: the mix design of  self-healing cementitious materials (kg/m3)

Type Cement Water Hydrogel

HP 1875 656.25 Hydrogels encapsulated phosphate56.25

H 1875 656.25 Blank Hydrogels 56.25

2.2 Methods
The method of  synthesizing hydrogel is as follows: 2 grams of  Na2HPO4 and 2 grams of  NaH2PO4 are 
simultaneously dissolved in 10 grams water and stirred until the PH value of  the buffer solution is 7. 2 
grams of  AA and 0.1 grams of  BIS are added into the solution, bubbled with N2 gas for 10 min. then 
0.1 grams of  APS is added into solution followed by consistently stirred after which a clear solution is 
obtained. The solution was sealed and placed at 60 ° C for 4 h to form a PAA hydrogel with acrylic acid as a 
monomer, N,N-methylene BIS acrylamide as a crosslinking agent and sodium dodecyl sulfate as an initiator 
[13]. If  no phosphate is added to the solution, the hydrogel H can be synthesize. The obtained gel is dried 
under Vacuum freeze dryer and grinded with a ball mill, the particle size of  the HP is about 300μm.

The hydrogel swelling performance and the test of  phosphate release performance are as follows，prepare 
200ml deionized water and 0.01mol/L NaOH solution as simulated pore solution respectively. The 
simulated pore solution was prepared by adding 200 grams of  water to 20 grams of  cement, filtering 
after half  an hour, adding 0.3 g of  Na2CO3 to remove Ca2+ in the solution, and filtering to obtain a clear 
simulated pore solution. Since the release of  the hydrogel in the cement slurry is mainly in the initial stage 
of  the cement hydration reaction, this method is used in order to simulate the pore solution in the initial 
stage of  the hydration reaction. In order to avoid affecting the kinetics of  phosphate release in the hydrogel 
caused by the reaction of  PO43- in the hydrogel and the Ca2+ reaction in the simulated pore solution, the 
same concentration of  sodium carbonate was used to remove the Ca2+ but the total ion concentration in 
the solution remained unchanged.

2 g of  hydrogel powder was placed in a dialysis bag (RC membrane, 6.16 ml/cm, protein molecular 
weight cutoff  3500) suspended in deionized water, 0.01 mol/L calcium hydroxide solution and simulated 
pore solution, 5ml of  supernatant was taken from the solution at different time to test the phosphorus 
concentration, and the quality of  the hydrogel in the dialysis bag was measured. The mass of  hydrogel 
powder is referred to as m0, the mass of  hydrogel absorbed solution at different time periods is referred as 
mt. Calculating the degree of  swelling (Qt)according to the following equation:

                                                                               (1)

The preparation method of  the hydrogel immersed in the simulated pore solution contain the hardened 
cement slurry to produce the healing product is as follows: 2 grams of  hydrogel powder encapsulated 
phosphate is added into 200 grams of  deionized water, placing a cement paste block curing 28 days with 
a fresh section after cutting in deionized water and sealed with plastic wrap. After placing for three days, a 
white substance will form on the surface of  the fresh section of  the cement. The white substance on the 
surface was separated from the cement by an ultrasonic disperser, dried by a vacuum freeze dryer, and then 
the phase and microscopic morphology of  the white substance were tested by XRD and SEM.

The research method of  the release of  hydrogel phosphate in the cement matrix is as follows: Plain cement 
paste without HP is casted into the cubic mould with a layer thickness of  20 mm. 1 gram of  HP powder are 
then dispersed on top of  the fresh paste layer followed by slightly tapping the mould. The cubic mould is 
then filled with plain cement paste without HP again. The specimens are splitted along the HP powder layer 
after being cured for 1, 7, 14 and 28 days and use a fine brush to collect the hydrogel from the middle of  the 
interlayer faces. The collected hydrogel was placed in a muffle furnace and calcined at 700 °C for two hours. 
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The weighing was taken out, and the weight of  the ashes after the burning of  the hydrogel was compared 
with that of  the original hydrogel. The mass percentage of  phosphate out of  hydrogel was calculated by 
comparing the hydrogel masses of  each curing age.

Each set of  self-healing cementitious materials is made into a cylindrical specimen of  Φ50mm×50mm, 
and all specimens were demoulded after 1 day of  curing and transferred to the curing chamber at 20°C and 
95%RH for 28 days. After the cylindrical sample is fixed with five layers of  scotch tape along the side, place 
the side of  the sample on the compressive testing machine and the ramp speed was adjusted into 0.1 KN/S. 
When the sample cracks, stop the compressive testing machine and record the width of  the crack by using 
the crack width observation instrument. After cracking, all specimens were return in the curing chamber

 The water permeability is performed on three vacuum saturated specimens in each batch according to 
Chinese standard GB/T 25993-2010. The specimens are loading with a compressive testing machine to 
generate crack after curing 28 days and record the width of  the crack, then the total weight of  the permeated 
water of  the crack was tested for 5 minutes to calculate the amount of  water permeating the sample and 
the water permeability. The water permeability is calculated as the average of  three specimens, according 
to the following equation

.                                                                                     (2)

In the equation, E is the self-healing efficiency of  properties, Gs is the water permeability after curing, Gb is 
the water permeability after cracking.

3. Results and discussion 

3.1 The morphology of  hydrogel
The morphology of  synthetic hydrogels H and HP is shown in Figure 1. Figure 1(a) is an SEM image 
of  a hydrogel that is not encapsulated with phosphate, it can be seen from the figure that the hydrogel 
exhibits a fibrous network formed by cross-linking between monomers. The SEM image of  hydrogel 
encapsulated phosphate is shown in Figure 1(b), unlike hydrogels that not encapsulated phosphate, the 
hydrogels encapsulated phosphate have no obvious fibrous network structure. The addition of  phosphate 
causes wrinkles in the network inside the hydrogels. There are small pore structures on the surface of  both 
hydrogels.

      

Figure 1: The SEM pattern of  the hydrogels, (a) blank hydrogels, (b) hydrogel encapsulated 
phosphate

3.2 The hydrogel swelling performance and the diffusion of  phosphate
The diffusion of  phosphate in hydrogel encapsulated phosphate into various solutions are shown in Figure 
2(a). It can be seen from the figure that the phosphate in hydrogel diffuse rapidly into deionized water and 
sodium hydroxide solution in the first 7 hours, but the diffuse rate is significantly reduced in the simulated 
pore solution. The highest diffusion rate is found in the deionized water, followed by NaOH solution and 
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pore solution. The release of  phosphate ions from hydrogels in different solutions can be resulted from the 
difference in the osmotic pressure due to the different ions strength of  different solutions [14]. The great 
the internal and external osmotic pressure difference, the faster the exchange speed. The ion concentration 
in the hydrogel is similar to that in the simulated pore solution, and the internal ion concentration of  the 
hydrogel is larger than that in the simulated pore solution, and the diffusion rate is slower in the cement slurry 
solution. The hydrogel swelling performance in various solutions are shown in Figure 2(b). The swelling 
rate of  the hydrogel in various solutions is the same as the tendency of  the phosphate diffusion curve, the 
consistent tendency in deionized water and NaOH solution. A obvious different between deionized water 
and pore solution could be resulted from the difference in the osmotic pressure due to the different ions 
strength of  different solutions. 

 

    2a)                                               2b)
Figure 2: 2a) Diffusion curves of  phosphate ion and 2b) the swelling properties of  hydrogel 
immersing in different solutions 

3.3 Diffusion of  phosphate out of  hydrogel in cement paste
A major feature of  self-healing cementitious materials is the ability of  materials to respond the formation 
cracks spontaneously. It means the self-healing cementitious materials can release the healing agent to form 
the healing product, and should not release the healing agent when the matrix not broken. The diffusion of  
phosphate out of  hydrogel in cement paste is shown in Figure 3. 

Figure 3: The release ratio of  phosphate from hydrogels

It can be seen from the figure that the diffusion of  phosphate out of  hydrogel in cement paste is rapidly 
decrease after curing 7 days, but the diffuse rate is slowly reduced after curing 28 days, the phosphate in the 
hydrogel released a total of  about 50% in the cement paste during curing 28 days. The main reason for this 
phenomenon is that the ion concentration of  the cement pore solution is low in the initial stage of  cement 
hydration, resulting in rapid exchange of  ions in the cement slurry and hydrogel. The ions concentration 
of  the pore solution increases with the hydration time in the later stage of  cement hydration, then the 
ions exchange between the cement matrix and hydrogel decreases, which reduces the diffusion rate of  
phosphate. These results indicated that the hydrogel can prevent the unfavourable release of  phosphate 
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without crack formation in the cement paste and is suitable for the self-healing cementitious materials.

3.4 The healing product in pore solution
The XRD pattern and SEM image of  healing product created by putting the hydrogel into the simulated 
pore solution contain the hardened cement slurry are shown in Figure 4. Calcium deficient hydroxyapatite 
(CDHA, PDF-09-0432) is identified in the precipitated products, the formation of  CDHA is due to the 
lack of  calcium ions on the surface of  the cement paste. It can be seen from the Figure 4(a) (b)that a large 
number of  spherical substance appear around the cement hydration product, A large amount of  needle-
shaped substances are scattered around the surface of  the spherical substance. The broad peak width of  
XRD pattern indicated the low crystallinity nature of  healing products, this is also consistent with the 
CDHA morphology in the SEM. This is mainly due to the fact that hydroxyapatite will priority generated as 
amorphous calcium phosphate during crystallization, and then amorphous calcium phosphate is gradually 
converted to hydroxyapatite. The low crystallinity nature of  CDHA is generated due to the difference in 
the ratio of  calcium to phosphorus, The CDHA form a relatively stable packing structure, indicating good 
bonding between the hydroxyapatite and the cement matrix.

         

       (a)SEM image                                         (b)SEM image

(c)XRD pattern
Figure 4: the XRD pattern and SEM image of  simulated products

3.5 Self-healing efficiency of  HP
The crack healing area of  the specimens after self-healing at different ages are shown in Figure 5(a). It can 
be seen from the figure that the hydrogels encapsulated phosphate is more than hydrogels not encapsulated 
phosphate for the crack healing area. The healing area ratio can reach 90% for the addition of  HP after 
healing 28 days, and the healing area ratio of  H is merely about 40% after healing 28 days. It indicated that 
the phosphate of  hydrogels can fill the crack by producing the healing products. The water permeability of  
specimens after self-healing at different ages are shown in Figure 5(b). The water permeability is gradually 
decreased with the increase of  time of  self-healing. The water permeability of  HP is dramatically by 60% 
after self-healing for 28 days by standard condition, but the water permeability of  H is merely 40% after 
self-healing for 28 days. The results suggest that the phosphate of  hydrogels is essential for the crack 
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healing, the self-healing cementitious materials with hydrogels encapsulated phosphate has an efficiency in 
the properties restoration in 28 days of  self-healing. 

       

                                     (a)                                                              (b)
Figure 5: the self-healing efficiency (a)  Healing area after self-healing for different ages (b) Water 
permeability of  specimens after self-healing for different ages 

3.6 Self-healing products in cement paste after cracking
The morphology of  self-healing products in the crack of  cement paste after healing 14 days is shown in 
Figure 6. The edge of  the crack is filled with a pleated spherical morphology of  hydroxyapatite, and the 
particle size is approximately 40μm, which is very similar to the healing product in the simulated solutions. 
Figure 6(a) shows that the close accumulation of  healing product particles indicates that the mechanical 
properties are better. Figure 6(b) the crack section is filled with cubic calcium carbonate and spherical 
hydroxyapatite. 

 

6a)                                                              6b)
Figure 6: 6a) CDHA grew from both sides to the center of  a crack 6b) a close look of  morphology 
of  CDHA and calcite

The particle size is about 40μm, which is also a wrinkled sphere. It can be seen from the figure that there are 
more hydroxyapatite and less calcium carbonate, which is because the solubility product of  hydroxyapatite 
is much lower than that of  calcite, which leads to its superiority in calcium ion competition [15].

The XRD pattern and FT-IR spectra of  products of  healing products formed in the cracks are shown in 
Figure 7. According to the XRD pattern of  the healing products, the products consisted of  hydroxyapatite 
and calcite, the XRD spectrum of  hydroxyapatite is extremely different from calcium-deficient hydroxyapatite 
[16]. In the FT-IR spectra of  products of  healing products formed in the crack, the peaks at 3431 and 1648 
cm-1, which are represented to the adsorbed water in hydroxyapatite, the peaks at 1038, 960, 557, 607 cm-

1, which are assigned to PO4
3-; The peak at 1460 cm-1 arises from the CO3

2-, This also corresponds to the 
phenomenon of  coexistence of  hydroxyapatite and calcite in SEM image and indicates the healing products 
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is CCDHA.

          

7a)                                                     7b)
Figure 7: (a) The XRD pattern and (b) The FT-IR spectra of  healing products formed in the crack

4. Conclusions

In this study, a novel self-healing cementitious materials is developed by using a hydrogel impregnated with 
phosphate as the healing agent. According to the results obtained, the following conclusions can be drawn.

(1) The self-healing cementitious materials were prepared by encapsulating phosphate with hydrogels and 
adding it to cement paste. The hydrogels is an excellent self-healing carrier by effectively encapsulated 
phosphate and not release the phosphate into the cement paste during the mixing or curing.

(2) Calcium deficient hydroxyapatite (CDHA) is identified on the surface of  harden cement slurry with 
presence of  simulated pore solution and hydrogels encapsulated phosphate.

(3) The crack healing area ratio of  the specimens with the addition of  HP after self-healing at 28 days can 
reach 90%, the water permeability of  the specimens with the addition of  HP is dramatically by 60% after 
self-healing for 28 days by standard condition

(3) The phosphate in the hydrogel can form the carbonated calcium deficient hydroxyapatite and healing 
the cracks by mixing the calcium ions in the cement matrix when the crack is generated, and the healing 
products are mainly carbonated calcium deficient hydroxyapatite and calcite.
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Abstract 

Biosorption is a method of  heavy metal removal. In the study, Response Surface Method (RSM) is utilized 
to get the optimal concentration of  lead and zinc solution, and the inoculation amount of  Trichoderma 
reesei (CCTCC AF 2015005 QM6a). Accordingly, the obtained results showed that the optimum condition 
is 0.8mg/L, 0.83mg/L of  lead and zinc solution respectively and the inoculation amount of  fungi is 300 
uL. In this condition, Pb and Zn are best removed from the liquid media of  Trichoderma reesei (CCTCC 
AF 2015005 QM6a) fungi, with an average of  27% and 56%, respectively. Value of  correlation coeffificient 
(R2=0.9977 and 0.9734, respectively) and signifificant value for model p < 0.0001 indicated validity of  
model fifitness and adequate for optimization.

Keywords: Biosorption, Response Surface Method, Trichoderma reesei, lead, zinc

1. Introduction

 The presence of  heavy metal ions in the environment causes serious threat to human, animals and 
the environment. Heavy metal ions in the environment usually come from many sources, i.e. mining, 
electroplating, metal processing, automobile manufacturing, dyeing, textile, fertilizer and petroleum 
industries, which is harmful for the environment.[1,2] To solve the problem and reduce harm of  heavy 
metal accumulation on human body, some of  physical or chemical treatment ways such as chemical 
oxidation and reduction, precipitation, adsorption, solidification, electrolytic recovery and ion exchange 
are used for heavy metal removal in some study.[3,4] However, application of  such processes is sometimes 
restricted due to economical or technical constraints and secondary pollution because of  the addition of  
chemical reagents. Therefore, there is a need for an innovative method with low cost and advanced security 
that metal ions can be removed economically and safely.Microorganisms, i.e. bacteria, fungi and yeasts, as 
the most usually used organisms in biotechnology, are frequently studied over many years. And biosorption 
technology is considered to be one of  the most effective and environmentally friendly technologies of  
heavy metal removal from waste water.[5-10] Especially, using fungi to remove heavy metal ions from waste 
water has drawn more and more attention in recent years as well as a very broad application prospect, 
among which, Trichoderma reesei is one of  the most popular commercial cellulases. And the adsorption of  
Trichoderma reesei on heavy metal Cr(VI) has been studied.[11] However, the adsorption of  Trichoderma reesei 
on other heavy metals such as lead and zinc have drawn few researchers’ attention. Thus, it is necessary to 
study the biosorption of  Trichoderma reesei on lead and zinc.Plenty of  studies in heavy metal absorption by 
using fungi have shown good results in heavy metal removal, but almost all have used shake flask cultures 
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along with Sabouraud Dextrose Broth[12,13], which is more expensive compared to PDB thus increasing 
the cost of  experiments. PDB can easily be made in the laboratory and cheap and accessible. By using PDB 
as nutrients can easily reduce the experimental cost. 

In this study, response surface methodology (RSM) has been developed as an effective tool for optimization 
of  reaction conditions, i.e. concentration of  lead and zinc and inoculation amount for fully utilization of  
biosorption of  Trichoderma reesei (CCTCC AF 2015005 QM6a). 

2.  Materials and methods

2.1  Microorganism
In the study, Trichoderma reesei (CCTCC AF 2015005 QM6a) from China Center for Type Culture Collection 
(CCTCC) is used as adsorbent material. A spore suspension was obtained by growing on potato dextrose 
agar (PDA) for two days and then cultured in the potato dextrose broth (PDB) for 72 hours in the condition 
of  20 ℃, illuminating and 150 r/min in the table concentrator. The strains used in this experiment are kept 
in the refrigerator (4℃), and the remaining strains are kept in the refrigerator (-80℃).

2.2  Preparation of  heavy metal solution
 Before operating the experiments, the media and deionized water useful for the next step were sterilized 
in autoclave for 121 ℃, 30 min in the autoclave. The  preparation of  heavy metal ion solution is obtained 
by fully mixed dissolution of  deionized water and Pb(NO)3 and Zn(NO)3. The ranges of  concentrations 
varied according to the design of  part 2.4. After weighing the chemicals, place them in deionized water and 
use a magnetic mixer to fully promote dissolution. 

2.3  Inoculation of  Trichoderma reesei
 The inoculation amount of  Trichoderma reesei is determined by the design of  response surface method. 
Before inoculation, firstly, the mycelium of  the strain is evenly dispersed to make it distributed in the culture 
medium uniformly, so as to ensure that the amount of  the strain in each culture medium is approximately 
the same. The liquid volume of  the inoculated fungi solution was calculated into the volume of  the heavy 
metal solution. 

2.4  Measurement of  heavy metal ion concentration
The concentration of  heavy metal ion solutions with the fungal medium was determined by using full 
spectrum direct reading plasma emission spectrometer (Inductively Coupled Plasma-Optical Emission 
Spectr, Prodigy 7/Prodigy 7, USA). Select 5 ml of  the uniform solution after the reaction (avoiding the 
fungi), and compare with the concentration of  the solution before reaction. The removal rate of  the strain 
is calculated by the following equation:

Removal rate (R%)=[Concentration before reaction (counting strain volume)-Concentration after reaction]/
Concentration before reaction (counting strain volume) *100%                                              (1)

2.5 Response surface methodology
The central composite design (CCD) of  response surface methodology (RSM) is utilized to determine 
the optimum operational conditions for the biosorption process.  Every numeric factor is varied over 5 
levels: plus and minus alpha, plus and minus 1( factorial points) and the center point.[14]. Three factors, 
i.e., concentration of  lead, concentration of  zinc and inoculation amount of  Trichoderma reesei, and varies 
from 0.5 mg/L~2mg/L, 0.5mg/L~1.5mg/L, 300 uL~1000uL, respectively. And the range of  variation is 
shown in Table 1. 
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Table 1: Range of  variation

Factors Variables Low actual High actual Low Coded High coded

X1 Concentration of  lead (mg/L) 0.8 1.7 -1.000 1.000

X2 Concentration of  zinc (mg/L) 0.7 1.3 -1.000 1.000

X3 Inoculation amount (uL) 300 1000 -1.000 1.000

Table 2: Central composite design and experimental responses.

Run X1 X2 X3 Response 1 Response 2

1 1.25 1 61.37 0.860658 0.413809

2 0.5 1 650 0.369979 0.44457

3 1.25 1 1238.63 0.901682 0.508715

4 0.8 0.7 300 0.595091 0.311385

5 0.8 1.3 1000 0.632161 0.566632

6 1.7 0.7 300 1.28242 0.321636

7 0.8 1.3 300 0.616915 0.547159

8 1.25 1.5 650 1.00219 0.725871

9 1.25 0.5 650 1.02338 0.271081

10 0.8 0.7 1000 0.675207 0.308048

11 1.25 1 650 0.955306 0.473142

12 1.7 1.3 300 1.30144 0.597697

13 1.7 0.7 1000 1.36635 0.351149

14 1.7 1.3 1000 1.34437 0.596442

15 2 1 650 1.52814 0.477513

16 1.25 1 650 0.939204 0.465596

Total 16 experimental groups were designed by the central composite design (CCD) model and performed 
as shown in Table 2. As shown in Table 1, the X1, X2 and X3 represents concentration of  lead , zinc, and 
inoculation amount of  fungi, respectively. And response 1, 2 are the concentration of  lead and zinc after 

IC
SBM

 2019
ID

 072



929

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 0

72

929

IC
SBM

 2019
ID

 072

reaction, respectively.

3. Results and discussions

3.1  Effect of  variables on the removal of  lead
As shown in Table 3, the variance of  the removal of  lead is analyzed. The present model is not only 
the defifine optimum conditions for lead removal but also showed combined effect of  variables i.e. 
concentration of  lead and zinc and inoculation amount of  fungi. The Model F-value of  295.29 implies the 
model is significant. There is only a 0.01% chance that a “Model F-Value” this large could occur due to 
noise. The “Lack of  Fit F-value” of  5.58 implies the Lack of  Fit is not significant relative to the pure error. 
There is a 31.04% chance that a “Lack of  Fit F-value” this large could occur due to noise. Non-significant 
lack of  fit is good. 

The concentration of  Pb after biosorption of  Trichoderma reesei is shown in equation 2.

Concentration of  Pb after biosorption of  fungi (mg/L)

=0.94+0.35*A-4.380E-003*B+0.021*C+2.283E-003*A*B+3.936E-003*A*C-0.013*B*C+7.404E-
003*A2+0.030*B2-0.017*C2                                                                                                                                                                 (2)

Table 3: Analysis of  variance (ANOVA) for response surface quadratic model

Sources Sum of  squares DF Mean square F value Prob>F

Model 1.66 9 0.18 295.29 0.0001 Significant

A-Concentration of  Pb 1.63 1 1.63 2615.80 0.0001

B-Concentration of  Zn 2.620E-004 1 2.620E-004 0.42 0.5411

C-Inoculation amount 6.210E-003 1 6.210E-003 9.94 0.0197

Residual 3.747E-003 6 6.244E-004

Lack of  Fit 3.617E-003 5 7.234E-004 5.58 0.3104 Not significant

Pure error 1.296E-004 1 1.296E-004

Cor total 1.66 15

DF: degree of  freedom. 

Table 4 showed the analysis of  variance table of  the model. The “Pred R-Squared” of  0.9832 is in reasonable 
agreement with the “Adj R-Squared” of  0.9944.
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Table 4: Analysis of  variance of  the model

Response1 R2 Adj-R2 Pred-R2 Mean Std. Dev.

Concentration of  lead after 
biosorption 0.9977 0.9944 0.9832 0.96 0.025

Figure 1 illustrates the current lambda=1, and the best lambda=1.04, low C.I. =0.33 and high C.I.=2.88. 
The data do not require a transformation, as current value of  confidence interval it contains is very close 
to the optimum value. After reviewing all the statistical outputs for design evaluation and three-dimensional 
plots, the minimum value of  standard error relatively low, which indicates the design points and polynomial 
fitness of  the model, as shown in figure 2. And the relationship between the concentration of  lead after 
biosorption is showed in figure 3.

Figure 1: Box-Cox plot for power transforms

Figure 2: Three-dimensional graph of  results 
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Figure 3: Two-dimensional graph of  results

3.2  Effect of  variables on the removal of  zinc
As shown in Table 5, the variance of  the removal of  zinc is analyzed. The quadratic regression showed 
that the model was significant because the value of  F-test is less than 0.05 and model F value 146.27 which 
indicated the significance of  the model terms. And Table 6 showed the R square. 

The “Pred R-Squared” of  0.9499 is consistent with the “Adj R-Squared” of  0.9667. Figure 4 illustrates the 
variance of  the biosorption of  fungi on Zn by model. And the experimental results of  the removal of  zinc 
are shown in figure 5. As can be seen, the results showed an approximate linear relationship between X2 
and response 2. 

Table 5: Analysis of  variance (ANOVA) for response surface quadratic model

Sources Sum of  squares DF Mean square F value Prob>F

Model 0.24 3 0.079 146.27 ，0.0001 Significant

A-Concentration of  Pb 2.618E-003 1 2.618E-003 2615.80 0.0483

B-Concentration of  Zn 0.23 1 0.23 0.42 ，0.0001

C-Inoculation amount 3.047E-003 1 3.047E-003 9.94 0.0375

Residual 6.504E-003 12 5.420E-004

Lack of  Fit 6.475E-003 11 5.877E-004 5.58 0.1700 Not significant

Pure error 2.847E-004 1 2.847E-005

Cor total 0.24 15
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Table 6: Analysis of  variance of  the model

Response1 R2 Adj-R2 Pred-R2 Mean Std. Dev.

Concentration of  zinc 
after biosorption 0.9734 0.9667 0.9499 0.46 0.023

Figure 4: Three-dimensional graph of  variance of  Zn by model

Figure 5: Three-dimensional graph of  results

4  Conclusions

This study demonstrates that Trichoderma reesei (CCTCC AF 2015005 QM6a) offers a new method of  
biosorption of  the heavy metals i.e. lead and zinc. Response surface method was utilized to establish the 
model between the heavy metal removal and the concentration of  lead and zinc and the fungi that taking 
effect. Response surface methodology (RSM) is a powerful tool not only can be used for optimization of  
the process control in biosorption of  heavy metal but also for the additional knowledge supplied about the 
optimization processes in any part of  experimental domain. The optimum response 1 (concentration of  
lead) is 0.8 mg/L, and as for response 2 (concentration of  zinc), the optimum concentration is 0.83mg/L, 
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in the condition of  the  inoculation amount of  fungi is 300 uL. The characteristic of  mycelium of  
Trichoderma reesei offers nucleation sites for the biorsorption of  heavy metal ions. 
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Abstract 

Peach shell (PS) is considered as an agricultural waste, which can be used as a lightweight aggregate in 
concrete due to its porous and lightweight properties. However, few literatures investigated the PS used as 
an aggregate in pervious concrete (PC). In order to expand the application of  the PS in concrete, this study 
presents the use of  PS used as an alternative aggregate in PC. A series of  PC mixes were prepared with 
0%, 25%, 50%, 75% and 100% replacement of  normal weight aggregate (NWA) by PS, while the other 
parameters were set as constant. The results showed that the replacement of  NWA with PS significantly 
reduced density, compressive strength and splitting tensile strength of  PC, while increased the total void 
ratio and water permeability coefficient. Clogging test results showed that sand and dredged silt had a 
significant impact on the water permeability coefficient of  PC, and the use of  the large-grained aggregates 
in PC had better clogging resistance than the small-grained aggregates. When the PS is used as a coarse 
aggregate in PC, it cannot be used to fully replace the coarse aggregate. Based on the results of  this 
study, the NWA was replaced by 25% PS, the compressive strength, splitting tensile strength and water 
permeability coefficient of  PC were 7.9MPa, 0.91MPa and 9mm/s, respectively. 

Keywords: Pervious concrete, Peach shell, Lightweight aggregate, Permeability, Clogging.

1. Introduction

Demand for concrete has been steadily increasing due to the economic development and increasing 
population [1]. The exploitation of  natural aggregates has led to the scarcity of  raw materials, which not 
only increases the cost of  concrete but also destroys the surface landscape. Therefore, in order to achieve 
the sustainable development of  the concrete industry, the utilization of  various industrial by-product wastes 
and agricultural wastes as alternative raw materials for concrete has become one of  the research hot issues 
all over the world [2]. Previous research has shown that some industrial and agricultural wastes can be 
successfully incorporated into concrete, including rubber, apricot shell, oil palm shell, seashell, plastics, 
wood and coconut shell, etc. [3-5].

Pervious concrete (PC) is a special type of  concrete consisting of  cement, a single grade of  coarse aggregate, 
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little or no sand and a small amount of  water [6]. Typically, the workability and strength of  PC is much 
lower than that of  normal weight concrete due to the lack or only small amount of  sand in PC [7], and the 
permeability coefficient of  ordinary PC is between 1.4 mm/s and 12.2 mm/s, the porosity varies from 14% 
to 35%, and the 28-day compressive strength is usually between 2.8 MPa and 28.0 MPa [8]. Although low-
strength PC is not suitable for load-bearing purposes, they can be used in parking lots, drainage pavements 
and sidewalks, etc. [9].

The main function of  the PC is to realize the spontaneous circulation of  rainwater for sponge city by 
penetrating rainwater from the road surface to the underground soil [10]. The studies about previous 
concrete focused on the permeability coefficient, porosity and clogging performance of  PC rather than 
its strength characteristics [10]. At present, the production of  PC usually uses normal weight aggregate 
(NWA) as a single-grain aggregate, such as crushed granite, limestone and dolomite, etc. Recently, with the 
rise of  the trend towards the use of  various types of  wastes as aggregates in concrete, some wastes such as 
recycled aggregate, rubber, seashell and palm oil clinker have also been used in the manufacture of  PC [11-
13]. Normally, the performance of  the PC depends on the replacement ratio and the amount of  the wastes. 
Although the wastes used as a substitute for NWA reduce the strength of  PC, they are recycling wastes and 
reducing the consumption of  NWA, which is conducive to the sustainable development of  PC. The low-
strength PC made of  various wastes is adequate for low-strength structures such as sidewalks, parking lots 
and road shoulders, etc.. 

Peach is one of  the main fruits in China, most of  them are used for the products of  peach drinks, candied 
fruit and canned food. The planting area and output of  peach in 2016 in China were 742.1 k hm2 and 13.1 
million tons, respectively [14]. Peach shell (PS) is considered as agricultural waste and has no industrial 
application value. Due to crushed PS is renewable, which has lightweight and porous properties, it can 
be considered as an alternative aggregate for the manufacture and production of  lightweight aggregate 
concrete (LWAC) [15]. However, there are few limited literatures on the use of  such agricultural waste as 
an alternative aggregate in PC. 

In this study, the peach shell (PS) was used to replace the normal weight aggregate (NWA) for producing 
pervious concrete (PC). NWA of  different volume ratios was replaced by PS, while the other parameters 
were kept constant. The properties investigated included basic physical properties (density, total void ratio 
and water permeability coefficient), mechanical properties (compressive and splitting tensile strength) and 
clogging properties. 

2. Methodology

2.1 Materials

2.1.1 Cement 
Type I 42.5 grade ordinary Portland cement was used as the binder. The Blaine specific surface area and 
the specific density of  the cement are 3532 cm2/g and 3.14 g/cm3, respectively. All mixtures were prepared 
with a cement content of  360 kg/m3. 

2.1.2 Aggregate
In this study, a single-sized normal weight aggregate (NWA) with a 4.75-9.6mm was used and obtained 
from crushed pebbles. Single-sized peach shell (PS) with 4.75-9.6mm diameter was used as an alternative 
aggregate, and they were collected from a local orchard. The aggregates used in this study are presented in 
Figure 1, and the physical properties of  aggregates are shown in Table 1. The specific gravity of  the NWA 
was 2.66 g/cm3 and the bulk density was 1449 kg/m3. However, the specific gravity and density of  the PS 
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were only 1.33 g/cm3 and 538 kg/m3, respectively. The density of  PS was significantly lower than that of  
the NWA due to the presence of  the round microscopic pores on the surface and interior of  PS. However, 
the microscopic pore structure also increases the water absorption of  PS, resulting in its much higher water 
absorption than that of  the NWA. 

Table 1: Physical properties of  aggregates.

Physical property
Coarse aggregate

NWA PS
Aggregate size (mm) 4.75-9.6 4.75-9.6

Specific gravity (g/cm3) 2.66 1.26

Fineness modulus 4.9 5

Bulk density (kg/m3) 1449 538
Water absorption (24h) (%) 0.5 16.7

Figure 1: a) Normal weight aggregate, b) Crushed peach shell and (c) SEM image of  peach shell.

2.1.3 Mix proportions, mixing and casting

The mix proportions of  all concrete are summarized in Table 2. For all mixes, cement and water were 
kept constant. In these pervious concretes, the NWA in the control mix was replaced with crushed PS by 
mass. The ratio of  the PS substitute for the NWA was 25%, 50%, 75% and 100%, respectively. A concrete 
without PS was also prepared and used for a control purpose.

Table 2: Mix proportion of  concretes (kg/m3).

Mix Cement Water W/C

Coarse aggregate

NWA PS PS/total Coarse aggregate 
ratio

Control 360 108 0.3 1550 0 0
PS-25 360 108 0.3 1162.5 135 25%
PS-50 360 108 0.3 775 270 50%
PS-75 360 108 0.3 387.5 405 75%
PS-100 360 108 0.3 0 540 100%

The mixing of  all the mixtures was done in the laboratory with an ambient temperature of  23±2℃. Firstly, 
the NWA, PS and cement were mixed in a circular drum mixer for 2 min. Then 70% of  water was added 
and mixed for 2 min, and the remaining 30% of  water was then added and mixed for 3 min. 

After that, all mixtures were cast in different sized oiled moulds. 100mm×100mm×100mm cube specimens 
were used for compressive strength test, splitting tensile strength test and porosity test. The cylindrical 
specimens with a diameter of  100mm and a height of  200 mm were used for the clogging test and 
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permeability test. All the mixtures were compacted by a vibrating table. Immediately, after compaction, all 
specimens along with the mould were covered by the plastic sheathing for preventing moisture evaporation. 
After 24 h, all specimens were removed from the molds and stored in water until the test age.

Figure 2: The apparatus for permeability test.

2.2.3 Clogging test
Generally, the sediment containing both coarse and fine particles is most significant for reducing the 
permeability coefficient of  pervious concrete [18]. The clogging test was performed in this study to 
evaluate the clogging performance of  peach shell pervious concrete (PSPC). The clogging material used 
in this study was based on the blended material proposed by Dang et al. [12]. That is, the clogging material 
was made of  75% dredged silt (0-80μm) and 25% sand (0-4mm), which could be used to simulate field 
conditions. Before the clogging material was used, they were added to the water and mixed well until a 
uniform suspension was obtained at a concentration of  1% (Figure 3).

The same device was used for the clogging test and permeability test. The clogging test applied a cyclic test 
method, and a detailed test process is as follows: Firstly, the initial permeability coefficient was measured by 
the method of  falling head test; Secondly, a suspension of  clogging material was prepared at a concentration 
of  1%; Thirdly, the suspension was poured from the upper surface of  the specimen and it slowly permeated 
the specimen through the pore structures inside the specimen; Fourthly, after the suspension was completely 
drained, the permeability coefficient of  the specimen was determined by falling head test method when the 
clogging material still presented on the surface of  the specimen; Finally, these above steps were repeated 
for at least four times.

Figure 3: a) Clogging material mixed by sand and dredged silt, b) The suspension of  clogging 
material has a concentration of  1%.
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3. Results and discussion

3.1 Density, total void ratio and water permeability coefficient
The density, total void ratio and water permeability coefficient of  concretes are shown in Table 3. The 
results showed that with the content of  PS increased, the density of  PC significantly decreased while the 
total void ratio and water permeability coefficient increased. Generally, the typical density of  PC varies 
from 1500 kg/m3 to 2000 kg/m3, and the porosity between 15 % and 35 %, and the water permeability 
coefficient ranges from 1.4 mm/s to 12.2 mm/s [8]. In this study, the density of  concrete containing PS 
varied from 825 kg/m3 to 1568 kg/m3, which was lower than the control concrete without any PS due to 
the density of  the PS lower than that of  the NWA. 

Table 3: Physical properties of  concretes.

Mix Density (kg/m3) Total void ratio (%) Water permeability coefficient (mm/s)

Control 1693 26.6 7.9

PS-25 1568 28.4 9.0

PS-50 1424 31.7 9.5

PS-75 1069 35.1 10.3

PS-100 825 37.2 11.2

ACI 522 [19] recommended that the porosity of  PCs was usually between 15 % and 35 %. The total 
void ratio of  all PCs varied from 26.6% to 37.2%, and except for PS-75 and PS-100, other mixtures were 
within the specified range reported by ACI 522. The total void ratio of  PC significantly increased with 
the increasing PS content. When the NWA in the PC was replaced by 100% PS, the PS-100 mix had the 
highest total void ratio of  37.2%, which was 39.8% higher than that of  the control mix. In addition, with 
the increase of  total void ratio, the density decreased. A good linear relationship with a good correlation 
coefficient (R2=0.96) between total void ratio and density was presented in Figure 4. 
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Figure 4: Relationship between total void ratio and density.

Generally, the permeability of  PC depends on the connectivity of  the internal pores and pore diameter [8]. 
The water permeability coefficient of  PCs varied from 7.9 mm/s to 11.2 mm/s. The water permeability 
coefficient was lowest without any PS. However, when the NWA was replaced by 100% PS, the water 
permeability coefficient was increased by 41.8%, compared to the control concrete. The relationship 
between total void ratio and water permeability coefficient was shown in Figure 5. As expected, the water 
permeability coefficient of  PCs increased as the void ratio increased. 
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Figure 5: Relationship between total void ratio and water permeability coefficient.

3.2 Compressive and splitting tensile strength
The 28-day compressive strength of  all PCs varied from 1.9 MPa to 9.2 MPa, as shown in Table 4. With 
the PS content increased, the compressive strength significantly decreased. When the NWA was replaced 
by 100 % PS, the compressive strength reduced by 79.0% compared to the control mix. Güneyisi et al. [8] 
reported that the strength of  PC mainly depends on the bond strength between the aggregate and cement 
paste. The failure pattern of  PC containing PS is presented in Figure 8. The cracks of  PC containing PS 
not only propagated through the interfacial transition zone (ITZ) but also passed through the PS aggregate. 
The reason for the incorporation of  PS to significantly reduce the strength of  PCs can be attributed to 
the following: Firstly, PS is an organic matter, which results in the weak bond in the ITZ [4]. Secondly, 
the shrinkage of  PS also is an important influence on the aggregate-paste binding ability [14]. Thirdly, the 
strength of  PS is much lower than that of  the NWA [15], which also contributed to the low compressive 
strength of  PC. 

Table 4: Mechanical properties of  concretes.

Mix
Compressive strength (MPa) 28-day splitting tensile strength 

(MPa)7-day 14-day 28-day
Control 5.6 7.8 9.2 1.08
PS-25 4.9 6.7 7.9 0.91

PS-50 2.6 3.8 5.1 0.73
PS-75 1.4 2.5 3.2 0.56
PS-100 1 1.3 1.9 0.28

                         

                                 
Figure 6: Failure pattern of  PC containing PS.
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The relationship between total void ratio and water permeability coefficient and compressive strength are 
presented in Figure 7 and Figure 8, respectively. It was clear that the compressive strength decreased as the 
total void ratio and water permeability coefficient increased. 
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Figure 7: Relationship between total void ratio and compressive strength.
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Figure 8: Relationship between water permeability coefficient and compressive strength.

The splitting tensile strength results are also presented in Table 4. The splitting tensile strength decreased 
as the increase in PS content. The splitting tensile strength of  all PCs ranged from 0.28 MPa to 1.08 MPa. 
Wu et al. [15] reported that PS can be used to produce lightweight aggregate concrete by replacing 100 % 
NWA. However, the use of  100 % PS instead of  NWA for the manufacture of  PC is not feasible. When PS 
is used in PC, the content of  PS should not exceed 25%. The relationship between compressive strength 
and splitting tensile strength is shown in Figure 9. The results showed that the splitting tensile strength 
increased as the increase of  compressive strength. 
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Figure 9: Relationship between compressive strength and splitting tensile strength.
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3.3 Clogging test results
The relationship between clogging cycles and water permeability coefficient is shown in Figure 10. The 
results showed that the water permeability coefficient of  PC decreased gradually after each clogging cycle 
due to the suspension containing clogging material was poured into the upper surface of  the PC, which 
could penetrate into the PC and deposited on the pore wall [12]. After the fourth clogging cycle, the 
water permeability coefficient of  the Control, PS-25, PS-50, PS-75 and PS-100 were 0.2 mm/s, 0.4 mm/s, 
0.6 mm/s, 0.9 mm/s and 1.3 mm/s, respectively, which decreased by 97.5%, 95.6%, 93.7%, 91.3% and 
88.4%, respectively, compared to the initial value. The results also indicated that dredged silt and sand 
had a significant impact on the permeability of  PC, and the PC with higher porosity had better clogging 
resistance. 

The detailed blocking process may be as follows: firstly, the sand grains entered the large pore structure 
inside the PC, and then the dredged silt grains filled the remaining voids and increased the blockage of  the 
permeable pores, resulting in the water permeability coefficient decreased rapidly. Dang et al. [12] found 
that after the first plug cycle, the water permeability coefficient of  PC containing 2-4 mm was reduced 
by 95% of  the initial value. In this study, after the first cycle, the water permeability coefficient of  the 
Control, PS-25, PS-50, PS-75 and PS-100 mixes decreased by 50.6 %, 46.7 %, 38.9 %, 28.2 % and 28.6 %, 
respectively, compared to the initial values. 

This may be contributed to the PS and the NWA used in this study have a particle size of  4.75-9.6 mm, 
which are larger than the particle size of  seashell of  2-4 mm, and consequently resulting in a higher porosity 
of  PC. Therefore, the large-grained aggregates are more advantageous than the small-grained aggregates 
in resisting clogging.
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Figure 10 :  Relationship between clogging cycles and water permeability coefficient.

Changes in the top surface of  the PS-50 mix during the clogging test are shown in Figure 11. It is clear 
that after the second clogging cycle, most of  the suspensions containing the clogging material could not 
penetrate the PS-50 mix and only remained on the upper surface, resulting in the lower water permeability 
coefficient. 

After the fourth clogging cycle, the clogging material was almost fully deposited on the surface of  the PS-50 
mix, and water could hardly penetrate through the PS-50 mix. 
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Figure 11: Changes in the top surface of  the PS-50 mix during clogging test a) First cycle, b) Second 
cycle, c) Third cycle and d) Fourth cycle.

4. Conclusions

In this study, the peach shell (PS) was used as a substitute for the normal weight aggregate (NWA) to 
produce pervious concrete (PC). The physical properties (density, total void ratio and water permeability 
coefficient), mechanical properties (compressive and splitting tensile strength) and clogging properties of  
PC were investigated. The following conclusions can be drawn based on the present study:

• The replacement of  the NWA with the PS reduces density, compressive strength and splitting tensile 
strength of  PC while increasing the total void ratio and water permeability coefficient. When the NWA 
is replaced by 100 % PS, the density, compressive strength and splitting tensile strength decrease by 51.3 
%, 79.0 % and 74.1 %, respectively. However, the total void ratio and water permeability increases by 
39.8 % and 41.8 %, respectively, compared to the control mix.

• The low strength of  the PS aggregate results in low mechanical properties of  the PC. However, the 
compressive strength, splitting tensile strength and water permeability coefficient of  PS-25 mix are 7.9 
MPa, 0.91 MPa and 9 mm/s, respectively. Therefore, it is feasible that the use of  PS to produce the PC 
with suitable mechanical properties by adding less than 25 % PS.

• Clogging materials made of  sand and dredged silt have a significant impact on the water permeability 
coefficient of  PC. The large-grained aggregates are more advantageous than the small-grained 
aggregates in resisting clogging. The water permeability coefficient of  PC decreases gradually after 
each clogging cycle, after the fourth clogging cycle, the water permeability coefficient of  the Control, 
PS-25, PS-50, PS-75 and PS-100 decreased by 97.5 %, 95.6 %, 93.7 %, 91.3 % and 88.4 %, respectively, 
compared to the initial values. 
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A concrete composite from biologically 
based binders and mineral aggregates for 

constructional 3D-printing
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Abstract 

The paper presents an alternative binder for structural 3D-printing with composite materials. The binder 
eases the control of  setting times after extrusion through thermoplastic hardening properties. The material 
could therefore enable the production of  thin-walled geometries in large-scale 3D-printing with higher 
degrees of  freedom in respect to overhanging geometries without supporting structures. The proposed 
composite material is made from mineral aggregates and biological gels, resourced from animal tissue and 
bone. The used mineral aggregates are not deviating significantly from conventional concrete or mortar.

So far, the research determined a maximum flexural- and compressive strength of  8 MPa and 21 MPa. 
Furthermore, first material compositions are introduced and respective material properties tested. As a 
conclusion, the paper presents limitations and potentials of  the concrete for the use as structural building 
material and the use within large-scale 3D-printing.

Keywords: Bio-based concrete, constructional 3D-printing, biopolymers, concrete composite, mineral 
aggregates

1. Introduction

Additive manufacturing and 3D-printing in the construction sector is a rapidly growing field of  interest in 
research and industry [1], [2]. Possible material savings and a higher degree of  freedom in shape forming 
increase both, sustainability in construction and architectural expression [3]. Some of  the materials used for 
constructional three dimensional extrusion processes are steel ([4], [5]) , carbon fibre[6], or polymers ([7], 
[8], [9]). The main focus however lays on the printing with concrete ([1], [3], [10]), due to proven beneficial 
properties of  cementitious materials, such as durability, inexpensiveness, fire resistance, structural strength 
and its plasticity during extrusion.

The current focus on cementitious concrete has its drawback regarding its sustainability account. This is 
due to the high amount of  energy used under production, the CO2-emissions of  the chemical process 
during calcination of  limestone and the high transport efforts due to dependency on centralised large-
scale production sites. In many cases, the extruded material comprises substantially higher cementitious 
shares than conventionally casted concretes [11]–[13]. Additionally, extensive admixtures are being used 
to adapt the composite’s performance as intended, enabling rapid viscosity change from liquid to solid 
during the printing process by thixotropic or chemical procedures. The combination of  large limitations in 
reinforcement integration [3] and low early-age strength of  concrete causes buckling and moment failures 
during printing, and restrain degree-of-freedom to an almost vertical build up.
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The here presented research proposes an alternative concrete composite, based on biologically (bio-) 
based binding materials, for constructional 3D-printing. This concrete is in the following referred to as 
Biopolymer Concrete (BPC). The novelty of  the material is the compound of  biopolymers, resourced 
from animal tissue, bones, fish, shellfish, or algae as binding material in concrete, purposed for additive 
manufacturing processes. The intention is to completely replace any cementitious share in the composite 
with the biopolymer- and water- based binders. Sought after properties of  the BPC with regards to 
constructional 3D-pinting are rapid viscosity change due to its thermoplastic hardening. Possibly, higher 
material savings in comparison to cementitious concrete could be reached by enabling higher resolution 
prints, i.e. thin-walled and overhanging geometries, through the rapid solidification.

Different sources for the binding material are considered. As a first prove of  construction-worthiness 
of  the novel material, the research presented here is conducted with BPC samples made of  bone glue, 
a biologically resourced gel from animal tissue and bones (meat industrial waste products). The samples 
were tested for compressive- and flexural strength with different binder contents in the composite material. 
Other properties relating to the construction process, i.e. printability of  the concrete, such as hardening and 
drying time as well as shrinkage, density and thermoplasticity have been tested explicitly or will be discussed 
based on available information.

2. Methodology

2.1 Materials
The tested BPC composite material was manufactured using bone glue as bio-based binding material, and 
mineral aggregates. In the following, the individual components, are described and characterized.

      

Figure 1: Raw materials used for BPC – (a) Mineral aggregates: Sand with a grain size distribution 
between 0-2mm, (b) biologically based binder granulate: bone glue – in [mm]

2.1.1 Mineral Aggregates
The used mineral aggregates are limited to sand with a grain size composition of  0-2mm (Figure 1 - a). The 
used sand is taken from the Great Belt strait in Denmark, part of  the Baltic Sea. Due to the maritime origin, 

 The small grain size was chosen to:

reach a sufficient homogeneity of  the composite material for small sample sizes

assure applicability for constructional 3D printing, for which rather small grained aggregates are used (as in 
[12], [13]) to enable thin extrusion processes and high resolution.

the rounded shape adds to good workability of  the fresh concrete mix
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2.1.2 Bio-based binding material
Bone glue is used as a biologically based binder to produce test specimen in this paper. The material is 
commercially available and extracted from industrial waste in food production (animal tissue and bones). It 
is traditionally used as adhesive for carpentry, woodwork, as well as for restauration and instrument making. 
Under soaking of  water and the influence of  heat, covalent bonds of  long chained bio-polymers dissolve 
and a biological gel is separated from the raw biological material by Gelatinization. The adhesive is dried 
and sold in form of  granulate (see Figure 1 – b).

The bone glue was purchased from DICTUM [14], a supplier for woodworking tools and materials. The 
delivered glue granulate has a grain size of  2-7mm (Figure 1 – b). Covered with water, the granulate dissolves 
and the gel liquefies. This process is intensified when adding heat to the solution. Both, water content and 
temperature in particular affect the viscosity of  the gel significantly (thermoplasticity) and are hence pivotal 
to the workability of  the composite material. The viscosity decreases significantly when increasing the 
binder’s temperature to 70°C. The raw granulates density is   1.

2.1.3 Nomenclature
To specify the composition of  the tested BPC materials, a coding indicating the different constituents by 
letters and numbers of  mass percent is used. In this study, specific constituents are water (W), bone glue 
(BG) and Great Belt sea sand 0-2mm (Z1). Symbols for less specified groups or more general terms would 
be glue granulate (GG) or binder (b). This system allows to write unspecific (1) and specified (2) balanced 
equations describing BPC materials:

           (1)

          (2)

Equation (2) omits arithmetic operators (+) as used in equation (1). The unspecified glue granulate in 
equation (1) is in equation (2) replaced with the specific reference to bone glue. In this way, the notation 
allows defining parent types and sub groups of  binders and composites. Finally, a specific sample of  any 
BPC material is identified by a unique number at the end of  the material code separated by a dot. The fifth 
sample made of  BPC1 would bear the code:

        (3)

All numeric values and ratios refer to the material’s weight and to compositions under mixing. The specified 
material proportions do not account for hardened samples, since water content decreases during drying.

2.1.4 Mixture
The tested compositions consist of  bone glue, water and mineral aggregates. The specifications of  the 
different BPC materials are listed in Table 1. In all cases, a W/GG-ratio of  1.25 has been chosen due to 
benefits in the workability of  the heated mass. This was found during preliminary experiments. Material 
coding is according to Section 2.1.3.

2.2 Methods
The used methods for mixing, moulding and testing are largely inspired by the standardised procedures for 
cementitious mortar and concrete as described in EN 196-1 [15]. However, due to thermoplastic properties 
of  the binding material, some adaptions were made. The steps in sample production, testing and property 

1  Characterised by weight and volumetric analysis with water bath. A weight scale with an accuracy of  
0.01g was used, as well as a single graduated 100ml cylinder to measure the volumetric increase of  50ml of  water by 
adding 20g of  binder granulate.
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characterisation are in the following described in more detail.

2.2.1 Composite production
The production of  the concrete composite, including the process for moulding and drying is compiled in 
Table 2, with approximate durations of  the individual steps.

Table 1: Overview of  the used material compositions.

# Sample Binder-content Glue granulate- 
content

Water- 
content 

Aggregate- 
content

[-] [-] [wt.%] [wt.%] [wt.%] [wt.%]

BPC1 10(44BG56W)90Z 10 4.44 5.56 90

BPC2 15(44BG56W)85Z 15 6.67 8.33 85

BPC3 20(44BG56W)80Z 20 8.89 11.11 80

BPC4 25(44BG56W)75Z 25 11.11 13.89 75

Table 2: In-sum process specifications for the production of  bio-based concrete composite samples.

Process # Process specification Duration Notes

1 Soaking of  GG in W >1h Soaking of  glue granulate in water

2 Heating ~1h Heating of  Z and b in oven to 70°C

3 Mixing 2min Mixing in mortar blender, standardised in EN196-1 [15]

4 Moulding 3min Moulded on vibration table until solidity is reached

5 Thermoplastic hardening 1 day
1 day left in mould - actual thermoplastic hardening time 

substantially lower - dependant on geometry, ambient 
temperature, etc.

6 Demoulding Demoulding 1day after casting

7 Dry-hardening A 1 day Dry hardening under room temperature

8 Dry-hardening B 4-48 days Dry hardening in well ventilated oven at 50°C

1. Soaking of  GG in W: Soaking the glue granulate in water for >1 hour, until a homogenous concentration 
of  gel in the GG-W mix could be reached. The granulate increases its volume in reaction with water. 
The viscosity in this step depends on both, amount of  added water and soaking time, and can range 
from solid to liquid. Frequently, the mix has been stirred with a glass spatula.

2. Heating of  constituents: The viscosity of  the GG-W mix can be decreased by heating (thermoplasticity). 
The water addition can be thereby decreased due to temperature control. To avoid sudden cooling and 
undesired hardening during the mixing process of  the binder, aggregates are heated as well. Both 
materials are heated to 70°C to ensure the plasticity of  the mix. Higher temperatures were avoided to 
prevent damage of  the molecular structure. 

Mixing of  constituents: The heated constituents are mixed with a mortar blender for conventional 
cementitious material (Mixer specification: Seger – Tonindurtie), standardised in EN196-1 [15]. The mixing 
vessel is prior tempered to 70°C to prevent premature cooling of  the mass. A homogenous material mix 
could be assumed after 2 minutes of  mixing. The mixing and moulding was conducted at room temperature, 
giving a time limitation for the mixing. Due to cooling, the mass becomes unworkable after a short time 
(about 5-10min).

Moulding: The composite material is poured into moulds. This is done in a rather rapid fashion to prevent 
the material from premature stiffening. The moulds were filled on a vibration table to prevent large captivities 
and larger inhomogeneity inside the sample. The vibration was conducted with 60-80Hz until the material 
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increased in viscosity (approx. 3min). Prism moulds with dimensions of  40x40x160mm (width/height/
length) after EN 196-1 [15], as well as cylinders with a measurement of  50x100mm (diameter/height) were 
used. Metal surfaces of  the moulds needed to be covered with a thin PE-foil to prevent the corrosion 
caused by the acidic nature of  the bio-binder.

1. Thermoplastic hardening: Thermoplastic hardening occurs directly after the binding material is 
removed from a heat source and placed in a cooler ambient temperature. The material’s viscosity 
increases noticeably throughout mixing and moulding process.

2. Demoulding of  the samples was conducted one day after moulding, to support the integrity of  the 
sample by reaching additional strength through the outset of  the dry hardening process. 

3. Dry hardening: Even if  the material shows stiffness after the thermoplastic hardening process, the 
material still contains water which prevents the biopolymers to form stronger bonds. After all water 
is evaporated, the material is considered as hardened. The duration of  this process is dependent on 
water content, dimension of  the sample, aggregate content and porosity. To accelerate the process for 
testing, samples were, after one day drying under room temperature, placed in a well ventilated oven 
(Oven specification: Memmert UF 160) at 50°C. For most samples, an oven drying time of  21 days was 
chosen.

2.2.2 Structural testing of  cylindrical samples
A total of  12 cylindrical samples, 50mm diameter and 100mm height, were casted to determine compressive 
strengths. For loading tests, an ‘Instron-6025’ with a capacity of  100kN was used to load the samples, as 
well as for recording of  force and displacement. Circular platens with a diameter of  50mm were used to 
slender the apparatus’ loading surface down to the geometry of  the material cylinders. Force was applied 
with a loading rate of  2400 N/s.

The moulding and drying of  the samples left the top and bottom surfaces of  the cylinders uneven. The 
samples were cut with a circular saw to a length of  ~90mm before testing and after drying. The sawing was 
conducted slowly and without any water-cooling of  the blade to prevent the material from weakening by 
water soaking.

2.2.3 Structural testing of  prism samples
Prism samples with the size of  40x40x160mm were tested for flexural- and compressive strength according 
to EN196-1 [15].

For flexural strength, the prism samples were tested in a three-point bending test as standardized with a 
distance of  the supporting rollers of  100mm and a loading rate of  50N/s on an ‘Instron-6022’ with a 
loading capacity of  10kN. The specimen was mounted with the from the moulding created even surfaces 
in contact with the flexure device.

The compressive strength was measured for each of  the two fragments obtained from the segmentation 
when measuring the flexural strength. Above and below, the specimen was loaded on a surface of  40x40mm. 
The orientation of  the samples for compressive strength was in accordance to the flexural tests, described 
above. Loading was applied at a rate of  2400N/s with an ‘Instron-6025’ testing machine with a loading 
capacity of  100kN.

2.2.4 Density-measurements of  the composite
Calculated as ratio of  individually measured mass (accuracy 0.01g) and volume (accuracy 0.01mm).
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2.2.5 Shrinkage
Shrinkages of  prism samples were determined by evaluating the differences in length before and after dry 
hardening, i.e. immediately after demoulding and before testing. Therefore, shrinkage information relates 
only to the dry-hardening process during this time and not to thermoplastic-hardening.

2.2.6 Dry-hardening times
The binding material develops strength over the thermoplastic- and the dry-hardening period. The duration 
of  the thermoplastic hardening was short and easy controllable by temperature. The duration of  the dry-
hardening depends on geometry, porosity, ambient temperature and binder or water contents. A total of  12 
cylindrical samples of  BPC3 have been tested in compression (see Section 2.2.1 and 2.2.2) to evaluate the 
rapidity of  the drying process. The sample production was conducted as indicated in Table 2. The duration 
of  step 8 was varied. Three samples have been tested, respectively after 4, 12, 22 and 48 days of  oven drying 
at 50°C. To keep samples comparable, the W/GG and b-content has not been varied and kept on 1.25 and 
20%. 

3. Results and discussion

3.1 Results
Examples of  BPC are seen in Figure 2.

        

Figure 2: Biopolymer Concrete (BPC) Samples: (a) circular cylinders 100mm high and 50mm in 
diameter, (b) square prism samples with a length of  160mm and a cross-section of  40x40mm.

3.1.1 Property variations under hardening
The two hardening characteristics, thermoplastic- and dry-hardening, are key-influencer on the materials 
strength and viscosity. The thermoplastic hardening time already occurs after several minutes after 
discontinuity of  heat exposure, the material’s viscosity increases and the composite gains integrity. Due to 
the obvious relation of  the material’s temperature to its fluidity, the rapidity of  the process is thought to be 
connected with the composite’s geometry, heat capacity, water content, initial- and ambient temperature. The 
observations of  this process proposes therefore, its simple controllability. The subsequent dry hardening 
can be described as the water loss through evaporation and extends, dependant on the water content, over 
a longer period of  time. 

Figure 3 shows the dependency of  the compressive strengths on this dry-hardening duration. Illustrated 
results display that the material strength is increasing for an increase of  dry-hardening time, suggesting that 
the strength of  the material is strongly dependant on its water content. Hence, a high water content implies 
low strength and an advanced drying process a higher strength. The four data points were tested with a 
respective sample quantity of  three, namely samples BPC3.1-12 (Figure 2 – a). The mean of  each tested 
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point in time has been connected by a smoothened line. A substantial increase of  compressive strength was 
observed (until 22 days), where after the graph flattens. The flattening starts between 12 days and 22 days, 
an exact point in time, however, could not be determined. For the values around the flattening, the graph 
shows larger variabilities. Contrary, minor variations were observed for short and extensive dry-hardening 
durations. A bend in the smoothened curve of  Figure 3 denotes a characteristic change of  drying rapidity. 

Figure 3: Compressive strength of  cylindrical samples BPC3.1-12. over dry hardening times at 50°C 
(corresponding to step 8 in Table 2). The error bars show maximum and minimum values. The 
connecting line has been smoothened.

The drying characteristics are expected to be geometry dependent, as well as reliant on initial water content, 
ambient temperature and humidity. Other than the thermoplastic hardening, dry hardening is expected 
to not conclude, but rather to approximate asymptotically to an upper bound, which is dependent on the 
ambient humidity. Therefore, varying water contents through differing binder to aggregate compositions, 
possibly show divergent hardening times. This, however is up to date not experimentally verified.

3.1.2 Density
Characterizing density and shrinkage is useful to evaluate the material on its suitability for constructional 3D 
printing by limiting self-weight and shrinkage cracking. For sample batches BPC1, BPC2, BPC3, and BPC4 
(cf. Table 1); volume, weight and length have been measured before testing and after drying. Respectively 
calculated density values can be seen in Figure 4. The mean values range from 1.6g/cm3 to 1.4g/cm3 for 
varying binder contents. Densities generally decrease with a decrease in aggregate shares in the mix. 

The material’s density is scattered around a value of  about 1.5 g/cm3. The composite is therefore lighter 
than cementitious mortar, which is here assumed with the typical value of  2.2 g/cm3. The mixing ratios 
influences the material’s density only marginally for a binder content of  10%-20% (BPC1, BPC2, BPC3). 
A content of  25%, however, causes a large density loss of  10%. Due to the comparably high density of  
the used sand (2.6 g/cm3), low density binder (1.3 g/cm3), and the continuous change of  mixing ratios 
(10%, 15%, 20%, 25% binder content) throughout the tests, a linear decrease of  density could have been 
expected. Contrary, the non-linear appearing measurements of  Figure 4 let suppose, that the pore content 
for samples with a binder content of  over 20% increases substantially, i.e. its density decreases.
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Figure 4: Density of  sample batches with varying binder contents. Whiskers show maximum and 
minimum value of  the data set; boxes define upper, middle and lower quartile; the marker shows 
mean values. Each boxplot is substantiated with a data point quantity of  six measurements.

3.1.3 Shrinkage
The densities tendency is reversely reflected by shrinkage ratios in Figure 5. The continuous increase of  the 
data set ranges from 0.3% to 2% and increases for higher binder contents. Therefore, shrinkage appears 
to be directly interlinked to the materials composition, or rather to the binder’s water content. The results 
suggest that the evaporation of  water causes the material to shrink.

Figure 5: Shrinkage of  sample batches with varying binder contents. Whiskers show maximum and 
minimum value of  the data set; boxes define upper, middle and lower quartile; the markers show 
mean values. Each boxplot is substantiated with a data point quantity of  six measurements.

3.1.4 Strength of  BPC
The composite’s properties are expected to be strongly dependant on the material’s composition. Therefore, 
the dependencies on varying binder-contents were measured to determine performance peaks of  flexural 
and compressive strength. Six prisms (Figure 2-b) for each composition were casted with a binder content 
of  10%, 15%, 20% and 25% (BPC1-4) and a W/GG-ratio by weight of  1.25. Corresponding mixtures can 
be found in Table 1, a dry-hardening duration of  21 days was chosen for all samples. Figure 6 and 7 show 
the obtained results for flexural and compressive strengths.

Flexural strength: As shown in Figure 6, batch BPC2 had the highest flexural strength, i.e. the batch with 
a binder content of  15%. When lowering the binder content to 10% (Batch BPC1), the flexural strength 
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was more than halved. Increasing the binder content to 20% and 25%, i.e. BPC3 and BPC4, resulted in a 
decreased flexural strength, though not as significant as for the prisms with 10% binder.

Compressive Strength: The compressive strength for the prisms are shown in Figure 7. A tendency to 
a maximum mean compressive strength of  batch BPC3 can be identified as a peak performance value. 
However, the upper error bar for batch BPC3 has a relatively large magnitude and is decisive for an increased 
mean value, being higher than middle and upper quartile. Therefore, a difference between batch BPC2 and 
BPC3 can not be concluded. A major drop in strength is located between BPC3 and BPC4.

Figure 6: Flexural strength of  prism samples with varying binder contents. Whiskers show maximum 
and minimum value of  the data set; boxes define upper, middle and lower quartile; the marker 
shows mean values.

Figure 7: Compressive strength testing of  prism samples with varying binder contents. Whiskers 
show maximum and minimum value of  the data set; boxes define upper, middle and lower quartile; 
markers show mean values.

Both, flexural and compressive strength suggest a performance peak between 15% and 20% binder content. 
The peaking of  strength in this range, and the subsequent decrease for higher binder contents can potentially 
be explained with: 1) an increase of  porosity due to the higher binder content and therefore decrease in 
density and strength (see Figure 4), or 2) an incomplete or not comparable dry-hardening process between 
varying binder contents as described in Section 3.1.1.

Even though in similar range, flexural- and compressive strength propose diverging mean performance 
peaks in the margin of  15%-20%. The boxplots however do show similar order for both stresses in Figure 
6 and 7. The correlation of  mean flexural- and compressive strength was therefore evaluated to determine 
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the consequences of  an increase of  binder content in the mixture. The results are shown in Figure 8. It 
appears that the two properties react differently on the composition change. A consistent ratio in strength 
could therefore be excluded. A general observed trend is that higher binder contents cause an increase in 
relative flexural strength. Contrary, low binder contents lay the performance’s focus on the compressive 
strength. The maximum ratio in Figure 8 has a magnitude of  65% for a binder content of  25% (BPC4). 
The indicated performance peaks for BPC2 and BPC3 show a strength ratio of  around 40%. In all cases, 
the ratio of  flexural- to compressive strength surpasses the performance of  conventional cementitious 
concrete, which is around 10%, as a rule of  thumb.

Figure 8: Ratio of  f lexural strength to compressive strength for varying binder contents. Mean 
values of  measured strengths as in Figure 6 and 7 were used.

3.2 Discussion
The BPC’s properties were tested to assess the materials suitability for constructional 3D-printing. In the 
following, the results are brought into context, i.e. ‘suitable’- and ‘to be further advanced’ properties are 
listed and compared.

Suitable properties of  BPC for constructional 3D-printing:

Printability of  BPC: Primary advantage of  BPC for constructional 3D-printing is the easy controllable 
thermoplastic hardening and thickening of  the material. The in Section 2.2 and 3.1.1 discussed 
thermoplasticity shows, that the material increases rapidly in viscosity only by the exposure to room 
temperature. During an envisaged printing process, the material itself  would therefore not only rely on 
the thixotropic build-up of  the composite material, as for 3D-printing with cementitious concrete [16]. 
By the ability of  controlling the thermoplasticity to a high degree, and increasing the early age strength of  
the matrix, the thinness of  layers could be increased and potential early age moment failure of  the built up 
prevented. More slender constructions and higher degree of  freedom in terms of  overhanging prints, could 
possibly be realised. This is also supported by the material’s low density and high relative flexural strength, 
as described in Section 3.1.4, which can increase the early age moment resistance and lower the dead load 
added to the system under construction.

Composite strength: As proposed in Section 3.1.4, BPC shows generally a strength in the order of  magnitude 
of  cementitious concrete, though not comparable with high performance printing concretes [12]. One 
of  the biggest challenges of  constructional 3D-printing is the integration of  reinforcement [3]. The 
printing process prevents the placing of  extensive steel reinforcement and limits the freedom of  shape 
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for cementitious concrete substantially due to the lack of  flexural strength in cementitious materials. With 
a high ratio of  flexural- to compressive strength of  BPC, as described in Section 3.1.4, the BPC material 
could deliver a filament that could render building components loaded in flexure and thereby diminish the 
need for reinforcement.

Structural integrity of  prints: Assuming a layer-by-layer 3D-printing process for the constructional use of  
the material, the integrity of  the meso-scale structure is at risk by possibly exceeded shrinkage limits or 
detachment of  layers through lacking interface adhesion [17]. Shrinkage, as evaluated in Section 3.1.3, can 
be controlled by editing the binder content. Possibly, fibre reinforcement could be added to limit shrinkage 
cracking. The found shrinkage ratios of  0.3% to 2% is therefore evaluated as suitable for constructional 
3D-printing. The bone glue has furthermore been traditionally used for carpentry constructions and 
instrument making and adheres well to itself. It is therefore expected, that the contact surface of  a printed 
layer bonds well to precedent layers. This, however needs to be experimentally verified in further work.

• Sustainability: The substitution of  high cement contents and extensive admixtures in constructional 
3D-printing filaments with biologically based binders such as bone glue could have a positive impact on 
the sustainability account of  the method. This is due to lower production temperatures of  bone glue in 
comparison to cement, and avoidance of  CO2-emissions under the calcination of  limestone.

BPC properties, crucial to be further advanced:

• Durability: BPC has, due to its organic compounds and hygroscopic behaviour, a high risk of  fast 
deterioration. During the testing, some of  the samples, especially for binder contents over 20%, showed 
moulding attack.

• Fire resistance: The thermoplastic properties of  the material are expected to be beneficial for the 
3D-printing process but disadvantageous for its fire-resistance. The fireproofing of  the material is 
crucial for further development.

• Hygroscopic properties: As described in Section 3.1.1, the water content is decisive for the structural 
strength of  the material. Removing the water contents, hardens the material. The process can also be 
reversed, i.e. exposure of  the hardened material to water softens its strength, which is critical for the 
use as structural material.

An overview of  the above described can be found in Table 4.

Table 4: In sum – advantageous properties in comparison to ongoing advancements

Properties of  BPC, suitable for constructional 
3D-printing

Properties of  BPC, crucial to be 
advanced

Thermoplasticity Durability

Flexural- /compressive strength Fire resistance

Low density Water resistance

Self-adhesion

Shrinkage

4. Conclusions

A composite of  a biopolymer binding material (bone glue – a bio-gel produced from the meat industry’s 
waste) in conjunction with mineral aggregates was evaluated on its suitability as a filament for constructional 
3D-printing of  concrete. The findings show structural strengths in the order of  magnitude of  conventional 
concrete, i.e. flexural strength of  8 MPa and compressive strength of  21 MPa, and suggest therefore the 
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composite’s usability as a structural building material. A density of  around 1.5 g/cm3, easy controllable 
thermoplastic hardening characteristics, and a high moment resistance through high flexural- to compressive 
strength ratios of  up to 65%, propose furthermore the benefit for additive manufacturing processes. Low 
induced dead loads, early-age material strength and high moment resistance, could diminish the need for 
reinforcement integration of  3D-printed structures, and enable higher degrees of  freedom in terms of  
overhanging and thin geometries. The results suggest the suitability of  bone glue as a binding material for 
concrete and the use in constructional 3D printing, linked with further research and development work for 
the composite’s durability, fire- and water resistance.
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Abstract: 

Air purification is an important topic for public health and one of  the solutions is to apply photocatalysis. 
It has been shown that the photocatalytic activity increases when the photocatalyst is supported on a silica 
network with a large surface area like silica aerogels. Silica aerogels are an ultralight and porous inorganic 
material consisting of  90~99% air voids inside a porous silica network structure. The inter-connected 
pore structure and the pore size are advantageous for the silica aerogel to function as a catalyst support 
or absorbent. However, silica aerogel is currently mainly produced with organic silica precursors and via 
supercritical drying, which is an energy intensive production route.  Therefore, it is of  interest to lower 
the production cost and reduce the energy input to produce silica aerogel with a lower CO2 footprint. In 
this study, silica aerogel was first synthesized from olivine via ambient pressure drying and was applied as 
a support to load photocatalytic anatase crystals. The aerogel production steps include sol-gel synthesis, 
ion-exchange, surface modification and ambient pressure drying. The produced silica aerogel obtained a 
high specific surface area (694 m2/g) and pore volume (2.99 cm3/g), with a uniform pore size distribution 
and mesoporous structure. Titania was loaded onto the prepared silica aerogel through the precipitation 
method. Titanium (IV) isopropoxide was used to slowly form titania in a dispersion with the silica aerogel. 
This method was used to precipitate titania inside the mesopores of  the silica aerogel to obtain a great 
spread of  the titania around and inside the aerogel for a high photocatalytic activity. The resulting samples 
were tested by measuring their conversion efficiency to oxidize nitric oxide under UV-light irradiation, 
nitrogen physisorption and FTIR. The prepared silica aerogel with titania crystals showed a photocatalytic 
activity of  99.6%, showing to be a promising photocatalysts for air purification.

Keywords: Silica aerogel, Titanium oxide, Photocatalytic support, NO oxidation

1. Introduction

Silica aerogel is an ultra-light inorganic material that contain above 90% porosity filled with air. Silica 
aerogel obtain ultra-low density (0.03-0.2 g/cm3), high specific surface area (500-900 m2/g) and ultra-
high porosity (90-99%). Due to these properties of  aerogel, many researchers have synthesized different 
kinds of  silica aerogels and applied them as thermal insulation materials [1, 2], catalytic supports [3, 4], 
absorbent of  pollutants [5] and drug carrier materials [6]. However, the industrial silica aerogels are mostly 
produced from organic silica sources like tetrathoxysilane (TEOS) and methyltrimethoxysilane (MTMS), 
through supercritical drying [7]. These processes are energy intensive and obtain a high carbon footprint 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

960960

IC
SB

M
 2

01
9

ID
 1

37

[8]. Therefore, a sustainable and low energy consumption method to produce silica aerogel would be a 
more desirable way to produce silica aerogel.

In the last few years, researchers developed several methods to produce silica aerogel from alternative silica 
sources, like kaolin [9] and fly ash [10]. However, all these methods include a calcination process that can 
increase the carbon footprint and energy consumption. Recently a novel nano-silica was produced from 
olivine at low temperatures (50-90 OC) [11, 12]. Olivine silica is produced by the dissolution of  olivine in 
acid and shows advantages in terms of  lower CO2 footprint, energy consumption and costs [13]. In this 
research, olivine silica is prepared at 50 OC and obtains a silica purity higher than 99% with SSABET between 
100 to 400 m2/g, indicating a fast reaction with sodium hydroxide solution and a pure water glass formation. 
Thus, olivine silica has great potential to be a sustainable silica source in the production of  silica aerogel 
while the total energy consumption is lower. In terms of  drying procedure, ambient pressure drying was 
applied in this study due to the lower pressure and temperature that used compared to supercritical drying 
[7]. This drying method includes a surface modification process that transforms the surface –OH group on 
silica gel surface to –CH3 group with TMCS and heptane as an agent. Therefore, with a ‘spring back’ effect 
the silica gel can re-expand the volume under ambient pressure drying and lower the density and increase 
the porosity of  the final silica aerogel. 

Due to the large pore volume and porosity of  silica aerogel, it is promising to apply silica aerogel as 
a catalyst support to load a catalyst like photocatalytic titania. The crystal size of  well-prepared anatase 
crystals can be smaller than the majority of  the pore sizes in the silica aerogel (10~20 nm) [14]. Therefore, 
it is possible to apply the aerogel as a catalyst support to make a great spread of  the titania on and inside 
the aerogel for a high photocatalytic activity. Therefore, in this research, silica aerogel was first synthesized 
from olivine via ambient pressure drying. Then the as-prepared silica aerogel was applied as a photocatalytic 
support to load titania and the photocatalytic efficiency was measured. Furthermore Fourier-transform 
infrared spectroscopy (FTIR) and nitrogen physisorption were used to analyze the microstructure of  the 
resulting silica aerogel-TiO2 composite.

2. Methodology

2.1 Materials
Olivine used in this research was from Norway supplied by Eurogrit (GL70). Table 1 lists the oxides 
composition of  GL70 measured by X-ray fluorescence (XRF). The loss on ignition and the olivine content 
are also shown in Table 1. 

Table 1: Composition of  GL-70 from Norway and olivine sil ica

Composition MgO Fe2O3 SiO2 Cr2O3 Al2O3 NiO MnO CaO LOI* Olivine

GL-70 49.3 7.32 41.4 0.31 0.46 0.32 0.09 0.15 0.59 88.9

Olivine nano-silica 0.03 0.02 99.8 - - - - 0.03 - -

*Loss on ignition

-Not detected

Sodium hydroxide pellets (NaOH, VWR), Ethanol absolute (CH3CH2OH, 100%, VWR), n-Heptane 
(C7H16, Analytic grade, Biosolve), Ammonia solution (NH3·H2O, 5N, Sigma-Aldrich), Trimethychlorosilane 
(C3H9SiCl, ，99%, Sigma-Aldrich) and Amberlyst 15 hydrogen form (Strongly acidic cation exchange 
resin, Sigma-Aldrich) were used to prepare silica aerogel from olivine GL-70. Olivine silica was prepared 
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according to our previous research [15] and its chemical composition is shown in Table 1. Titanium (IV) 
isopropoxide 97% (Sigma-Aldrich) was used as the precursor to produce the titania monomer. Commercial 
titania P25 was used as a reference to compare the performance of  titania-aerogel composite sample.

2.2 Methods

2.2.1 Preparation of  silica aerogel
The primary procedures for the preparation of  silica aerogel via ambient pressure drying include network 
strengthening, solvent exchange and surface modification. For the solvent exchange, different kinds of  
alcohols and alkanes with low surface tension are believed to be the best options. The surface tension 
of  the pore liquid can be reduced through stepwise solvent exchange and hence prevent capillary 
pressure from damaging the network of  silica aerogel during ambient pressure drying. For the surface 
modification, the hydroxyl groups of  the aerogel can be replaced by non-polar silyl groups through the use 
of  trimethylchlorosilane (TMCS) and n-heptane as solvent. When drying a hydrophobic gel, the skeleton 
of  the silica network is barely influenced by the surface tension of  water, thus avoiding the collapse of  the 
pores of  the aerogel. Furthermore, the ‘spring back’ effect further lowers the density of  the silica aerogel 
due to inert –CH3 groups attaching on the surface of  the gel. During the full evaporation of  the pore 
liquid, the aerogel can bounce back and increase the volume of  the aerogel. The schematic process of  the 
projected silica aerogel production is presented in Fig. 1.

Figure 1: Schematic process of  sil ica aerogel production from olivine sil ica

2.2.2 Preparation of  titania-silica aerogel composite
The silica aerogel was first dried at 500 ℃ overnight to remove the –CH3 groups on the surface of  silica. 
Subsequently, 1 g of  silica aerogel was weighed and then milled with a mortar. Then silica aerogel was 
dispersed in a 500 ml ethanol absolute solution and the pH was adjusted to 3~4 by adding small amounts of  
sulfuric acid. The molar ratio of  titania and silica aerogel was kept at 1:1, which was determined according 
to our previous study to be a proper amount. Afterwards, 4.16 g TP (Titanium isopropoxide) was added 
into the solution quickly to avoid any contact with moist air. Then water was slowly added during 12 hours 
until the water content of  the dispersion medium reached 2.5 vol%. After the synthesis of  the composite, 
the resulting sample was filtered and washed 4 times with distilled water. Lastly, the sample was dried 
overnight at 105 ℃ and then calcined at 300 ℃ for 3 hours.

2.2.3 Characterization methods
The resulting photocatalytic properties of  silica aerogel-titania composites were evaluated by testing their 
photocatalytic conversion of  NO under UV-light using the ISO 22197-1 standard for comparative purpose. 
The setup for these measurements is shown in Fig. 2.
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Fig. 2 Schematic view of  the PCO measurement setup: 1) NO gas source, 2) synthetic air source, 
3) valve, 4) bottle containing water, 5) humidity and temperature sensor, 6) l ight source, 7) reactor, 
8) air vent, 9) NOx detector and 10) computer to control inf low of  gasses and data collection. 
(Permission from [14] ) 

Chemical bonds in the silica aerogel were detected by Fourier-transform infrared spectroscopy (FTIR), 
which was performed with a Varian 3100 instrument with the wavenumbers ranging from 4000 to 400 cm-1 
at a resolution of  2 cm-1. Nitrogen physisorption was performed with a Tristar II equipment at 77 K using 
liquid nitrogen to determine the specific surface area using the BET theory and pore size distribution using 
the BJH theory. For microstructure analysis, transmission electron microscopy (TEM) was performed using 
a Tecnai 20 microscope, operated at 200 kV.

3. Results and discussion

3.1 Properties of  olivine silica aerogel
The density and porosity of  the prepared silica aerogel is shown in Table 2. All the silica aerogel obtained 
a porosity beyond 93.6% and density below 0.134 g/cm3. It can be observed that 48 hours aging slightly 
increased the particle density of  the silica aerogel. The reason behind this is that a longer aging time means a 
higher degree of  poly-condensation between colloidal particles and hence a denser silica gel microstructure. 
The strength of  the silica network increased, and could more easily resist the pressure caused by evaporation 
of  the solvent, but with the sacrifice of  an increase in density and decrease in porosity. Also, excessive aging 
reduces the permeability of  the silica gel and make it difficult for the solvent exchange process to work 
properly. Therefore, a suitable aging time of  36 hours is suggested in this study. 

The pH of  the silicic acid can also influence the density of  the produced silica aerogel by changing the 
hydrolysis and condensation rates of  the silicic sol. When the pH of  the silicic sol is 4.5, the silica monomer 
concentration increases too fast and forms silicate nuclei rather than cross linking silica networks, leading to 
an increase in density. It is observed that a pH of  5.5 can balance the hydrolysis rate and condensation rates, 
which means condensation immediately follows hydrolysis of  silicate and a uniform nanoporous structure 
can be formed. The silicate monomer concentration is low and favours to grow and form cross-linking 
silica particles. Therefore, the strength of  the gel would increase and less shrinkage happened, leading to a 
lower density and higher porosity of  silica aerogel. The specific surface area and pore size distribution of  
the silica aerogel (pH 5.5, A36) is shown in Fig. 3. It can be seen from Fig. 3 (a) that the isotherm of  the 
aerogel shows a typical type IV isotherm with an obvious hysteresis. The hysteresis is caused by the narrow 
pore size distribution with most of  the pores being around 8 nm as shown in Fig. 3 (b). The specific surface 
area and pore volume of  the aerogel is 694 m2/g and 2.99 cm3/g, respectively. After calcination at 500 OC 
for 4 hours, the SSA of  silica aerogel rises to 920 m2/g and pore volume to 5.30 cm3/g. The reason behind 

IC
SBM

 2019
ID

 137



963

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 1

37

963

IC
SBM

 2019
ID

 137

this result is that the calcination process makes the aerogel expand its pore size and coarsens the backbone 
of  silica particles. The silica aerogel after heating to 500 OC has a larger pore size, which is around 18 nm, 
indicating a different pore structure and silica network. Also, the amount of  absorbed nitrogen increases at 
a high relatively pressure, indicating a greater SSA and bigger pore size as well. These properties are suitable 
for silica aerogel function as a catalytic support with the aim of  a better spread of  titania both around and 
inside the pores of  silica aerogel.

Table 2: Particle density and porosity of  olivine sil ica aerogel. 

Density (g/cm3) / 
Porosity (%) pH 4.5 pH 5.2 pH 5.5 pH 5.9

A36 0.134/93.6 0.124/94.1 0.0972/95.4 0.110/94.8

A48 0.138/93.8 0.128/94.3 0.105/95.0 0.125/94.0

 

                                              (a)                                                                         (b)

Figure 3: Physisorption isotherm (a) and pore size distribution (b) of  olivine sil ica aerogel before 
and after 500 ℃ calcination using BET and BJH methods 

3.2  Microstructure of  titania-silica aerogel composite
The physisorption isotherm and pore size distribution before and after incorporation of  titania are shown 
in Fig.4. The hysteresis loop of  the silica aerogel-titania composite is quite small compared to the pure silica 
aerogel, indicating a smaller pore size of  the composite samples, as shown in Fig. 4 (b). The pore size shrank 
to 10 nm and pore size distribution is broader than the sole silica aerogel. Moreover, the pore volume 
decreased significantly, which reduced from 4.99 cm3/g to 1.77 cm3/g. Therefore, it can be inferred from 
the nitrogen physisorption results that titania crystals are inside the pores of  silica aerogel which makes the 
pore volume decrease significantly.
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                                               (a)                                                                         (b)

Figure 4: Physisorption isotherm (a) and pore size distribution (b) of  sil ica aerogel after incorporation 
of  titania

The FTIR spectra (Fig. 5) shows the –CH3 groups are grafted on the surface of  the original silica aerogel. 
After 500 OC heat treatment, the –CH3 groups disappear and –OH groups are visible, which may be due 
to the moisture in the atmosphere forming the silanol bond. With the incorporation of  titania, the Si-O-Ti 
bond is visible at 960 cm-1, indicating a good chemical combination between silica aerogel and titania. The 
reason behind this is that the pH around 3-4 of  the reacting solution leads to opposite charge between the 
aerogel and formed titania. Moreover, the pH value is lowered to 3~4 for the sake of  a slower hydrolysis 
reaction of  TP. According to a model proposed from [14], the ratio between the Ti-O-Si bond and Si-O-Si 
bond is around 0.059, indicating a moderate bonding between these two materials.

Figure 5: FTIR spectra of  sil ica aerogel and composite sample

3.3  PCO efficiency of  the titania-silica composite
The degradation of  the NOx gasses is shown in Fig. 6. While the degradation of  NO is 99.6%, it is 
almost the same as that of  the coating using P25, the degradation of  NOx (which is the combination of  
NO and the intermediate NO2) is higher with the silica aerogel composite. The overall conversion on the 
composite of  NOx is 93.6%, while only 57.8% for the reference P25. The high conversion of  NO and 
NOx is due to the titania forming inside and around the silica aerogel, which fills the pores and as a result, 
some of  the titania being spread evenly. This is confirmed by the nitrogen adsorption and FTIR test in 
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the previous section. Therefore, the silica aerogel-titania composite is a promising photocatalyst and needs 
further research.

(a) 

(b) 

Figure 6: Concentration of  NO, NO2 and NOx in time, showing degradation due to conversion by 
titania. (a) Sil ica aerogel-titania composite (b) P25

4. Conclusions

Silica aerogel has been synthesized from olivine via ambient pressure drying at a low temperature. The 
produced silica aerogel obtained high SSA of  694 m2/g and 2.99 cm3/g. Calcination at 500 OC increased the 
SSA (920 m2/g) and pore volume (5.3 cm3/g) significantly. Titania was loaded into the silica aerogel using 
a precipitation method. The prepared silica aerogel-titania composite shows a greater conversion efficiency 
(99.6% for NO and 99.3% for NOx) than the reference sample P25. 

5. Acknowledgment 

This research was supported by the Department of  the Built Environment at Eindhoven University of  
Technology and China Scholarship Council (201706950053). Ing. A.C.A. Delsing is acknowledged for the 
experimental support on analytical analysis.

6. Reference

[1] M. Koebel, A. Rigacci, P. Achard, Aerogel-based thermal superinsulation: an overview, J Sol-Gel Sci 
Techn, 63 (2012) 315-339.

[2] A.M. Papadopoulos, State of  the art in thermal insulation materials and aims for future developments, 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

966966

IC
SB

M
 2

01
9

ID
 1

37

Energy and Buildings, 37 (2005) 77-86.

[3] J.E. Amonette, J. Matyáš, Functionalized silica aerogels for gas-phase purification, sensing, and catalysis: 
A review, Microporous and Mesoporous Materials, 250 (2017) 100-119.

[4] H. Maleki, N. Hüsing, Current status, opportunities and challenges in catalytic and photocatalytic 
applications of  aerogels: Environmental protection aspects, Applied Catalysis B: Environmental, 221 
(2018) 530-555.

[5] H. Maleki, Recent advances in aerogels for environmental remediation applications: A review, Chem 
Eng J, 300 (2016) 98-118.

[6] H. Maleki, L. Duraes, C.A. Garcia-Gonzalez, P. Del Gaudio, A. Portugal, M. Mahmoudi, Synthesis and 
biomedical applications of  aerogels: Possibilities and challenges, Advances in colloid and interface science, 
236 (2016) 1-27.

[7] M.A. Aegerter, N. Leventis, M.M. Koebel, Aerogel handbooks, Springer, New York, 2011.

[8] J. Fricke, Aerogels-Recent progress in production techniques and novel applications, J Sol-Gel Sci Techn, 
13 (1998) 299.

[9] W. Hu, M. Li, W. Chen, N. Zhang, B. Li, M. Wang, Z. Zhao, Preparation of  hydrophobic silica aerogel 
with kaolin dried at ambient pressure, Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
501 (2016) 83-91.

[10] F. Shi, J. Liu, K. Song, Z. Wang, Cost-effective synthesis of  silica aerogels from fly ash via ambient 
pressure drying, Journal of  Non-Crystalline Solids, 356 (2010) 2241-2246.

[11] A. Lazaro, G. Quercia, H.J.H. Brouwers, J.W. Geus, Synthesis of  a Green Nano-Silica Material 
Using Beneficiated Waste Dunites and Its Application in Concrete, World Journal of  Nano Science and 
Engineering, 03 (2013) 41-51.

[12] A. Lazaro, L. Benac-Vegas, H.J.H. Brouwers, J.W. Geus, J. Bastida, The kinetics of  the olivine dissolution 
under the extreme conditions of  nano-silica production, Applied Geochemistry, 52 (2015) 1-15.

[13] A. Lazaro, H.J.H. Brouwers, G. Quercia, J.W. Geus, The properties of  amorphous nano-silica synthesized 
by the dissolution of  olivine, Chem Eng J, 211-212 (2012) 112-121.

[14] Y. Hendrix, A. Lazaro, Q.L. Yu, H.J.H. Brouwers, Influence of  synthesis conditions on the properties 
of  photocatalytic titania-silica composites, Journal of  Photochemistry & Photobiology A: Chemistry, 371 
(2019) 25-32.

[15] A. Lazaro, nanosilica production at low temperatures from the dissolution of  olivine, Eindhoven 
University of  Technology, Eindhoven, 2013.

IC
SBM

 2019
ID

 139



967

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 1

37

967

IC
SBM

 2019
ID

 139

The influence of  cellulose-based micro and 
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Abstract 

This study investigates the use of  different cellulose micro and nanofibers in cement pastes and examines 
the early-age properties of  cement pastes in terms of  rheology, shrinkage deformation, and hydration 
kinetics, compared to two commercially available viscosity-modifying admixtures. The results show that 
for a constant water to binder ratio, cellulose-based materials are capable of  adjusting flowability in terms 
of  yield stress and dynamic viscosity similar to commercially-available viscosity-modifying admixtures. In 
addition, cellulose-based materials do not affect the hydration kinetics at the studied low dosages. Their 
effect on volume change depends on their morphology and fineness.

Keywords: cement grout, cellulose nanofiber, cellulose microfiber, shrinkage, hydration.

1. Introduction

Cement grouts are currently being used in a wide variety of  applications such as post-tensioning, anchorage 
sealing, and injection grouting. Different types of  chemical admixtures can be added to cement grouts 
to improve or control their mechanical properties. For example, high range water reducers (HRWRs) are 
utilized to improve the flowability and viscosity modifying admixtures (VMAs) are applied to control that 
of  cement grouts. Since the incorporation of  admixtures into cement grouts increases the production costs, 
many efforts are made to find new sources and obtain cheaper VMAs. Cellulose is a sustainable material 
which is the most abundant of  all naturally occurring organic compounds, constituting the largest natural 
resource available to man [1]. Cellulose microfibers (CMF) and cellulose nanofibers (CNF) are capable of  
modifying the rheology of  cement grouts and may be considered as an interesting resource to produce 
VMA [2,3]. Hence, this study aims to investigate the viscosity-modifying performance and early-age impact 
of  these materials in cement grouts. 

Cellulose can be extracted from plants, wood, cotton, hemp, etc. [4]. It can also be synthesized by tunicates, 
bacteria, and algae [4,5]. Cellulose microfibrils can be mass-produced with the thickness of  2-10 nm and 
the length of  100-200 nm, while cellulose nanofibers have diameters of  down to 15 nm [6,7]. A few 
chemical and mechanical extraction methods for cellulose-based materials (CMs) in addition to CMs’ 
classification based on the morphology and crystallinity have been introduced [8]. Cellulose-based materials 
(CMs) can have very different properties including, for instance, tensile strength, elongation at break and 
Young’s modulus depending on their source [9]. Pure crystalline nano-cellulose has exceptional mechanical 
properties with Young’s modulus estimated at 150 GPa and theoretical tensile strength of  7.5-7.7 GPa 
which is much higher than that of  steel wire or aramid fibre [8]. Moreover, nano-cellulose has a good 
chemical resistance and heat stability allowing high-temperature applications (lower than 200 °C) [10]. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

968968

IC
SB

M
 2

01
9

ID
 1

39

Despite a few researches on applying CMs in cement and concrete have been reported [2,3], there is little 
information on the effect of  CMs on the early-age properties, especially as a viscosity modifying admixture 
(VMA), in cement composites.

Viscosity Modifying Admixtures (VMAs) increase the passing ability and stability of  concrete mixtures 
at lower levels of  cementitious materials [11]. They enhance the rheological properties of  cement-based 
materials in the plastic state to reduce the risk of  segregation and washout [12]. In other words, VMAs work 
to mimic the effect of  higher fines - substituting polymer interaction or ultra-fine particle interaction to 
achieve the cohesive effect made by much higher levels of  cementitious materials [11]. They are often used 
as pumping aids since they can lubricate mixtures and decrease the needed pumping pressure [13]. Studies 
on the changes caused by the incorporation of  VMAs in cementitious composites cover a broad scope of  
topics including, but not limited to: compatibility [14], washout [15], interfering with hydration [14], capillary 
pore structure [14], excessive air entrainment capacity [16], plastic shrinkage cracking susceptibility [16] and 
robustness [17,18]. Despite the many advantages of  VMAs, they may increase the concrete production 
cost [19]. Since cellulose is the most abundant natural product on our planet, it could provide a sustainable 
route to produce VMAs. In order for a CM (CMF or CNF) to be regarded as a useful additive to modify 
the early-age behaviour of  cement grouts, it should be compatible with the other admixtures incorporated, 
especially the HRWR. Further, to be regarded as a VMA, it should be able to modify the flow behaviour of  
cement grout. Since CMs absorb part of  free water available in the mixtures, they may change autogenous 
shrinkage behaviour of  cement grouts. Also, since some wood-based materials release sugar and deteriorate 
hydration the effect of  CMs on hydration kinetics should be investigated.  This study aims to investigate 
these effects of  CMs on the fresh characteristics of  cement grouts regarding flowability, shrinkage, and 
hydration kinetics at early age. The yield stress and viscosity are studied as a function of  the shear rate and 
compared with that of  the commercially-available VMAs, either natural, such as diutan gum, or synthetic, 
such as high-molecular-weight synthetic copolymers.

2. Methodology

2.1 Materials
Ordinary Portland Cement CEM I 52.5 R, provided by ENCI (The Netherlands), in combination with 
a polycarboxylic ether based high-range water reducer admixture (HRWRA) were used in proportioning 
cement grouts. Neat cement grout was made without adding VMA and was referred to as the reference 
mixture (REF) throughout this study. The mixtures were made using two types of  CMFs (CMF1 and 
CMF2), three types of  CNFs (CNF1 to CNF3), and two different commercially available VMAs, diutan 
gum (COM1) and a synthetic copolymer (COM2). The difference between different CMFs and CNFs 
was in the mechanical energy used in their manufacturing. The dosages of  HRWR, cellulose micro and 
nanofibers, and diutan gum were calculated as their solid ratio by the weight of  binder and kept constant 
at 0.35%, 0.08%, 0.08%, and 0.08%, respectively. CMF and CNF were stabilized in a slurry with a solid 
content of  1%. The synthetic copolymer was in liquid form and was used at the maximum suggested 
dosage by the manufacturer, which was 1% of  binder.

2.2 Methods
All the mixtures were prepared using a high shear mixer. The mixing procedure started with placing all 
the mixing water, HRWR, and VMA in the double-wall mixing bowl connected to a bath thermostat and 
mixing at 800 rpm for 1 min. Then the cement was added to the liquid while mixing at 800 rpm in 30 s. 
After mixing at the same speed for 30 s, the mixer was stopped and scraped with a spatula for 30 s. The 
mixer was restarted at 2000 rpm, and the material was mixed for another 2 min. After stopping the mixer 
for 30 s and scraping the bowl for 30 s again, the mixing was continued at the same speed for 1 min. Fresh 
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cement grouts were then placed in the rheometer to study the flow behaviour.  The rheology of  the mixtures 
was characterized using an Anton Paar 300 rheometer equipped with a water bath unit and Peltier Plate 
temperature control system. Serrated parallel plate-plate geometry covered with waterproof  sandpaper grit 
180 with 1 mm spacing was used in the flow curve tests. The temperature was kept steady at 23 °C in all 
the experiments. All the samples were tested 7 min after cement comes into contact with water. Hydration 
kinetics were measured by a TAM Air isothermal calorimeter according to the ASTM C1679 [20]. All the 
samples were mixed externally and transferred into glass ampoules and sealed. The sealed vials were then 
inserted into isothermal calorimeter and kept there for seven days. Autogenous shrinkage tests were carried 
out according to the ASTM C1698 [21]. Three replicate specimens were used for each batch. The length of  
samples was first measured at the time of  final setting, and all the measurements were specified by the date 
of  the first contact between cement and water.

3. Results and discussion

3.1 Rheology
The effect of  the additives on the flow behaviour of  cement grouts is shown in Figure 1. As listed in Table 
1, the different flow curves could be well-described with the Bingham model (Equation 1) (R2>0.985):

           (1)

with σ the shear stress, σD the dynamic yield stress, η the viscosity and 
.
γ the shear rate. Neat cement grout 

curve (REF) has the lowest viscosity and yield stress among all the mixtures. The mixture modified by 
diutan gum (COM 1) shows high viscosity and yield stress. However, CNF2 is able to increase the viscosity 
more than the diutan gum at lower yield stress. The synthetic copolymer’s effect on the yield stress and 
viscosity is very similar to CNF 1. Different cellulose-based materials cover a wide variety of  rheology 
modifying effects and are able to mimic the properties of  commercially available VMAs, either synthetic 
(e.g. synthetic copolymer in COM 2), or in natural form (e.g. diutan gum in COM1). Hence, cellulose-based 
materials can be designed and manufactured to incorporate different viscosity-modifying effects in cement 
grouts. While they can be designed to increase viscosity even more than diutan gum, at similar dosages 
(CNF 2 vs. COM 1), they can also be manufactured to change the thickness similar to synthetic commercial 
copolymers. Although modifying a synthetic copolymer to change its effect on the rheology of  cement 
grouts is somewhat complicated, the structure of  cellulose may allow producers to manufacture cellulose 
based VMAs with a broad range of  modifying effects (CNF1 to CNF 3 or CMF1 to CMF2).

Figure 1: Inf luence of  different cellulose-based materials on the rheology of  cement grouts. 
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Table 1: Parameters of  the Bingham f low model

Mixture σD η R2

REF 4.4817 0.1016 0.9873

CMF1 23.9091 0.5355 0.9925

CMF2 11.0521 0.5246 0.9958

CNF1 15.4877 0.4183 0.9873

CNF2 66.9335 1.3653 0.9902

CNF3 15.1874 0.4880 0.9858

COM1 51.1060 0.7800 0.9993

COM2 15.9725 0.4481 0.9878

3.2 Autogenous shrinkage
The effect of  different CNFs on the autogenous shrinkage of  the cement grouts is shown in Figure 2. 
The results imply that adding CNF to cement grouts increases the autogenous shrinkage, depending on 
the structure and morphology of  CMs. This effect might be attributed to the fact that the CMs absorb 
a fraction of  free water available in the mixture and decrease water to cement ratio, hence increasing the 
autogenous shrinkage. It can also be observed that different CMs with different routes (CNF1 to CNF3) 
may result in different volume changes.

Figure 2. Linear autogenous shrinkage of  cement grouts with and without CMs

Figure 3 compares the effect of  the size of  CM (CNF vs. CMF2) on linear autogenous shrinkage. The 
dosage of  superplasticizer in Figure 3 is twice as much as that in Figure 2. Specimens incorporating CMF2 
tend to draw more free water from the mixtures and shrink more than the ones proportioned with CNF 
at the similar dosages. The difference in water absorption might also be attributed to the differences in 
morphology of  CMFs and CNFs. The mechanical milling process changes morphology and converts 
cellulose clusters to single fibres, hence altering shrinkage susceptibility.

3.3 Hydration kinetics
The effects of  different cellulose nanofibers (CNF) and cellulose microfibers (CMF) are shown in Figure 
4. Studies have shown that some wood-based pulp may deteriorate hydration kinetics due to water-soluble 
sugars [22,23]. However, isothermal calorimetry test results show that using CMs has a negligible effect 
on the peak height and the time required to reach the early rate peak. Therefore, hydration kinetics is not 
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affected by the addition of  cellulose-based materials at the very low dosages of  the admixtures incorporated 
in this study (0.08 % of  cement).

Figure 3. Linear autogenous shrinkage of  cement grouts with CMF or CNF

Figure 4: Isothermal calorimetry test results of  different CMFs and CNFs

4. Conclusions

In the present research, the effects of  two different types of  cellulose-based materials (CMs) in micro and 
nano form on the viscosity of  cement grouts and associated hydration and shrinkage are investigated. Two 
commercially available viscosity modifying admixtures, namely diutan gum and a synthetic copolymer, are 
used as references. Based on the properties assessed and the results obtained, the following conclusions 
can be drawn:

• Cellulose based materials, either cellulose microfiber or cellulose nanofiber, modify the rheology of  
cement grouts, and their modifying capacity is comparable to diutan gum or synthetic copolymers. 
Depending on their structure, they can adjust viscosity in different levels based on their structure.

• Various types of  cellulose-based material affect linear shrinkage deformation differently, based on their 
morphology and structure.

• Application of  CMF or CNF at low dosages (0.08% of  cement) does not influence the hydration 
kinetics.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

972972

IC
SB

M
 2

01
9

ID
 1

39

5. Acknowledgment 
This research is a cooperation with Sappi Nederland Services BV. Dr. L. Xu and Dr. M. Jennekens are 
thanked for initiating the collaboration, and Dr. R. Cardinaels, Ir. R. Claessen, Dr. L. Tufano and Dr. L. Xu 
are thanked for the fruitful discussions throughout the project.

6. References

[1] N.P. Kutscha, J.R. Gray, TB41: The Potential of  Lignin Research, Maine Agric. For. Exp. Stn. Tech. 
Bull. 41 (1970). http://digitalcommons.library.umaine.edu/aes_techbulletin.

[2] X. Sun, Q. Wu, S. Lee, Y. Qing, Y. Wu, Cellulose Nanofibers as a Modifier for Rheology, Curing and 
Mechanical Performance of  Oil Well Cement, Sci. Rep. 6 (2016) 31654. doi:10.1038/srep31654.

[3] X. Sun, Q. Wu, J. Zhang, Y. Qing, Y. Wu, S. Lee, Rheology, curing temperature and mechanical 
performance of  oil well cement: Combined effect of  cellulose nanofibers and graphene nano-platelets, 
Mater. Des. 114 (2017) 92–101. doi:10.1016/j.matdes.2016.10.050.

[4] J.H. Kim, B.S. Shim, H.S. Kim, Y.J. Lee, S.K. Min, D. Jang, Z. Abas, J. Kim, Review of  nanocellulose 
for sustainable future materials, Int. J. Precis. Eng. Manuf. - Green Technol. 2 (2015) 197–213. doi:10.1007/
s40684-015-0024-9.

[5] N. Lavoine, I. Desloges, A. Dufresne, J. Bras, Microfibrillated cellulose - Its barrier properties 
and applications in cellulosic materials: A review, Carbohydr. Polym. 90 (2012) 735–764. doi:10.1016/j.
carbpol.2012.05.026.

[6] X.Y. Jin, C.W. He, X.R. Liu, X.J. Yan, Q.Z. Yu, Effect of  Cellulose Crystal Content on the 
Mechanical Property of  Nano-Crystalline Cellulose/Lignin Composite Fibrous Film, Key Eng. Mater. 727 
(2017) 527–531. doi:10.4028/www.scientific.net/KEM.727.527.

[7] S. Boufi, I. González, M. Delgado-Aguilar, Q. Tarrès, P. Mutjé, Nanofibrillated cellulose as an 
additive in papermaking process, in: Cellul. Nanofibre Compos. Prod. Prop. Appl., 2017: pp. 153–173. 
doi:10.1016/B978-0-08-100957-4.00007-3.

[8] R.J. Moon, A. Martini, J. Nairn, J. Simonsen, J. Youngblood, Cellulose nanomaterials review: 
structure, properties and nanocomposites, Chem. Soc. Rev. 40 (2011) 3941. doi:10.1039/c0cs00108b.

[9] A.N. Nakagaito, H. Yano, Novel high-strength biocomposites based on microfibrillated cellulose 
having nano-order-unit web-like network structure, Appl. Phys. A. 80 (2005) 155–159. doi:10.1007/s00339-
003-2225-2.

[10] J. George, S. S N, Cellulose nanocrystals: synthesis, functional properties, and applications, 
Nanotechnol. Sci. Appl. Volume 8 (2015) 45. doi:10.2147/NSA.S64386.

[11] ACI Committee 212, ACI 212.3R-16 Report on Chemical Admixtures for concrte, Farmington 
Hills, 2016.

[12] ACI Committee 237, Report on Chemical Admixtures for Concrete, 2016.

[13] ACI Committee 237, ACI 237R-07 Self-Consolidating Concrete, American Concrete Institute, 
Farmington Hills, 2007.

[14] K.H. Khayat, Effects of  antiwashout admixtures on properties of  hardened concrete, ACI Mater. 
J. 93 (1996) 134–146. doi:10.14359/1412.

IC
SBM

 2019
ID

 139



973

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 x

xx

IC
SB

M
 2

01
9

ID
 1

39

973

IC
SBM

 2019
ID

 139

[15] K.H. Khayat, Viscosity-enhancing admixtures for cement-based materials — An overview, Cem. 
Concr. Compos. 20 (1998) 171–188. doi:10.1016/S0958-9465(98)80006-1.

[16] K.H. Khayat, K. H. Khayat, Workability, Testing, and Performance of  Self-Consolidating Concrete, 
ACI Mater. J. 96 (1999). doi:10.14359/632.

[17] M. Sakata, N., Maruyama, K., and Minami, Basic properties and effects of  welan gum on self-
consolidating concrete, Prod. Methods Work. Concr. Proc. Conf. RILEM, E&FN Spon. (1996).

[18] O. Berke, N.S., Cornman, C.R., Jeknavorian, A.A., Knight, G.F., Wallevik, The effective use of  
superplasticizers and viscosity-modifying agents in self-consolidating concrete, First North Am. Conf. Des. 
Use Self-Consolidating Concr. Chicago, ACBM. (2002) 173–178.

[19] M. Lachemi, K.M.A. Hossain, V. Lambros, N. Bouzoubaâ, Development of  Cost-Effective Self-
Consolidating Concrete Incorporating Fly Ash, Slag Cement, or Viscosity-Modifying Admixtures, ACI 
Mater. J. 100 (2003) 419–425. doi:10.14359/12818.

[20] ASTM Committee C09.48, ASTM C1679-14: Standard Practice for Measuring Hydration Kinetics 
of  Hydraulic Cementitious Mixtures Using Isothermal Calorimetry, West Conshohocken, 2014. doi:10.1520/
C1679-14.

[21] ASTM Committee C09.68, ASTM C1698 - 09(2014) Standard Test Method for Autogenous Strain 
of  Cement Paste and Mortar, West Conshohocken, 2014. doi:10.1520/C1698-09R14.

[22] K. Bilba, M.A. Arsene, A. Ouensanga, Sugar cane bagasse fibre reinforced cement composites. Part 
I. Influence of  the botanical components of  bagasse on the setting of  bagasse/cement composite, Cem. 
Concr. Compos. 25 (2003) 91–96. doi:10.1016/S0958-9465(02)00003-3.

[23] O. Onuaguluchi, N. Banthia, Plant-based natural fibre reinforced cement composites: A review, 
Cem. Concr. Compos. 68 (2016) 96–108. doi:10.1016/j.cemconcomp.2016.02.014.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

974974

IC
SB

M
 2

01
9

ID
 1

41

The recycling potential of  waste wood into 
wood-wool/cement composite

F. Berger1, F. Gauvin1, and H.J.H. Brouwers1

1 Department of  the Built Environment, Eindhoven University of  Technology, P. O. Box 513, 5600 MB 
Eindhoven, The Netherlands.

Abstract 

Nowadays, the recycling potential of  waste wood is still limited and in a resource cascading approach, 
recycling waste wood in cement composite materials, such as wood wool cement board (WWCB), appears 
as a promising solution. The quality of  the waste wood is the main factor leading to the instability of  the 
final product and can affect the mechanical proprieties or the wood cement compatibility. However, the 
possibility to recycle waste wood as spruce replacement for WWCB manufacture needs more investigation 
in order to assess the impact of  waste wood on the mechanical performances of  the final product but also 
to characterize the behavior of  hazardous substances embodied in a cement matrix. This paper addresses 
the characterization of  two types of  waste wood, from pallets and demolition waste and their influence on 
the manufacturing process, mechanical proprieties and the chemical compatibility when used in WWCB. 
A comprehensive approach is provided to define the influence of  waste wood on the hydration reaction 
of  the cement and the chemical and physical proprieties of  the composite are assessed by isothermal 
calorimetry, leaching measurement and microscopy. Finally, the mechanical proprieties of  WWCB are 
tested for different waste wood content in order to define the best wood/waste wood ratio and thereby 
confirming the possibility to reuse waste wood in fiber/cement composite for building applications. 

Keywords: Circular economy; natural fibers; treated wood; cement composite; leaching; mechanical testing;

1. Introduction

Nowadays, waste wood represents an important economic and environmental issue. Recently, studies  
estimate that 50 million cubic meters of  waste wood is generated each year in the European Union [1]. 
Currently, the recycling potential of  waste wood is still low, mainly caused by a lack of  sustainable reusing 
or recycling applications [2,3]. In fact, the main part of  waste wood can be treated by different ways (e.g. 
heat, chemical or mechanical treatment) and this involves a large amount of  preservative-treated wood 
which contains organic and inorganic contaminants [4,5]. Those contaminants represent a real issue in 
waste management which can conduct to health and environmental issues during the end of  life of  wood 
[6]. Waste wood is subject to two different approaches in terms of  waste management according to policy 
targets: It can be reused as materials in the circular economy or as energy recovery (e.g. Renewable Energy 
Directives). However, several environmental assessments show contradictory results about these two 
options because of  the presence of  contaminants in wood products [7]. The EU encourages the « resources 
cascading » approaches in order to promote the circular economy. This dynamic is described in the Waste 
Framework Directive (2008/98/EC) by the European Parliament, which helps to determine the future reuse 
of  waste (Figure 1).
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Figure 1: Circular economy diagram showing the different recycling options

In a resource cascading approach, various options are possible. But in order to use wood without losing its 
value (i.e mechanical properties), this current study focuses on the possibility to find sustainable applications 
in order to recycle waste wood into wood wool, in order to reinforce wood-cement composites, such as 
Wood Wool Cement Board (WWCB) (Figure 2). In these applications, the waste wood is turned into fibers 
and can be used in state-of-the-art materials.

Figure 2: Wood wool cement board (WWCB) manufactured with spruce wool

WWCBs are an example of  wood-cement composites. They are made of  wood which can be spruce 
(softwood) or poplar (hardwood), as well as a binder which is commonly ordinary Portland cement (OPC) 
or white cement (WC). These binders are known to guarantee the mechanical and physical properties of  
the final product [8]. Since 1940, WWCBs are commonly used in Europe and Asia, thanks to their good 
resistance to decay and insect but also for their good thermal and acoustical insulating properties and low 
density (300-500 kg/m3) [9]. Nowadays, the wood used for the manufacture of  WWCB comes from forest 
harvesting and industrial wood products [2]. Replacing spruce by waste wood can lead to environmental 
issues because waste wood is mixed with differents type of  waste (raw wood, processed wood) and various 
treatments and contaminations can be found. Moreover, the presence of  contaminants can disturb the 
wood cement compatibility and also limit the potential range of  application due to leaching and the toxicity 
of  waste wood [10–14]. Heterogeneity of  waste wood is also a critical factor. As shown in several studies, 
depending on the wood species, its hygroscopic behavior, cement compatibility and effect on cement 
hydration can be significantly different due to the carbohydrate and saccharides contents in the fibers but 
also because of  the different morphologies of  the wood fibers. [15,16]. 

Countless type of  waste wood can be used, but among the potential candidates, the wood from pallets is 
one the most interesting because it is generally only heat-treated for environmental and recycling reasons 
leading to a clean wood resource for biomass or reuse applications. Moreover, wood from construction 
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and demolition wastes is also very interesting because of  its great availability. However, several types of  
treatments are used, as shown by the UK Waste and Resources Action Program. Indeed, 74% of  waste 
wood which comes from construction and building site are treated [17]. During the past 40 years, Chromated 
copper arsenate (CCA), Penta and Creosote are the three most used preservative treatments for wood products. 
Furthermore, the use of  CCA treatment was the main preservative for housing or decking applications in 
order to prevent or delay decay caused by fungi or termites, especially in Australia, New Zealand, and the 
United States [5][11]. Therefore, a huge amount of  CCA treated wood still remains in service worldwide 
and will be concerned with disposal and recycling applications. This fact implies a real recycling potential 
for these upcoming waste into composite materials.

In this study, the mechanical and chemical properties of  the two waste wood samples provided by Nedvang 
(Pallets and C&D) are studied in order to compare them with conventional spruce wood, used as a 
reference. The wood-cement compatibility is assessed as well as the leaching behavior of  the waste woods 
by various methods, such as pH measurement, isothermal calorimetry and scanning electron microscopy 
(SEM). Then, wood fibers are processed and studied (mechanical behavior, microstructure). Thereafter, the 
mechanical, physical and leaching properties of  WWCB manufactured with different percentage of  waste 
wood (every 10% until 100%) are compared to conventional and commercial WWCBs. 

2. Methodology

2.1 Materials
In this study, the spruce wood is taken as reference in the form of  Excelsior wood wool (or also called 
fiber in this study) and is provided by Knauf  insulation (NL). These fibers are conventionally used for the 
industrial manufacture of  WWCB. The studied waste woods are provided by Nedvang (NL) and come from 
pallets and construction & demolition sites, respectively. The binder applied in the study is CEM I 52.5 R 
white (PC) provided by ENCI (NL).

2.2 Methods

2.2.1 Scanning electron microscopy
Microstructure analysis of  the waste wood fiber is performed by Scanning Electron Microscopy (SEM, 
Phenom pro-X) with a back-scattering electron detector (5 kV). The waste wood fiber has been coated with 
a 20 nm gold layer before the microscopy. The moisture content of  the waste wood has been limited by 
drying the material in an oven at 60° C, for 2 h prior to analysis.

2.2.2 Leachates characterization
The leaching of  waste wood is studied by using the TCLP extraction methods to obtain the leachate 
solution. The samples are reduced to a particle size of  less than 1 cm. Subsequently, the leachate is prepared 
according to the TCLP standard, the waste was added to a determined extraction fluid and mixed during 
18h at 30 rpm at room temperature. Thereafter, the solution is filtrated through a 0,6 to 0,8 µm glass fiber 
filter. The leachate obtained is analyzed by inductively coupled plasma mass spectrometry (ICP-MS) in 
order to measure the concentration of  heavy metal and other potential contaminants rejected by the wood.

2.2.3 Isothermal calorimetry
The hydration kinetics is studied by isothermal calorimetry with a TAM Air Isothermal calorimeter set at 
a constant temperature of  20 °C during 72h. The wood samples and the binder were first well mixed in an 
ampoule before the water was added. After addition of  water, the mixture was mixed for 3 min before being 
loaded in the calorimeter. The heat evolution rate data were calibrated by subtracting the heat evolution of  
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ampoules with water as a baseline.

2.2.4	 Mechanical	properties	of 	the	wood	fibers
Mechanical properties of  wood strands are measured by using an Instron 5967 bench equipped with a 2530-
100 N load cell and 2710-111 wedge grip with rubber jaw faces. Tensile tests are conducted in displacement 
control with a crosshead speed of  5 mm/min. More than 15 samples for each condition are tested. Tensile 
strength (cN/tex) and Young’s modulus (N/tex) are measured as a function of  the linear density of  the 
fiber (tex) by measuring the length and the weight of  each fiber prior to analysis.

2.2.5 Manufacture of  the composites 
In order to evaluate the mechanical performances of  the composite according to different Waste wood/
spruce wood ratios (called W/S ratio in this study), WWCBs are manufactured with 10 different chosen 
ratios (0.1 to 1), named PW/S0.1 to PW/S1.0 for pallets wood. In this study, the manufacture of  the 
composites is based on the dry method, usually applied in the WWCB production. The final product is 
placed into a mold 30 x 60 cm and pressed for 24 h, using a mechanical press. Successively, the sample is 
cured in a plastic sheet for 7 days and then left drying at ambient conditions for another 3 days. In order to 
achieve the same moisture content before testing, the boards are dried in the oven for 2 h at 50 °C.

2.2.6 Mechanical performances of  the composites 
The bending strength is measured at 10 days by a three-point flexural test (Instron 5967) on a sample with 
dimensions of  5 x 20 x 1.5 cm, using a testing speed of  5 mm/min, and a support span of  15 cm. Three 
samples of  each W/S ratio are tested. As reference values, the dimensional stability has to be satisfied, by 
a maximum thickness of  15 mm and a minimum bending strength of  1.7 MPa, according to the BS EN 
12089, Thermal insulating products for building applications standard.

2.2.7Thermal conductivity measurement
Thermal conductivity is measured on WWCB by a heat transfer analyzer ISOMET 2104. As a reference, 
commercial WWCB with a thickness between 15 and 30 mm have a thermal conductivity range of  0.08-0.11 
W.m-1.K-1 according to the BS EN 12089, Thermal insulating products for building applications standard.

3. Results and discussion

3.1 Waste wood characterization
In order to characterize the two streams of  wood, microscopy and isothermal calorimetry are performed. 
These two methods allow controlling the potential compatibility (i.e. mechanical and chemical) between the 
wood and the cement in WWCB.

The micrographs in Figure 3 shows the surface of  spruce (in the form of  fiber) and pallet wood (waste 
strands). These two kinds of  wood are closed to each other and depict the same microstructure and surface 
aspect. Tubular cell walls are visible for both types of  wood and the lumens (white arrows) have the same 
shape and almost the same size, with around 7µm for the pallets wood and 5µm for the spruce. Additional 
cell walls are visible with the waste wood (black arrows) indicating some heterogeneity. In addition, the pallet 
wood shows no noticeable signs of  contaminants at its surface. Moreover, as compared to the reference, the 
surface of  the waste wood seems to have less wax and lignin. These observations indicate a potential good 
wood/cement compatibility. The very similar structure also indicates that the manufacture of  WWCB with 
waste wood from pallet would be not problematic because similar pore size means the same water demand 
and same cement coating during the process.
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Figure 3: SEM microscopy of  waste wood from pallet and spruce fiber, which is used in WWCB 
manufacture

However, waste wood from construction and demolition (C&D) sites seems more problematic, even if  
its structure remains quite close to the spruce because its cell walls and its surface show the presence of  
contaminants (Figure 4). These particles can be heavy metals such as chromium or inorganics substances 
that have been mixed with the waste woods. These substances can disturb the manufacturing process by 
delaying the hydration reaction of  the cement, reducing the wood cement compatibility or limiting the 
range of  applications due to health and environmental issues involved by the leachates.

(A) (B)
Figure 4: SEM microscopy of  C&D wood

3.2 Compatibility with cement
Results of  the calorimetry of  the three kinds of  wood are depicted in Figure 5, showing the chemical 
compatibility between the wood and the cement.

From the results, the two types of  waste wood (building and pallets) are really close to each other. As 
compared to the reference, the hydration peaks have been delayed by 1.5h due to the presence of  the 
waste wood. A probable hypothesis is that the waste wood is slightly degraded, especially at its surface, 
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as it can be seen by SEM (i.e. lack of  matrix at the surface of  the wood). The hemicellulose degradation 
creates monosaccharides and polysaccharides that are mixed in the cement paste and can delay the cement 
hydration. However, this retardation is not very important and indicates that both kinds of  waste wood 
have a low sugar content and will not affect the manufacturing process nor the final proprieties of  the 
WWCB. In addition, the maximum released heat is 20% lower in the presence of  wood inside the cement 
paste. This decrease does not have a significant impact on the reaction as it remains low and also it can be 
explained by the presence of  sugars involved by waste woods.

From these results, it appears that both types of  waste wood have good chemical compatibility with cement. 
Moreover, the waste wood from pallets is surprisingly close to the spruce fiber and would be a perfect 
candidate to replace it due to its similar microstructure. Therefore, in this study, only waste wood from 
pallets is be turned into fibers and used in WWCB.

Figure 5: Isothermal calorimetry of  the 2 wood streams as compared to the reference (i .e. white 
cement), showing the effects of  the waste woods on the cement hydration

3.3 Pallet wood fiber manufacture

Fibers made of  pallets are manufactured in the TU/e BPS laboratory using thin layers of  pallet cut with a 
ribbon saw and then turned into fibers with a wood plane. Figure 6 depicts the process, which resulted in 
wood wool with very similar aspect than regular wood wool manufactured from spruce (Figure 6-C).

Figure 6: Pallet wood fiber manufacture. A: Pallet is cut into pieces, washed; B: wood is sanded and 
dried; wood is cut into 10-15 cm fibers. 
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3.4 Mechanical properties of  wood fibers
The tensile test of  fibers highlights the variation of  the mechanical properties between the pallet wood 
and the spruce in the form of  fibers. These results average 30 tests on each type of  wood fibers and are 
displayed in Figure 7 and Table 1.

Figure 7: Average stress/strain curve of  the two types of  fibers

Table 1: Summary of  the mean results

Sample Modulus [cN/tex] Tensile strain [cN/tex]

Pallet fibers 770 812

Spruce fibers 1332 663

The tensile strength of  the pallet fibers is slightly lower than the spruce one, with a decrease of  approximately 
20%. On the other hand, the modulus of  elasticity is almost 50% lower. Many phenomena can affect the 
mechanical behavior of  the fiber (e.g. external degradation, differences in morphology or composition…) 
but here, SEM characterization has shown that spruce and pallet woods are very similar.

First of  all, it is unlikely that the pallet wood is degraded. SEM characterization has shown very clean 
wood and isothermal calorimetry has shown almost no impact on cement. If  the wood would have been 
degraded, the tensile strength of  the fiber would have been critically affected since the degradation would 
have affected the wood structure. Here, only the modulus of  elasticity of  the pallet wood is significantly 
different and this propriety is directly related to the cellulosic fibrils within the structure of  the wood. 
Therefore, the difference between the two types of  wood can be explained by an internal degradation 
of  the cellulose but also by the orientation of  the cellulose fibrils depending on the cutting axis of  the 
fibers. The first hypothesis is very unlikely, because the isothermal calorimetry shows no real difference 
between the two types of  wood, and degradation of  the cellulose would also indicate a major hemicellulose 
degradation, thereby inducing a critical amount of  polysaccharide in the system. 

A more probable explanation would be that these differences can be related to the manufacturing process 
or the morphology of  the fibers. The spruce fibers are made thanks to an industrial process, using wood 
logs whereas the pallet fibers have been made differently because the conventional process is not applicable 
for a recycled material due to the variation in terms of  shape and size. The industrial process is specially 
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developed to obtain the greatest mechanical proprieties for each fiber, following the cell walls of  the wood, 
with an optimum orientation of  the cellulose fibrils.

SEM microscopy of  the pallet wood fiber (Figure 8) confirms these observations. It does not show matrix 
degradation and reinforce the fact that the microstructure of  both wood sample is the same (as compared 
to Figure 4). However, the structure of  the wood (following the black arrow in A) is slightly tilted as 
compared to the cutting direction (in the box), which can explain the low modulus of  elasticity. Therefore, 
the anisotropy of  wood causes the differences in Young’s modulus. But this significant decrease is not very 
problematic in the composite strength because WWCBs are tested in flexural mode, and the rigidity of  the 
boards are not a requirement in the existing standards.

Figure 8: SEM microscopy wood fiber made of  pallet. The cell direction is indicated with the black 
arrow (A). The cutting direction is indicated in B, with scratching marks.

3.5 Mechanical properties of  WWCB
Flexural strength of  WWCB containing 10 to 100% of  pallet wood fibers (as replacement of  spruce) are 
measured, as well as the density of  these boards. Results are shown in Figure 9.

Figure 9: Flexural strength of  WWCB containing 10 to 100% of  waste wood (mixed with spruce 
wood). The dashed black line is set at 1.7 MPa, which is the acceptable limit for boards

In average, WWCB made industrially with spruce have a flexural strength of  2 MPa, for low-density range 
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(300-400 kg/m3). When waste wood is added to spruce in WWCB, results can be regrouped in three groups.

Between 10 and 30% of  waste wood (light grey dashed lines), WWCBs are always above the acceptable limit 
since all tested specimens have a flexural strength above 1.7 MPa. An important standard deviation is visible 
for the PW/S0.3 board but only because some specimens have shown extraordinary results (probably 
because of  the good cement/fiber dispersion).

When more than 30% of  waste wood is added to spruce (dark grey, horizontal lines), results are acceptable. 
PW/S0.4 averages a flexural strength of  1.7 MPa and PW/S0.5 is always slightly above the limit. It proves 
that up to 50% of  spruce can be replaced with waste wood, without causing issues.

However, above 50% of  waste wood (black dots), the flexural strength of  WWCBs significantly decrease, 
with average values from 1 to 0.6 MPa. Increasing the weight fraction of  waste wood also leads to a 
decrease in the density of  the boards. This phenomenon is explained by the expansion of  boards after 
compression during the manufacturing process: Boards with more than 50% of  wood are 1 to 2 cm bigger 
than boards made with more than 50% of  spruce wood. As it was explained before, pallet wood fibers are 
very heterogeneous, and the fiber orientation is not optimal. It means that some fibers have the tendency 
of  being curled as compared to spruce wood fibers which are always straight (see Figure 10). 

Figure 10: WWCB made of  100% of  waste wood. In the red box, a fiber is curled, explaining the 
higher porosity of  WWCBs containing a high fraction of  waste wood

3.6 Thermal properties of  WWCB
Thermal conductivity of  WWCB containing 10 to 100% of  pallet wood fibers (as replacement of  spruce) 
are measured and the average results are shown in Figure 11. The first observation is that the thermal 
conductivity of  all the manufactured boards is way below the acceptable limit (0.11 W.m-1.K-1), which can 
be explained by the low density of  all the boards, due to the selected recipe design.

Moreover, the differences in the thermal conductivity are mostly due to the density difference, as Figure 11 
shows some correlation between these two properties. Since the microstructure of  the two kinds of  wood 
is very close, only the porosity and the macrostructure of  the composite can explain this phenomenon. 
Besides, it is also noticeable that using a higher fraction of  waste wood help to decrease the thermal 
conductivity because of  the higher porosity formed by the curled-fibers in the structure, as shown in Figure 
10.
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Figure 11: Average thermal conductivity of  WWCB as well as the boards’ density

3.7 Environmental assessment
Leaching analysis of  the waste wood is performed on its leachate and the results are shown in Table 2, 
showing heavy metal contaminants as well as some alkali and earth alkali. From the EU 2009/894/EC 
legislation, when recycled wood is used in wood-based materials, some elements such as arsenic, lead or 
copper should not exceed a limit value, indicated in the table. 

Here, leaching values of  all elements are far below the limit, which means that the wood can be used freely 
in WWCB. Moreover, these values are measured prior to manufacture meaning that the concentration of  
the WWCB leachate would be even lower, due to the complexation of  some element with cement.  

Table 2: Element concentration (mg/L) in waste wood leachate. 

Element 
concentration 
(mg/L)

As Al Ba Cd Co Cr Cu Fe Li

0.031 0.200 0.163 - - 0.022 0.115 0.085 0.021

Limit values from 
EU 2009/894/EC 25 - - 50 40 25 40 - -

Element 
concentration 
(mg/L)

Ni Pb Sr Ti Zn Na K Mg Ca

- 0.057 0.218 0.007 0.971 100 50 30 100

Limit values from 
EU 2009/894/EC 100 90 - - - - - - -

4. Conclusions

In this study, waste wood has been used in order to replace conventional spruce wood in wood wool cement 
boards (WWCB), composite that can be used for ceilings or walls.  Following the experimental results, the 
following conclusions have been drawn:

• Wood from pallets is an excellent candidate for WWCB because its structure is very similar to the 
spruce industrially used in the manufacture of  these composites. On the other hand, using wood from 
construction and demolition sites is more challenging, because this wood is more heterogeneous (i.e. 
more than one type of  wood is used in this kind of  application) and can be contaminated.

• Waste wood is quite compatible with white cement, which is used in the production of  WWCB. 
Measured by isothermal calorimetry, the effect of  waste wood on cement is not significant. Moreover, 
the environmental assessment made on waste wood shows no traces of  contaminants in wood, paving 
the way for its usage in composites.
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• Making wood fibers from waste material is challenging because the conventional industrial process is not 
designed for waste wood. Yet, in this study, an alternative method has been used, turning successfully 
pallet wood into fibers, with microstructure and mechanical properties very close to spruce wood. The 
only noticeable issue is the difficult control of  the anisotropy of  the wood, leading to fibers not always 
oriented in the right direction (alongside the cell walls of  the wood).

• WWCBs have been made mixing 10 to 100% of  waste wood fibers with spruce fibers. Results show 
that up to 50% of  waste wood, boards are above the acceptable limit (1.7 MPa). Above 50% of  waste 
wood, flexural strength and density of  the boards decrease significantly. Thermal properties of  these 
boards are always acceptable, with very good values below 0.08 W.m-1.K-1.

In conclusion, waste wood from pallet can be a good option to replace spruce in WWCB. So far, its 
replacement level is successful until 50%. Above this limit, the fiber morphology is too heterogeneous 
to guarantee a good reinforcement. Better process or another source of  wood can be evaluated in the 
future, as well as another kind of  green binder, in order to create a more sustainable composite for building 
applications.
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Abstract 

Natural fibers (NFs) from agricultural wastes have been increasingly used as reinforcements in cement-
based materials to replace synthetic fibers thanks to their advantages, for instant, low cost, light weight 
and considerably mechanical properties. The present research aims to investigate the effects of  different 
contents of  saturated coir fibers on the mechanical properties and drying and autogenous shrinkages of  
cement-based lightweight aggregate concrete (LWAC). The concrete is designed by adopting the modified 
Andreasen and Andersen (A&A) particle packing model to achieve a more compacted matrix. LWAs made 
of  waste glass are applied to develop a greener concrete. Three dosages of  coir fibers, 0.5%, 1.5%, and 
3%, are added by weight of  the concrete. The results show that the compressive strength, flexural strength 
and toughness of  LWAC are enhanced with added coir fibers. A low content of  coir fibers such as 0.5% is 
benefit for achieving favourable compressive and flexural strength of  concrete meanwhile higher contents 
of  coir fibers such as 1.5% and 3% is in favour of  obtaining good flexural toughness. The drying shrinkage 
of  LWAC is slightly increased by adding coir fibers, while the autogenous shrinkage decreases significantly. 
Concrete with 3 wt.% coir fibers exhibits an expansion deformation, which indicates the internal curing 
effects of  saturated coir fibers.

Keywords: Coir fibers, reinforcement, shrinkage, internal curing

1. Introduction

Due to the requirement for high-rise, long-span or functional buildings, lightweight aggregate concrete 
(LWAC) has attracted increasing attention because of  its unique advantages, for example, lower density, 
larger specific strength and superior thermal insulation [1–8]. However, LWAC also has drawbacks such as 
low flexural strength and poor fracture toughness which have restricted its wider applications [9–11]. These 
defects could be usually compensated by adding fibers such as steel or synthetic fibers [12,13]. Nevertheless, 
even though these fibers are found to positively influence the properties of  LWAC, some correlatively 
negative effects should be addressed. For example, both the steel and synthetic fibers have both high 
material and energy consumption, and can lead to a substantial environmental footprint in their production 
processes [14]. Moreover, synthetic fibers can cause health risks (e.g. skin irritations or respiratory diseases) 
during the manufacturing and bring environmental burden due to difficulty in disposing [15]. Additionally, 
the cost of  some fibers like carbon fibers is not economical [16]. Moreover, steel fibers significantly increase 
the density of  LWAC, especially when their fraction exceeds 1vol.% [17]. 

Unlike artificial fibers, natural fibers (NFs) are eco-friendly, renewable, recyclable and disposable [18,19], and 
have other advantages such as their low cost, light weight and good mechanical properties [20–22]. Brittle 
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materials reinforced with natural fibers exhibit equivalent mechanical performance as with synthetic fibers 
[23–25]. Thus, NFs are a good candidate to replace synthetic fibers to reinforce concrete with economic 
and environment benefits.  Furthermore, due to the compatibility of  NFs and LWAC, both have relatively 
light-weight and low mechanical properties, therefore, NFs are especially suitable for reinforcing LWAC. 
Among the various available NFs, coir fibers extracted from the waste coconut husks is abundant, with 
approximately 500,000 tons of  coir fibers produced annually worldwide [26]. As compared to the most 
used NFs such as flax or bamboo, coir fibers possess a comparable specific tensile strength and have a 
higher toughness and flexibility [27]. Moreover, coir fibers can preserve good mechanical properties under 
aggressive conditions [28]. Some studies have been carried out to investigate the reinforcing effect of  
various contents and lengths of  coir fibers on the mechanical performance of  concrete. The results show 
that coir fibers significantly enhance the flexural strength, toughness and impact resistance of  concrete 
[29,30] and their optimum content ranges from 1% - 3 wt.% (about 2% - 12 vol.%) with length of  2 - 5 cm, 
respectively [31,32].

However, because coir fibers are hydrophilic and thus their high moisture absorption can cause competitive 
water absorption with cement, thereby consequently affecting the available water amount for cement 
hydration [33,34]. Saturated fibers can be used to take advantage of  this feature, thus extra water can be 
entrained in cement system for internal curing [35]. Nevertheless, only several presented studies are related 
to the internal curing effect of  macro saturated fibers [35,36]. Accordingly, the objective of  this study 
is to investigate the reinforcement effects of  saturated coir fibers in concrete. The concrete is designed 
by adopting the modified Andreasen and Andersen (A&A) particle packing model to achieve a more 
compacted matrix and LWAs made of  waste glass are applied to develop a greener concrete. The influence 
of  saturated coir fibers with various contents on the mechanical properties and drying and autogenous 
shrinkages of  cement composites are analysed. In addition, the internal curing effect of  saturated coir fibers 
are investigated.

2. Methodology

2.1 Materials
The cement used is Ordinary Portland Cement (OPC) CEM I 52.5 R, supplied by Heidelberg Cement (The

Netherlands). The chemical compositions and particle size distributions (PSDs) of  cement are determined 
by X-ray fluorescence (XRF) and laser particle size analyzer (LPSA), shown in Table 1 and Figure 1, 
respectively.

The lightweight aggregates presented in Figure 2 are produced from recycled glass, supplied by Liaver 
Company (Germany). The chemical compositions and particle size distributions of  LWAs are provided by 
the supplier, listed in Table 1 and Fig. 1. The physical properties of  LWAs are presented in Table 2, obtained 
from the research of  Yu et al. [37]. These LWAs have encapsulated cellular structures inside but a closed 
external shell outside, resulting in their low water absorption. The SEM graphs of  LWAs microstructure 
are shown in Figure 3.
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Figure 1: Particle size distributions (PSD) of  the raw materials, the target curve and the resulting 
integral grading curve of  the mixture.

Table 1. Chemical compositions of  the cement and LWAs

Substances Cement (mass %) LWAs (mass %)

CaO 64.60 64.68 ± 2

SiO2 20.08 71 ± 2

Al2O3 4.98 2 ± 0.3

Fe2O3 3.24 0.5 ± 0.2

K2O 0.53 1 ± 0.2

Na2O 0.27 13 ± 1

SO3 3.13 -

MgO 1.98 2 ± 1

TiO2 0.30 -

Mn3O4 0.10 -

P2O5 0.74 -

Cl- 0.05 ＜0.01

Figure 2: Appearance of  l ightweight aggregates (LWAs): expanded waste glass

Coir fibers are provided by the Wageningen University & Research (The Netherland), shown in Figure 4. 
The chemical compositions of  CFs are analyzed by a high performance anion exchange chromatography 
(HPAEC), given in Table 3. The bulk density is measured as the mass of  coir fibers divided by their total 
bulk volume, and the specific density is tested by a Helium pycnometer (AccuPyc II 1340 Micromeritics). 
The bulk density and specific density of  coir fibers are shown in Table 4.
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Table 2. Physical properties of  LWAs [37]
Materials size range Bulk density Specific density Crushing resistance

(mm) (kg/m3) (kg/m3) (N/mm2)

LWA-1: 0.1-0.3 450 810 >3.5

LWA-2: 0.25-0.5 300 540 >2.9

LWA-3: 0.5-1.0 350 450 >2.6

LWA-4: 1.0-2.0 220 350 >2.4

LWA-5: 2.0-4.0 190 310 >2.2

     

Figure 3: Microstructure of  LWAs

Figure 4: Appearance of  coir fibers

Table 3. Chemical compositions of  coir fibers

Substances Coir fibers (mass %)

Cellulose 36.6 ± 0.15

Hemicellulose 37.0 ± 0.15

Lignin 22.2 ± 0.05

Ash 1.9 ± 0.04

Extractive 5.7 ± 0.05
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Table 4. Physical properties of  coir fibers

Density (kg/m3) Coir fibers

Bulk density 69.8

Specific density 1539.6

2.2 Methods

2.2.1  Mixture design and mixing procedures
The mix proportions of  LWAC are presented in Table 5. The mixtures of  the LWAC are designed by 
applying the modified Andreasen and Andersen (A&A) packing model to optimize the granular packing of  
all solid materials [38]:

                                                                   (1)

where P(D) is the fraction of  total solid materials with particle sizes lower than D (μm). Dmin and Dmax are 
the smallest and largest particle sizes (μm), which are 0.4 and 4000 μm, respectively. q is the distribution 
modulus, and a larger q results in a coarser mixture. In order to achieve a targeted strength as well as a low 
density of  LWAC, a relatively large q is chosen as 0.35 for all mixtures. The PSDs of  the target curve and 
the resulting integral grading curve (designed curve) of  the mixture are shown in Figure 1. 

Table 5. Mix proportions of  LWAC (unit: kg/m3)

No. C LWA-1 LWA-2 LWA-3 LWA-4 LWA-5 W SP Coir fibers
(wt.%)

F0 (Ref) 526.7 85.1 32.3 41.2 43.9 60.9 210.7 0.8 0.0%

F0.5 524.1 84.6 32.1 41.0 43.7 60.6 209.6 1.0 0.5%

F1.5 518.8 83.8 31.8 40.6 43.3 60.0 207.5 2.3 1.5%

F1.5-Ca 518.8 83.8 31.8 40.6 43.3 60.0 207.5 2.3 1.5%

F1.5-Si 518.8 83.8 31.8 40.6 43.3 60.0 207.5 2.3 1.5%

F3 510.9 82.5 31.3 40.0 42.6 59.1 204.4 4.1 3.0%

To avoid segregating without deteriorating the workability of  the mixes, a water/cement ratio is fixed at 
0.4. The dosages of  coir fibers are 0.5%, 1.5%, and 3%, respectively, by weight of  the concrete (including 
cement and LWAs). Meanwhile, a polycarboxylic ether based superplasticizer (SP) is adopted to adjust the 
workability of  concrete, and all slumps of  concrete are controlled under about 140 mm. According to the 
adopted fiber contents, the amounts of  SP are 0.2%, 0.45%, 0.8% by weight of  the cement to remedy the 
workability loss caused by adding fibers. For the reference mixture without fibers, the SP amount is used 
as 0.15%. 

The mixing procedures are carried out as descripted below. Cement and LWAs are firstly put in a mixer for 
dry mixing about 1 min. Then around 75% water is gradually added and mixed with the cement and LWAs 
for about 2 min, meanwhile coir fibers are consistently fed. Subsequently, the remaining water mixed with 
SP is added and mixed for an additional 2 min. The fresh concrete are poured into the molds and vibrated 
for about 1 min with a vibration table, then its surface is covered with a plastic film.  After the first 24 h, the 
samples are demolded and cured in a climate chamber at a temperature of  20 °C and a relative humidity of  
95%, following EN 12390-2:2000. 

2.2.2  Compressive properties
The compressive strength is measured under load control by an Automax 5 Automatic tester, following EN 
196-1. The loading speed used is 2400 N/s. Samples with a dimension of  40 x 40 x 40 mm3 are tested at the 
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ages of  3, 7 and 28 days. In total, six samples are measured at each age to obtain the average compressive 
strength.

2.2.3  Flexural properties
The flexural properties are measured under three-points bending combined with displacement control with 
an Instron 5967 universal testing machine, following the EN 196-1. The span support adopted is 100mm 
and the mid-span deflection rate applied is 0.5 mm/min. Samples with a dimension of  160 x 40 x 40 mm3 
are tested at the ages of  3, 7 and 28 days. At least three samples are measured at each age for calculating the 
average flexural strength.

The flexural strength can be determined from the ultimate load:

                                                                          (3)

where F is the ultimate concentrated load, L is the span length; b and h are the width and height of  samples.

The flexural toughness, expressing the energy absorption capacity of  a material, can be calculated from the 
area under the load-deflection curves: 

                                                           (4)

where δu is the maximum deflection, generally about 10 mm in this study.

2.2.4  Drying and autogenous shrinkage
Both the drying and autogenous shrinkage tests are conducted on samples of  160 x 40 x 40 mm3. After 
24 h sealed curing, the specimens are demolded for shrinkage tests and additionally, the specimens for 
autogenous shrinkage test are immediately sealed with a hydrophobic plastic film to avoid moisture loss. 
The zero-time of  measurement is defined as the demolding time for both shrinkages. The initial length of  
all samples is straightway measured by a dial gauge, then the followed length is measured once per working 
day until 28 days and three times a week until 56 days. Totally, three specimens are tested to obtain the 
average values of  the two shrinkages.  

3. Results and discussion

3.1 Compressive strength
The compressive strength of  LWAC is shown in Figure 5. The compressive strength of  LWAC slightly 
increases by adding coir fibers, while decreases with the increased coir fiber content. The 28-day compressive 
strength of  the reference sample is 19.0 MPa and those of  mixtures with 0.5% and 1.5% coir fibers are 
21.6 MPa and 19.8 MPa, respectively, corresponding to an approximately 14%, and 5% increase. This 
is because of  the bridging effect of  coir fibers. Coir fibers retard the cracks propagation and bridge the 
matrix from rupture under compression, thus a larger force are required for concrete failure [39]. However, 
when the coir content further increases to 3%, no improvement is observed in compressive strength. 
The explanations seem to be related to the mixing procedure, the porous structure of  fibers and the 
introduced ITZs between fibers and matrix. More fibers tend to cause fiber agglomeration during mixing 
thus has a negative effect on the compaction and homogeneity of  mixture [40], leading to reduced bonding 
between fibers and matrix, and increased flaws in the mixture.  In addition, due to the cellular structure of  
coir fibers, a higher fiber content leads to larger porosity in the mixture. Moreover, more weak ITZs are 
introduced which are easily subject to failure. Finally, the combined action from these factors deteriorates 
the compressive strength of  the mixture. 
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Figure 5: Compressive strength of  LWAC
3.1 Flexural properties
The load–deflection curves are shown in Figure 6. The initial cracking strength significantly increases with 
improved fiber contents. After the initial cracking, a sharp drop in loads in all samples can be seen because 
of  the reduced load-bearing capacities. Usually, a lower drop of  loads occurs in the samples with a higher 
fiber content, while in the reference samples, the stress drops to zero directly. This is because of  more active 
fibers, allowing improved tolerance to stress, thus higher residual strengths can be observed [41].

   

Figure 6: Average load–def lection curve of  LWAC

The flexural strength of  LWAC is shown in Figure 7. The flexural strength of  LWAC significantly increases 
with an increased fiber content. The highest 28-day flexural strength of  samples with 3% fibers is about 
4 MPa, indicating an increase of  about 70% as compared to the reference samples (2.6 MPa). The main 
explanation can be that a load applied can be transferred to coir fibers which are more tolerant to tension 
than cement matrix [42], and more fibers can bear a higher tensile stress for cement resulting in a higher 
flexural strength. The flexural strength of  the samples with 1.5% fibers shows a negligible improvement 
compared to 0.5% fibers, since fibers can introduce additional defects into the matrix. 
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Figure 7: Flexural strength of  LWAC

The flexural toughness of  each mixtures is shown in Figure 8. The toughness is obviously enhanced by 
increasing the amount of  fibers. The toughness of  the sample with 3% fibers shows about 8 times increase 
than the reference sample. This is because the cracks extending acquires stretching, debonding and breaking 
of  fibers [41,43], during which generates a considerable energy loss, contributing to increased fracture 
toughness. 

Figure 8: Flexural toughness curve of  LWAC

3.2 Drying and autogenous shrinkages
Figure 9 shows the drying shrinkage development of  concrete with coir fibers within 56 days. The drying 
shrinkage increases rapidly within the first two weeks, after which the growth of  the shrinkage slows down 
since less water loss occurs in the later age. Moreover, the drying shrinkage notably rises by the increased 
fiber content. This behaviour can be firstly explained by the increased water introduced by more coir fibers 
in the system, which results in a higher amount of  evaporated water loss, thus causing larger desiccative 
deformation. Another explanation is that coir fibers enlarge the porosity in the matrix and increase the 
connectivity of  pores [44,45], which accelerates the drying process and consequently increases the drying 
shrinkage. 

Figure 10 shows the autogenous shrinkage development in coir fibers reinforced concrete within 56 days. 
Most of  the autogenous shrinkage is developed within the first week and then its intensity appears to 
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reduce because of  subdued cement hydration. Coir fibers seem to result in a reduction in the autogenous 
shrinkage, and the increasing amount of  fibers significantly decreases the autogenous shrinkage. This 
performance is due to the higher quantity of  coir fibers contributing to sufficient internal curing water, 
which compensates for cement internal self-desiccation caused by chemical hydration [46] . As a result, 
a lower capillary pressure is induced, and thus less autogenous shrinkage is observable. Another reason 
is that fibers can sustain tensile strain and restrain cracking introduced by drying, and thus decrease the 
autogenous shrinkage of  concrete. When the fiber content is set to 3%, the concrete exhibits a rapid 
expansion during the first day and continues showing a slight expansion during the whole period, therefore, 
the autogenous shrinkage of  concrete is completely eliminated. This expansion is mostly because of  the 
higher crystallization stress resulting from the increasing level of  the oversaturated portlandite in solution 
caused by fiber leachates [47,48], which can entirely overwhelm the effect of  self-desiccation resulting in 
almost no autogenous shrinkage. Therefore, when plenty of  coir fibers are used, sufficient water can be 
introduced for internal curing in the cementitious matrix. 

Figure 10: Autogenous shrinkage of  LWAC

4. Conclusions

This paper presents the influences of  coir fibers on the mechanical properties and shrinkages of  cement-
based LWAC. Based on the results obtained, the following conclusions can be drawn:

• The compressive strength of  LWAC increases slightly by adding fibers but shows no improvement 
when the fiber fraction increases up to 3 %. This is caused by the porous structure of  fibers and the 
more weak interfaces introduced by fibers.

• Both flexural strength and toughness increase significantly by increasing the fiber contents. It is resulting 
from the bridging effect of  fibers, and more fibers in composite requires larger force and energy to 
develop cracks and to debond and break fibers.

• The drying shrinkage of  concrete increases by increasing the coir fiber content. This is because of  the 
extra water introduced by saturated fibers and improved connectivity of  pores caused by porous fibers, 
resulting in accelerated drying process. 

• The autogenous shrinkage markedly decreases as increasing fiber dosage. It is due to sufficient preserved 
water in fibers, providing internal curing for cement. 

• When a sufficient content of  coir fibers (i.e. in this study: 3 wt.%) is applied, fibers can be used for 
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internal curing. 
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Abstract 

We report our study on designing a super hydrophobic magnesium oxychloride cement (MOC), applying 
a facile method involving immersion in a fluoroalkylsilane (FAS) -ethanol solution. We evaluate the super 
hydrophobicity and self-cleaning property of  the new material and correlate them with the structural 
characteristics of  the raw materials. The phase compositions, microstructure, compressive strength, water 
resistance and wetting behaviour are studied in detail by using X-Ray diffraction (XRD), scanning electron 
microscopy (SEM), a water contact angle measurement instrument, and mechanical testing. We observe a 
very high water contact angle of  the as-prepared MOC up to about 152±1°, and we explain the derivation 
of  water contact angle with the Cassie-Baxter model. The experiments using rolling off  dust on the super 
hydrophobic surface present excellent self-cleaning ability. Moreover, the super hydrophobic surface 
presents excellent UV-durability, indicating a promising potential for outdoor application..

Keywords: Magnesium oxychloride cement, super hydrophobic, UV-durable, water-resistance, self-
cleaning.

1. Introduction

Magnesium oxychloride cement (MOC) is a promising material thanks to its excellent materials properties 
such as fast setting, high mechanical strength, good resistance to abrasion and fire [1–5]. The behavior of  
MOC is mainly regulated by the composition and microstructure of  the hydration products, produced 
through neutralization-hydrolysis-crystallization process in the ternary system of  MgO–MgCl2–H2O [2,6]. 
Mg(OH)2·MgCl2·8H2O, or widely recognized as Phase 5 (P5), has been commonly recognized as the most 
desirable reaction product in MOC-based composites, as it is believed that the Phase 5 crystals can provide 
the best mechanical properties [3,5,6]. 

However, when exposed to water, Phase 5 will be easily decomposed to Mg(OH)2 that leads to a poor 
water resistance, which seriously restricts its outdoor applications. Preventing the water penetration by 
generating super-hydrophobic surfaces has already led to various new hybrid materials with astonishing 
properties [10–12]. A surface can be described as super hydrophobic if  the contact angle (CA) of  water on 
this surface is larger than 150° [13,14]. The best known example of  super hydrophobic surface is the lotus 
leaf, on which water easily rolls off, leaving little or no residue and carrying away surface contamination, 
showing excellent self-cleaning properties [10,15]. Scanning electron microscopy (SEM) analysis shows 
that the surface of  lotus leaves possesses protruding nubs of  20–40 μm apart each covered with a smaller 
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scale rough of  epicuticular wax crystalloids [12]. This wax only consists of  –C–H and –C–O group, which 
are the origin of  the super hydrophobicity and self-cleaning property of  the lotus leaf. Since Tsujii et al. 
first fabricated biomimetic surfaces in the mid-1990s, numerous smart and efficient methods for attaining 
rough surfaces to prepare super hydrophobic surface have been reported [12,16–18]. In summary, there are 
two main kinds of  surface microstructures to prepare super hydrophobic surface: one is the hierarchical 
micro- and nanostructure like the lotus leaf  and the other one is the unitary micro-line structure like the 
ramee leaf  [19–22]. 

Considering the complexity of  the preparation of  micro-, nano-, and lotus-type micro-/ nanocomposite 
structures, unitary micro-line structure provides a facile solution to prepare super hydrophobic surfaces 
[13,23]. Ogawa et al. prepared super hydrophobic film-coated nano-fibrous membranes based on the 
inspiration of  self-cleaning silver ragwort leaves [23]. After the modification with fluoroalkylsilane (FAS), 
the surface of  the nano-fibrous membrane presented super hydrophobicity with the highest water contact 
angle of  162° and the lowest water-roll angle of  2° [23]. Li et al. reported a simple solution-immersion 
method to fabricate a super hydrophobic surface on a cellulose-based material (i.e. cotton fabric or paper) 
[24]. The surface morphology of  the fabric provided ideal roughness for trapping the air to build a super 
hydrophobic surface [24]. Jiang et al. prepared Cu(OH)2 nano-needle arrays presenting little contact-angle 
hysteresis, even under certain hydrostatic pressures, by a facile chemical-base deposition method [25]. The 
average length of  the needles is 5 μm and the average diameter of  the nano-needle is 300 nm [25]. The 
above results also inspired us to prepare super-hydrophobic and self-cleaning surface by taking advantages 
of  the native needle structure of  MOC. Until now, research about construction of  superhydrophobic 
surface on MOC is still limited.

We aim to propose a novel and facile method for the fabrication of  super hydrophobic surface on MOC by 
applying the unique needle-like structure Phase 5 of  MOC. The compressive strength and water resistance 
of  the MOC samples are studied. The phase composition and microstructural properties were determined 
by using X-ray diffraction (XRD) and scanning electron microscopy (SEM). The water-repellence ability 
was evaluated by performing the water contact angle and water sliding angle tests. As UV-durability property 
is crucial for practical outdoor use, which mainly depends on the surface chemical composition and surface 
structures, UV-durability of  the as prepared surface was also examined. The results show that the designed 
super MOC surface possesses a super hydrophobic property, together with an excellent water-repellence 
and self-cleaning ability. 

2. Methodology

2.1 Materials
We use the following raw materials to prepare the MOC cement paste: light-burnt magnesia powder (MgO), 
magnesium chloride hexahydrate (MgCl2·6H2O), and tap water. Triethoxy-1H,1H,2H,2H-tridecafluoro-n-
octylsilane (FAS) and Ethanol is used to prepare a FAS-ethanol solution. The MOC samples are prepared 
by mixing MgO and the MgCl2·6H2O solution (see Table 1). Based on the mixed recipe, the samples 
are designated as MOC-510 (Mixture 1), MOC-68 (Mixture 2) and MOC-610 (Mixture 3). The samples 
are prepared following EN 196-1 [26] and cast in cubic moulds with dimensions of  40 × 40 × 40 mm3 
to determine the compressive strength. For the preparation of  superhydrophobic MOC, after 48 hours’ 
curing in the air, the MOC products are then placed in a FAS ethanol solution (5%) for 24 hours at room 
temperature and then dried for 1 hour.

2.2 Methods
The XRD analysis is performed by using a Bruker D8 advance powder X-ray diffractometer with a Cu tube 
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(20 kV, 30 mA) with a scanning range from 5° to 65° (2θ), applying a step 0.02° and 0.2 s/step measuring 
time. A contact angle meter DataPhysics SCA20 (DataPhysics Germany) is used to measure the static 
water contact angle and sliding angle with 10 μl water drop at the ambient temperature. The morphologies 
of  the MOC are observed using a field emission scanning electron microscopy (FESEM) of  Quanta 450 
(FEI USA). The UV durability test under different environmental conditions is performed in a homemade 
set-up. MOC boards with the dimension of  20 cm × 10 cm× 5 cm are prepared for the UV durability test 
which fit the size of  our reactor. The UVA light intensity E is kept constant at 14 W/m2 which is close to 
outdoor conditions during the summer [27].

3. Results and discussion

The XRD patterns of  the MOCs show that the mineralogical phases consist of  major Phase 5, minor 
Mg(OH)2 and unreacted MgO and MgCO3 (Fig. 1). As the Phase 5 is the most favourable crystalline phase 
[3,6], the molar ratio of  MgO/MgCl2 is desired to be higher than 5 and the molar ratio of  H2O/ MgCl2 is 
in the range of  6-15. The MgCO3 is from the carbonation during the preparation process. It can be found 
that MOC-510 exhibits the weakest characteristic peaks of  unreacted MgO in the paste matrices, because 
of  the lower molar ratio of  MgO/MgCl2. 

       

Fig. 1. XRD patterns of  the MOCs at 28 days.

The SEM images (Fig. 2) show that all the samples present a composite structure consisting of  needle-like 
Phase 5 and gel-like Phase 5. 

 
Fig. 2. SEM images of  paste matrices of: (a) MOC-510, (b) MOC-68, (c) MOC-610.

It can be seen that MOC-510 presents more gel-like Phase 5 compared to the other two samples. This can 
be attributed to the smaller amount of  MgO in the reaction system. As stated in [3] and [6], MgO could 
act as a role of  reaction seeds, which in turn increase the reaction sites in the MOC hydrated process. So 
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less MgO seeds would increase the possibility of  group growth of  the MOC, which leads to more gel-like 
Phase 5. MOC-610 exhibits more needle-like Phase 5 than MOC-68 as shown in Fig. 2b and Fig. 2c, which 
is attributed to the lower MgCl2 concentration in MOC-610. 

Fig. 3. Comparison between compressive strength of  the MOCs before and after 48 hours’ soaking: 
a) without FAS treatment and b) with FAS treatment.

The water resistance improvement of  MOC after super hydrophobic modification can be seen from 
the compressive strength changes after soaking the samples for 48 hours (see Fig. 3). The retention of  
compressive strengths of  unmodified MOC-68, MOC-610 and MOC-510 are only 17.1%, 17.6% and 21.4%, 
respectively, caused by the decomposition of  the hydration products into Mg(OH)2 [6][30]. It should be 
noted that the compressive strength retention of  MOC-510 is higher than the other two samples, attributed 
to its more gel-like Phase 5. Owing to the super hydrophobicity, all of  the MOC samples have a much 
higher compressive strength retention than the unmodified samples. The compressive strength retentions 
of  MOC 68，MOC-610 and MOC-510 after soaking 48 hours are 91.3%, 99% and 91.2%, respectively, 
indicating the hydrophobic treatment is highly effective to improve the water resistance of  MOC.

All unmodified MOC samples present high hydrophilic property and the water drop penetrate inside the 
MOC sample very quickly and no water contact angles were able to be tested. After FAS modification, as 
shown in Fig. 4a, the MOC-510 has a water contact angle about 130°, indicating a hydrophobic property 
[12,13]. After the increase of  the MgO content, the CA of  the MOC-610 increased to about 152°, indicating 
that the MOC surface becomes super hydrophobic. On the contrary, the water repellence of  MOC-68 
decreases and the CA decreases to about 143° after decreasing the amount of  MgO. The change of  the 
surface microstructures (Fig. 2(a–c)) was responsible for the increase of  CA. This can be explained by the 
ideal Young equation [27,31,32] and the Cassie-Baxter equation [33,34]. A rougher surface will lead to a 
larger contact angle and more hydrophobic behaviour [33,34]. When gel-like Phase 5 is generated among 
the needle-like structure, it will fill in the interspace that in turn decreases the air amount for air trapping. 
This can be used to explain the decrease of  super hydrophobic ability from MOC-610 to MOC-510 as the 
amount gel-like Phase 5 increases.
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Fig. 4. Water contact angle of: (a) the MOC-510, 130°±1°. (b) the MOC-68, 143°±1°. (c) the MOC-
610, 152±1°.

Barthlott et al. reported that water droplets can roll off  from the lotus leaves and remove the dust particles 
[35]. As MOC products are often used for a decorative purpose (e.g. decoration boards), it will be very 
meaningful for MOC possessing the self-cleaning ability. Fig. 5a shows the results of  rolling water on the 
super hydrophobic MOC surface (MOC-610). UV-resistivity is crucial for practical outdoor applications, 
which mainly depends on the surface chemical composition and surface structures [36–38]. The static 
contact angle and sliding angle as a function of  UV-irradiation time are presented in Fig. 5c. It is shown 
that after 7 days’ UV irradiation, the surface still exhibits a contact angle of  152.1° and a sliding angle of  8° 
at 25℃ and 50% humidity and a contact angle of  152.8° and a sliding angle of  9° at higher temperature. 
Even under a higher humidity, the MOC surface presents a contact angle of  152.3° and a sliding angle of  
8 °, suggesting a superior UV-durability. This can be attributed to both the properties of  the MOC and the 
low surface energy of  FAS. 

 
Fig. 5. Assessment of  the hydrophobicity and self-cleaning ability by: (a) the rolling of  particles, 
and (b) blue ink and water drops on the sample surface; and (c) Contact angle and sliding angle of  
MOC-68 samples over UV-irradiation time under different environmental conditions.

4. Conclusions

A super hydrophobic MOC surface with excellent self-cleaning ability is fabricated applying a facile solution 
immersion method with FAS. The influences of  the molar ratio on the microstructures, compressive 
strength, water resistance and hydrophobic performance are investigated. The self-cleaning ability and 
UV-durability are characterized. Through the control of  the MgO/MgCl2 and H2O/MgCl2 molar ratios, 
MOC samples with different microstructures are acquired. From the XRD and SEM results, it can be 
concluded that MOC-510 exhibits a higher amount of  gel-like Phase 5 and MOC-610 presents a higher 
amount of  nano-needle like Phase 5. The hydrophobic treatment improves the water resistance of  the 
MOC samples. The compressive strength retentions after 48 hours’ water soaking of  MOC-510, MOC-68 
and MOC-610 are only 17.1%, 17.6% and 21.4%, respectively, before the modification by FAS. However, 
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the compressive strength retentions increase to 91.3%, 99% and 91.2%, respectively, after the hydrophobic 
treatment. Owing to the large amount of  nano-needle like Phase 5 structures, MOC-610 is found to be the 
optimum recipe for the super hydrophobic surface fabrication, having a water contact angle of  152°±1°. 
The prepared super hydrophobic surface presents an excellent self-cleaning ability. Moreover, the super 
hydrophobic MOC surface is highly durable under UV irradiation.
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Durability of  photocatalytic mortars

A.M. Kaja1, H.J.H. Brouwers1, Q.L. Yu1

1Department of  the Built Environment, Eindhoven, University of  Technology Eindhoven, 5600 MB, the 
Netherlands.

Abstract

Photocatalytic technology attracts great attention due to the increasing need to improve air quality, 
especially in highly polluted urban areas. Concrete is found to be an excellent substrate for photocatalytic 
processes due to its high availability and exposure of  large surfaces to solar irradiation. The presence of  
semiconductors in the concrete surface layer induces the oxidation of  air pollutants. For example, NO and 
NO2 can be photocatalytically oxidized to nitrates, which are later removed from the concrete surface with 
rainwater. Among the available semiconductors, titania is the most commonly used. TiO2 nanoparticles 
can be either coated on the concrete surface or intermixed with cement in concrete surface layer. Simple 
coating, however, does not result in sufficient durability. On the other hand, even if  titania is intermixed 
with cement, some durability aspects like carbonation cannot be avoided. This study aims to evaluate the 
impact of  carbonation on the photocatalytic efficiency of  white cement-based  photocatalytic mortars 
doped with three types of  titania photocatalysts (Aeroxide TiO2 P25, KRONOclean 7000 carbon doped 
titania, and one home-synthesized composite photocatalyst consisting of  85% of  SiO2 and 15% of  TiO2). 
The study revealed that the oxidation of  the pollutants by photocatalytic mortars dramatically depends 
on the type of  photocatalyst. Silica-titania composite exhibits equally high performance as P25 providing 
the alternative route for the costs reduction during the manufacture of  photocatalytic concrete. Upon 
carbonation, a drastic decrease of  photocatalytic efficiency occurs regardless of  the type of  photocatalysts 
used. This effect is intensified when photocatalyst forms agglomerates. The selectivity of  the photocatalytic 
reaction is also lowered after carbonation.

Keywords: Photocatalytic mortar, carbonation, photocatalytic efficiency, selectivity.
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Self-cleaning and air purification 
performance of  Portland cement paste 
with low dosage of  nanodispersed TiO2 

coatings

Z. Wang1, 2 *, F. Gauvin2, P. Feng1, H.J.H. Brouwers2, Q.L. Yu2

1 School of  Materials Science and Engineering, Southeast University, Nanjing 211189, China, Email: 
z.wang3@tue.nl

2 Department of  the Built Environment, Eindhoven University of  Technology, P.O. Box 513, 5600 MB 
Eindhoven, The Netherlands

Abstract 

In this study, a stable and nano dispersed anatase TiO2 hydrosol was synthesized by hydrolysis of  titanium 
isopropoxide at low temperatures. The self-cleaning and depollution performance of  Portland cement 
paste at early age with TiO2 hydrosols were investigated with different dosages. According to the results, 
the average hydraulic diameter of  TiO2 particles in aqueous solution was about 19 nm and the zeta potential 
was higher than +30 mV, which indicating this nanodispersed TiO2 hydrosol can be easily dispersed in 
water evenly without producing agglomeration. The self-cleaning and air purification properties of  TiO2 
hydrosols coated cement paste were evaluated by the photodegradation of  Rhodamine B (RB) and NOX 
under the UV light over different irradiating time after 7 days of  hydration. The RB colour change rates 
of  cement samples coated TiO2 hydrosol tested by spectrometer was more than 90% after 2640 min UV 
irradiation, which was 1.5 times as higher than that of  cement paste coated with P25 at the same dosage and 
test conditions. The NO conversion (>97%) of  TiO2 hydrosol coatings and P25 coatings were similar at the 
lower dosage, while the TiO2 hydrosol coatings presented better NO conversion effect than P25 at higher 
surface concentration. These differences may relate to the better dispersion and greater specific surface area 
of  TiO2 nano particles in the form of  hydrosols. Due to the high self-cleaning, air purification and solar 
reflectance of  TiO2 hydrosol coatings on the surface of  Portland cement paste, the nano dispersed TiO2 
hydrosols provide a low cost, low-energy consumption, high efficient and convenient choice to form the 
protective and self-cleaning layer on the surface of  concrete structures.

Keywords: Nano dispersed TiO2 hydrosol, Air purification performance, Self-cleaning coatings, Portland 
cementitious materials

1. Introduction

Cementitious materials in buildings are directly and continuously exposed to many atmospheric and organic 
pollutants, microorganisms under different weather conditions. Colour, the main index of  aesthetic properties 
of  buildings, has to give a pleasant appearance that should give to the public an adequate perception of  the 
quality and maintenance. The main cause of  colour change on the surface of  cementitious materials is the 
reduction in initial solar reflectivity, mainly from atmospheric aerosol pollutants such as nitrogen oxides, 
carbon-based materials and volatile organic compounds [1,2]. Titanium-based photocatalysis has proven 
to be a promising technology for the efficient degradation of  a range of  organic compounds and some 
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inorganic compounds (NOx and SO2), in busy canyon streets, road tunnels, urban environments, etc [3]. In 
addition, the combination of  TiO2 and cement-based products have some synergistic advantages because 
the reaction product can be adsorbed on the surface and then washed away by rain [4]. Furthermore, when 
TiO2 is activated by solar photons, holes diffuse to the surface and react with water molecules adsorbed on 
the surface to generate hydroxyl radicals, thereby increasing the number of  hydroxyl groups on the surface 
of  TiO2 during irradiation [5]. Therefore, during irradiation, the contact angle of  the surface of  TiO2 with 
water molecules is gradually close to zero. This phenomenon is called light-induced super-hydrophilicity, 
which present as the self-cleaning performance of  the TiO2 coated surfaces. Thus, TiO2 could be used to 
increase the life cycle of  cement-based materials while it could also substantially decrease the concentration 
of  some air pollutants and enhance the self-cleaning property.

In most of  the studies [6–9], the commercially available nano TiO2 powder (Degussa P-25) was studied 
either as concrete coatings to improve its photocatalytic activity. The inherent agglomeration and very poor 
dispersity of  nano TiO2 powders in aqueous system caused by the calcination in synthetic process maybe 
the biggest holdback in making photocatalytic and self-cleaning cement-based materials. The nanodispersed 
TiO2 hydrosols are usually synthesized by the sol–gel process of  titanium alkoxide precursors [10–12], 
where the solvent is water, in large excess with respect to the alkoxide [13–19]. The acids are used as 
peptizator and produce a colloidal suspension containing TiO2 particles with size ranges from 15 to 100 
nm. This route is a cheap and low-energy consumption method to obtain anatase and well-dispersed nano 
TiO2 particles. Moreover, the good dispersity of  nano TiO2 particles in coatings is the critical point of  self-
cleaning and photocatalytic performances, because the photodegrading reactions between pollutants and 
coatings occur on the surface of  TiO2 particles and the stable dispersion of  nano TiO2 particles in coatings 
can provide more reaction areas because of  the greater specific surface areas [20]. In nano dispersed TiO2 
hydrosol can be considered as the water was divided by the nano TiO2 particles evenly. According to the 
definition of  specific surface area, which is the surface area of  an object per unit volume (or per mass), the 
surface area of  TiO2 particles (for example the particle size is 10 nm and mass content is 1% of  hydrosol) in 
1 g hydrosol is more than 1×105 m2/g. Compared with the specific surface area of  the P25 powders (about 
50g/m2), the specific surface area of  nano TiO2 in hydrosol is super huge that indicates the surge of  surface 
energy, and the surface characteristics of  the system, such as adsorption, double-layer effect, and chemical 
reaction performance become more prominent.

In this study, the self-cleaning and photocatalytic performance of  cement paste with anatase and well 
dispersed TiO2 hydrosols coatings synthesized at low temperatures were studied at 7 days age. The 
commercial nano powder P25 suspension was selected as the reference coating. The self-cleaning properties 
and photocatalytic performance enhancement of  TiO2 hydrosol was also discussed via optical analysis.

2. Materials and experimental

2.1 Materials
Titanium tetra-isopropoxide (TTIP, 97.0%) was purchased from Sigma-Aldrich. Acetic acid glacial (99.6%), 
absolute ethanol (99.9%), were purchased from VWR Chemicals. Deionized water (18.2 MΩ.cm) was used 
throughout the preparation process of  TiO2 hydrosol. The method anatase TiO2 hydrosols was referred 
from literatures [21][14], and the different synthesis temperatures were carried out. The synthesis was as 
follows: TTIP was dissolved in absolute ethanol with the TTIP/ethanol molar ratio of  2.44, and then the 
solution was stirred for 30 min at different temperatures (50 °C and 40 °C). Then, the obtained solution 
was added dropwise of  the speed 0.01 mL/s into a mixture containing acetic acid and deionized water with 
the molar ratio of  0.175. After that, the suspension was continually stirred for 48 h at 50 °C or 40 °C, and 
then aged for at least 72 h at room temperature to produce a translucent sol. 
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In preparing cement paste, CEM I 52.5R cement and tap water were used and the water to cement ratio was 
0.4. The samples were wet-mixed for four minutes before moulded in 40 mm× 40 mm× 40 mm moulds 
and 100 mm× 200 mm× 5 mm, and then the samples were covered with plastic sheets. After 1 day curing 
(20 °C/60% RH), the samples were demoulded and cured in ambient until test ages. 

2.2 Methods

2.2.1 Particle size and zeta potential
The particle size distribution and zeta potential of  TiO2 hydrosol were tested by the Zetasizer NanoSeries 
(Malvern Panalytical) at 25 °C. In these tests, the initial hydrosol was diluted 100 times in distilled water. 
The TiO2 hydrosol samples were tested three times by Zetasizer Nano Series by using a process called 
Dynamic Light scattering (DLS). The Zetasizer Nano Series calculated the zeta potential by determining 
the electrophoretic mobility and then applying the Herny equation.

2.2.2 XRD pattern analysis
The phase composition of  TiO2 hydrosol dried at 105 °C  were investigated by comparing X-ray diffraction 
(XRD) pattern (Bruker D4 PHASER, Philips, The Netherlands) with a Co tube (40 kV, 40mA). A typical 
run was made with a step size of  0.02°/min and a dwell time of  0.5s. 

2.2.3	 UV-VIS	absorbance	and	UV-VIS-NIR	reflectance
The UV-VIS absorbance spectrum of  TiO2 hydrosol and P25 suspension samples was measured by the 
UV-VIS-NIR spectrophotometer (Perkin Elmer Lambda 750), the tested range was 250 nm to 800 nm, 1 
nm per second. For the reflectance test of  cement paste coated with different coatings, the TiO2 hydrosol 
and P25 suspension coatings with the solid content of  1.54% were applied on the surface of  paste samples 
after 28 days hydration. Due to the Beer–Lambert law, the samples content should lower than 0.01M and 
the absorbance should below 1.0, in this test the P25 suspension sample was diluted down to 0.02 % and 
the TiO2 hydrosol sample was diluted down to 1.0 % by distilled water.

2.2.4 Self-cleaning performance 
The self-cleaning performance of  the cubic coated cement paste was evaluated by colorimetric analysis of  
the degradation of  the organic dye Rhodamine B (RB). Before tests, the paste top surfaces were polished by 
SiC sand papers to obtain relative smooth surface with the roughness in the range of  10 to 14 micrometres. 
Each surface area of  paste samples was stained by painting 600 uL of  0.1 mM RB aqueous solution. Then 
the samples were kept overnight in dark box at room temperature for drying. For each coated sample, 
9 points were considered for the colorimetric tests and each point was tested for 4 times. The samples 
were exposed to a UV lamp (10±0.05 W/m2) to simulate UV light in natural conditions, monitoring the 
discoloration of  the stains. 

The reflected colour measurements were taken directly on the surface of  each points on each sample at 
different illumination with a spectrometer USB4000 Oceanoptics, which optimized for the 380- 780 nm 
wavelength range and analysed mathematically to yield colorimetric quantities like xyz, RGB or L*a*b*. In 
this study, the percentage of  discoloration (Rt) was expressed with the coordinate of  the dominant colour 
of  dye a*, value of  the CIE Lab colour space for RB [22,23][24], according to Eq. (1). 

      (1)

Where, a0
* the value of  a* at time 0 before irradiation, at

* its value after t minutes irradiation.
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2.2.5	 Air	purification	performance
The air purification experiments [8,9,25,26] of  coated cement paste were carried out in a homemade reactor 
designed in accordance with standard ISO 22197-1. The experimental setup consisted of  a planar reactor 
cell, an UVA light source, a chemiluminescent NOx analyser, and a gas supply. The main operating conditions 
of  the system were as follows: the wavelength of  UV light resource was 300-400 nm, the irradiance flux 
on the surface of  cement paste samples was 10 ± 0.05 W/m2, the pollutant source concentration was 1.0 
ppm, the NO flow and air flow were 60 mL/min and 2.94 L/min, and the total gas flow was 3.0 L/min, the 
relative humidity in the reactor was 50 ± 1%. The concentration of  TiO2 particles in two coatings were 1.54 
g/m2 and 3.08 g/m2. Before the test the top surfaces of  cement paste panels were pre-prepared by the same 
method as shown in Section 2.2.4. The amount of  NOx converted in the reactor is calculated following:

[ ] [ ]
(%) 100

[ ]
X X

X

NO in NO out
X

NO in

C C
NO Conversion

C
−

= ×                                                  (2)

Where [CNOx]in is the initial concentration [ppm], measured by taking the average value of  the first 5 min 
of  the experiment, before turning on the light. The outlet concentration [CNOx]out is measured by taking the 
average value of  the last 5 min of  the irradiation period [ppm]. 

The amount of  NO converted in the PCO reactor is calculated following:
[ ] [ ]

(%) 100
[ ]

NO in NO out

NO in

C C
NOConversion

C
−

= ×                                                     (3)

Where [CNO]in is the initial concentration [ppm], measured by taking the average value of  the first 5 min 
of  the experiment, before turning on the light. The outlet concentration [CNO]out is measured by taking the 
average value of  the last 5 min of  the irradiation period [ppm].

3. Results and discussions

3.1 Effects of  synthesis temperatures on the dispersity of  TiO2 hydrosols
The average particle size and Zeta potential values were showed in the Table 1. The average particle size 
(of  intensity) of  TiO2 hydrosol samples at 40 °C and 50 °C was 19 nm and 38 nm respectively. The zeta 
potential of  TiO2 hydrosol synthesized at 40 °C and 50 °C were 43 mV and 39 mV, which meant that the 
dispersion of  hydrosols in distilled water was stable. These results indicated that the synthesis temperature 
had a great influence on the particle size of  TiO2 in hydrosols, while the influence on the zeta potential of  
TiO2 hydrosols was limited. 

Table 1 The average particle size and zeta potential of  TiO2 hydrosols

Synthesis 
temperatures

Size±SD
(d. nm) %Intensity Z-average ±SD

(d. nm)
Polydispersity

Index Zeta potential Conductivity
(mS/cm)

50 ， 38±16 100 35±13 0.14 39 0.12

40 ， 19±6 100 17±6 0.11 43 0.11

3.2 Crystal form of  TiO2 hydrosols 
The diffraction angle 2θ of  (101) crystal plane of  anatase TiO2 crystal was 29.4°, the (004) crystal plane was 
44.2° and the (200) (105) and (204) crystal planes were 56.4°, 63.5° and 74.3°. As it can be seen in Figure 
1, the TiO2 particles in hydrosol synthesized at 40 °C and 50 °C showed all the typical diffraction peaks of  
anatase TiO2 that indicating the synthesized TiO2 particles in TiO2 hydrosol was pure anatase TiO2 crystal. 
Since the TiO2 hydrosol synthesized at lower temperature presented smaller particle size, dispersity and 
same crystal form, the following charactering tests were focused on the comparison between TiO2 hydrosol 
synthesized at 40 °C and P25 suspension.
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Figure 1 XRD pattern of  TiO2 hydrosols dried at 105 °C

3.3 UV-VIS absorbance of  TiO2 hydrosol
The visual observation of  colour changes, as well as UV-VIS absorbance of  both TiO2 hydrosol and P25 
suspension are shown in Figure 2. As it can be seen from Figure 2, TiO2 hydrosol was transparent, while the 
P25 suspension sample with the same mass content was pure white and non-transparent. In the Figure 2, 
the light absorbance of  TiO2 hydrosol in the 250-300 nm range is higher than P25 suspension. In general, 
the P25 powder was made of  20% rutile crystal and 80% anatase crystals, and in theory, the absorption 
band edge was near 380 nm for anatase and 300 nm for rutile [27]. As seen from Figure 2, the absorbance 
of  light at 400 to 800 nm of  P25 suspension is the result of  the light scattering phenomenon caused by the 
big particles of  P25 in aqueous solution. As a result, the nano particles in TiO2 hydrosol were more stable 
than in P25 suspension. 
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0.6
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 P25 suspension
 TiO2 hydrosol
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Wavelength (nm)
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Figure 2 The UV-VIS absorbance spectrums of  TiO2 hydrosol and P25 suspension

3.4 Self-cleaning performance
In Figure 3, the percentage of  colour change for RB of  cement paste at 7 days age with coatings is presented. 
The colour change of  blank cement sample was around zero after 24 h irradiation, which meant the blank 
cement at early age present barely no self-cleaning performance. The Rt values of  cement paste coated 
TiO2 hydrosol with the dosage of  0.77, 1.54 and 3.08 g/m2 after 24 h irradiation were 85.88%, 91.71% 
and 94.65% respectively, while the Rt of  cement paste coated P25 with the dosage of  1.54 g/m2 after 24 
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h irradiation was only 64.88%. In the TiO2 hydrosol coated samples, the colour change of  RB trended to 
stable after two hours irradiation, while it needed at least 6 hours irradiation to obtain a stable colour change 
in the P25 coated sample. These results indicated that the self-cleaning performance of  cement paste coated 
1.54 g/m2 TiO2 as the form of  hydrosol coatings is much better than that of  P25 suspension coatings. 
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-40

-20
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20
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80

100

 Coated 3.08 g/m2 TiO2 
 Coated 1.54 g/m2 TiO2 
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Coated 1.54 g/m2 P25R
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%
)

Irridation time (min)

Blank cement paste

Figure3 Percentage of  colour change for RB of  cement paste with different coatings after 7 days 
hydration

3.5 NOx degradation performance
Figure 4 shows the degradation process of  NOx of  cement paste panels at 7 days age. Table 2 presents 
the conservation values of  NO and NOx of  panels. In overall, the cement coated with these two coatings 
presented very high conversation of  NO and NOx regardless the coating dosage. However, the conversations 
of  NO and NOx increased along with the dosage of  TiO2 hydrosol coated panels, while the conversations 
of  NO and NOx decreased with the dosage of  P25 coated panels. These results might relate to the poor 
dispersity and high agglomeration of  TiO2 nano particles in P25 suspension coating with higher dosages. 
To verify this speculate, the reflectance analysis of  cement paste with and without coatings were carried out, 
this results are discussed in Section 3.6.

Table 2 The conversion rate of  NO and NOx of  cement panels with two coatings

Coatings Dosage (g/m2)
Conversion rate (%)

NO NOx

TiO2 hydrosol
3.08 98.88 96.14

1.54 97.36 93.85

P25 suspension
3.08 87.92 86.01

1.54 97.66 94.97

3.6 Reflectance of  cement paste with coatings
Figure 5 presents the reflectance spectra in the range of  200 nm to 2500 nm of  cement paste samples at 
28 days age. From Figure 5, it can be seen that after being coated by TiO2, the reflectance of  cement paste 
samples is significantly increased, especially in the range of  VIS (400 to 800nm), NIR (800 to 1000 nm) 
and SWIR (1000 to 2500nm). These results indicate that the cement paste could also obtain certain solar 
reflectance from the TiO2 hydrosol coatings, especially in the range of  SWIR. The high reflectance of  
cement paste coated with P25 suspension in the range of  visible light also revealed that the P25 coating was 
whiter than TiO2 hydrosol coating, which means that the significant agglomeration of  nano TiO2 particles 
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in P25 coating. These results supported speculates mentioned in the Section 3.5, showing that the greater 
agglomeration of  TiO2 particles in P25 suspension was the main reason of  the relatively poor performance 
of  air purification in higher surface concentration of  coating. Moreover, the better dispersity led to the 
higher specific surface area of  TiO2 in TiO2 hydrosol coating, which means that the greater inaction surface 
areas between TiO2 and pollutant molecules and better self-cleaning and air purification performance of  
cement paste with TiO2 hydrosol coating.
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Figure4 NO, NO2 and NOx concentration graphs of  cement panel samples coated TiO2 hydrosol 
and P25 suspension coatings
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Figure 5 Ref lectance of  cement paste with different TiO2 coatings

4. Conclusions

1. In this work, the nano dispersed anatase TiO2 hydrosol was synthesized by an easy and lower energy 
consumption method. As compared to the P25 powder suspension, the TiO2 hydrosol presented much 
better dispersity and stability in aqueous solution according to the results of  particles size, zeta potential 
test and analysis of  UV absorbance.
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2. The self-cleaning performance of  cement paste sample coated by TiO2 hydrosol after 24 hour UV 
irradiation was increased with the surface concentration of  TiO2 hydrosol, and the self-cleaning 
performance of  TiO2 hydrosol with a surface concentration of  1.54 g/m2 was 91.71% which was 1.41 
times more efficient than P25 coating. The NO and NOx conversion rates of  these two coatings with 
the surface concentration of  1.54 g/m2 were higher than 95%.

3. The poor dispersity and high agglomeration of  TiO2 particle in P25 suspension coating led the worse 
air purification ability of  cement panel with higher surface concentration of  coating. And the higher 
reflectance of  cement paste with P25 coating in the range of  visible light indicated the whiter colour 
of  the coating, which proofed the greater agglomeration of  TiO2 particles in P25 coating. The high 
self-cleaning and air purification performance of  cement paste with TiO2 hydrosol coating was because 
of  the high dispersity and greater specific surface areas of  nano particles in coating.
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Innovative production technologies and 
applications in the field of  Wood Cement 

Products

E.J.B. van Elten,  

Eltomation BV, Barneveld, The Netherlands

Abstract

This paper describes the further development of  advanced production technologies for the manufacture of  
various types of  Wood Cement Boards and the wide range of  applications of  these boards. 

Due to the increasing awareness for healthy and comfortable living conditions with reduced energy costs, 
the demand for various types of  Wood Cement Boards has grown significantly over the last years. In 
Western Europe this growth is furthermore supported by the increasing need for “acoustic performance” 
in public buildings and private homes. As a result, the demand for automated production lines for these 
acoustic and energy-saving boards has also increased. 

Eltomation BV, The Netherlands, being a major player in the supply of  turnkey Wood-Cement Board Plants, 
has further developed its advanced production technologies to meet this increasing demand. Although the 
basis for acoustic Wood Wool Cement Boards lies within Western Europe, an increasing demand for these 
acoustic and energy-saving boards is being developed in countries such as Russia. In addition, special 
solutions are being developed to meet the high demand for Affordable & Sustainable Housing in various 
regions of  Africa and elsewhere. This paper provides a general overview of  the various Wood Cement 
Boards on the market and the new technologies being developed to meet the increasing demand for thermal 
insulation, fire-resistance, acoustic performance and sustainability.

Keywords: Wood Wool Cement Boards, Advanced Production Technology, Energy Saving & Acoustic  
Applications.

1. Introduction

Eltomation BV of  Barneveld, The Netherlands, is specialized in the development and supply of  turn-key 
plants and equipment for the production of  various Wood Cement Boards. The family-owned company, 
active in this specific field for over 60 years, is regarded as a specialist in the production technologies for 
these Wood-based Mineral Bonded Boards. 

The main product produced in these plants is the so-called low-density Wood Wool Cement Board 
(WWCB). Other Wood-Cement Products include the medium-density Wood Strand Cement Boards 
(WSCB - EltoBoard) and the Prefab Large WWC Wall Elements. Where the above listed products are based 
on using long wood wool (excelsior) as raw material, another product for which Eltomation has provided 
plant solutions is the so-called Cement Bonded Particle Board (CBPB), which high-density (fire-retardant) 
product is based on using small wood particles as raw material.

Our European clients include renowned producers such as Knauf  Insulation (their WWCB products being 
known under the brand name Heraklith) with multiple plants throughout Europe, Troldtekt A/S – Denmark, 
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Fibrolith Dämmstoffe GmbH – Germany (part of  Soprema Group), Celenit S.p.A – Italy, Träullit AB – 
Sweden and others. Annual production volume of  WWCB is in the range of  16-18 Million square meters, 
serving mainly the (fire-retardant) acoustic ceiling market. This demand is still rapidly increasing.

During the last decade an increased interest for durable, environmentally friendly and energy-saving 
building materials has come from the new Russian and Chinese markets. During these recent years a total 
of  7 additional full-size Wood Wool Cement Board Plants have been supplied to clients in Russia and 
China for serving the local markets with these fire-resistant, energy-saving products. In addition, these new 
Russian WWCB Plants also produce large quantities of  fine-fibre acoustic ceiling panels for export to the 
large ready market in Western Europe.  

2. Overview of  main Wood Cement Products

In general the following Wood Cement Boards (and Large Elements) are considered to be the main Wood-
Cement Board products which are on the market today: 

1. Wood Wool Cement Board (WWCB);

2. Large WWC Wall Elements; 

3. Wood Strand Cement Board (WSCB/ EltoBoard);

4. Wood Residue Cement Board (WRCB); 

5. Cement Bonded Particle Board (CBPB).

This paper will mainly deal with the production technology for the first three mentioned product types. 
Each of  these 3 product types require small diameter logs (mostly soft wood species such as pine, spruce, 
poplar, eucalyptus, etc.) as raw material, to enable the production of  long and thin wood wool or wood 
strands. WRCB and CBPB are not made from wood wool but from wood chips, respectively small wood 
particles, thereby having different properties and applications.

3. Properties of  Wood Wool Cement Board

Of  the above described main Wood Cement Products, Wood Wool Cement Board (WWCB) is by far the 
most common product with a significant annual production volume. To ensure its excellent properties in 
view of  thermal insulation and sound absorption, WWCB is produced at a low density of  only approx. 350-
460 kg/m3. These densities are subject to the board thickness and specific application. 

The main features of  WWCB are: 

• Excellent acoustic performance 

• High fire resistance (both as B1 and A2 class)

• Wet and dry rot resistance

• Freeze-thaw resistance

• Termite and vermin resistance

• High thermal insulation (energy-saving)

For increased thermal insulation, WWCB can optionally be produced as a (2 or) 3 layer sandwich board with 
a core of  EPS/Polystyrene, Rockwool or PU-foam. This product is referred to as “Composite WWCB”. A 
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main application of  such Composite WWCB panel is e.g. acoustic ceilings in open parking garages, where 
the floor of  the apartments or store above the parking house not only needs the required fire-safety, but 
also a high thermal insulation.   

     

Figure 1 - Standard (white cement) WWC Board Figure 2 – Various types of  Composite 
WWCB

4. Applications of  Wood Wool Cement Board      

Standard applications of  WWCB include:

• Acoustic ceiling applications (being the vast majority of  the market demand);

• Reinforced Roofing boards (mainly applied in Scandinavia, where heavy snow-loads apply);

• In addition, specialty applications include:

• Insulation board for external walls (and floors), referred to as “permanent shuttering” board;

• General board for insulation / renovation / fire protection purposes.

   

Figure 3 - Acoustic ceil ing panels in public building Figure 4 - Reinforced Roofing Boards 
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Figure 5 - Permanent Shuttering Boards         Figure 6 – WWCB for renovation projects

Nowadays there is a fast growing application of  WWCB in Decorative & Acoustic Applications on walls 
in offices, bars & restaurants, stores, theatres, etc., mainly due to the good acoustic performances and nice 
and modern appearance. These boards are typically applied in various decorative shapes or patterns and/
or as a mix of  various matching colours. Major players in this field are the companies BAUX from Sweden 
and Troldtekt, Denmark.

   

Figure 7 – Decorative WWCB (Troldtekt)        Figure 8 – Decorative WWCB (Träullit/BAUX, Sweden) 
5. Production Technology for WWCB

The modern WWCB Plants supplied to the market nowadays combine the need for high-capacity production 
and minimal labour requirement with consistent high-quality boards. A high percentage of  the output will 
find its way to the acoustic ceiling market. These boards require not only the needed fire-resistance (in either 
standard B1 or special non-combustible A2 Class) but also have a high standard for visible appearance. This 
has resulted in an increasing market for special ceiling panels, produced with fine wood wool of  minimal 
width, such as 1,5 mm or only 1,0 mm in width (where standard WWCB is commonly produced with a 
wood wool width of  2,5 mm or 3,0 mm) and using white cement as binder. 

The high-speed production of  the fine-fibre wood wool is realized by means of  a special-developed Rotating 
Wood Wool Machine (the so-called “Eltomatic CVS-16”). Such Eltomatic replaces a series of  up to 8 of  the 
previously known reciprocating crankshaft driven wood wool planing machines, which are no longer used 
in modern WWCB production plants due to safety and CE regulations. In the last decades over 30 modern 
Eltomatics have been installed in WWCB plants worldwide, either as part of  a new turn-key plant or simply 
replacing the old wood wool machines as part of  a modernisation (in combination with safety-issues and 
labour savings). 

Where the vast majority of  the WWCB Plants use standard Portland Cement as a binder (increasingly white 
cement replacing the previously common grey cement), a few lines are based on using Magnesite as binder 
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(where these boards are mainly applied indoors), however the majority is based on having cement as binder. 
Optionally, these acoustic boards are profiled/bevelled and/or spray-painted in the desired colour.

WWC-Boards are typically produced as 60 cm (optionally 2’) in width and having a range in length from 240 
– 300 cm (optionally 8’- 10’). Thicknesses of  solid WWCB range from 15 to 100 mm, where the majority 
will be in the 15-35 mm range. For applications with a higher thermal insulation (or further increased fire-
resistance), the WWCB panel can be combined with a layer/core of  insulating material, such as EPS/XPS, 
rockwool or PU-foam. These so-called (2- or 3-layer) Composite WWCB Panels are nowadays produced 
at a thickness of  up to 250 mm, subject to application and required R-value. Where in the old days the 
Composite sheet was added to the fresh WWCB in the main production line, this procedure is nowadays 
mainly done by gluing such Composite Sheet to a ready WWCB Panel in the Finishing Area. 

For acoustic ceiling panels, boards are usually cut into 120 cm length (standard for the European market), 
where the standard in the USA is mainly based on 60 x 60 cm (or 2’x 2’). Nowadays WWCB is produced in 
accordance with EN 13168 (replacing the former DIN 1101).

After forming of  the fresh mixture, the boards initially cure for 24 hours (up to 48 hours) in the moulds, 
before being demoulded. The demoulded boards are automatically stacked onto pallets for further curing 
in the Second Setting Area for say 10-15 days. As a final step all boards pass through an automatic Board 
Dryer to bring the moisture content of  each board down to the desired approx. 12% (ATRO), which 
provides the required long-term stability of  the board. As a final step each board may pass through a Board 
Thickness Calibrator, before (optionally) being spray-painted in the desired colour. An increasing volume is 
produced as a “natural-look” panel (non-painted), based on having white cement as a binder.

The capacity of  a standard WWCB Plant is nowadays up to 4.100 m2 boards per shift (based on 25 mm 
board thickness) with a production line speed of  the main line of  up to 20 m/min. (resulting in average 
one board being produced per 7 seconds). Each WWCB Producer determines whether he wishes the line 
to be operational on either a 1, 2 or even 3 shifts per day. Modern WWCB Plants are able to produce up to 
3 Million square meters of  boards on an annual basis. 

With the integration of  modern electronic control systems, the lines are not only more automated but also 
provide a more accurate formed board in view of  even distribution, weight and visual appearance. Only a 
handful of  supervisors are required to operate such line, supported when needed by direct on-line support 
from the Eltomation office in Barneveld, Holland. 

  

Figures 7, 8 - Eltomatic Rotating Wood Wool Machine Figure 9 – Double Forming Station at WWCB 
Plant (cap.: 3.000 kg/hr.)     

6. Wood Strand Cement Board (WSCB – EltoBoard)

The production of  medium-density Wood Strand Cement Board (WSCB – EltoBoard) is accomplished on 
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a standard WWCB Plant to which a special hydraulic EltoBoard Press has been added at the end of  the 
line. The Press will receive a full stack of  filled moulds and will compress the fresh wood-cement mat to a 
much higher density. To ensure and maintain sufficient pressure during initial curing, the pressed stack of  
full moulds is secured in a so-called Press Package, consisting of  a heavy-duty Top- and Bottom Frame, 
secured by Tension Arms. The Package is secured under pressure during the initial 24 hours of  curing, 
where after the Press Package is again opened in the same EltoBoard Press, to allow further processing, 
such as demoulding, further curing, final trimming, etc.

This extra procedure results is a medium density board with structural strength (bending strength of  up to 
approx. 20 MPa). Board dimensions are typically 60 cm wide and 240-300 cm long. Board thicknesses range 
from 8 to 25 mm. 

Producing these medium-density Wood Cement Boards on such WWCB Plant, provides a big advantage 
to the End-user, by now having the flexibility to produce both low-density WWCB and medium-density  
Wood Strand Cement Boards on one plant, allowing a wider range of  products from one plant location. 

Wood Strand Cement Board is commercially being produced in Russia (OOO Building Innovations) and 
Japan (Takemura Co.).

    

Figure 10 - WSCB Plant with EltoBoard Press Figure 11 - WSCB applied in walls, f loors and roof  

      (Takemura, Japan)

7. Large WWC Wall Element Building System - introduction

During the last decade, a new revolutionary prefab building system has been developed by the company 
Träullit AB in Sweden, being one of  Eltomation’s long-term clients.

Utilising the excellent properties of  WWCB in view of  thermal insulation, weather-, fire, insect- and rot- 
resistance, the company decided to produce WWCB in much larger dimensions (referred to as “Large 
WWC Elements”), enabling fast and efficient prefab construction of  homes, schools, offices, etc. These 
large wall elements are made out of  uniform (although light-weight) WWC with dimensions of  up to 6 m 
(optionally 20’) in length, 2,7 - 3 m (approx. 9’- 10’) in wall height and up to 40 -50 cm (approx. 1’ - 4” to 
1’ - 8”) thickness, subject to the local climatic conditions. 

In addition to the excellent thermal insulation (U = 0,19 W/m2 ºC at 40 cm wall thickness), these elements 
also provide a high thermal storage capacity (250 kJ/m2 ºC), which contributes to excellent living conditions 
in these homes.
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Figure 16 – Collage of  Large Element System: Production, Installation and a Finished Large 
Element House.

8. Construction with Large WWC Wall Elements

Due to the low weight of  the wall elements, a truck/trailer can be loaded with up to 12-16 Elements (subject 
to wall thickness), allowing for very efficient transport. The elements are loaded into open containers, or 
onto special drop-off  frames, which are commonly used in the concrete element business, so the full load 
can be dropped-off  at the building site (and when possible an empty container/rack is picked- up for return 
to the plant). 

    

Figures 17, 18 - Ready Elements are loaded into open containers, or onto special drop-off  frames

Elements are lifted from the transport frame by a small crane (by making use of  the two hoisting straps 
embedded in each Element). A small team of  3 workers can in this way place all Elements of  a typical 
medium-size one-story house in one day.  

                

Figures 19, 20, 21 - Ready Elements are efficiently placed on the ready concrete slab 
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For one- and two-story housing, as commonly applied in Sweden, the Large Wall Element System receives 
its load-bearing properties by means of  the reinforced concrete beams, which are freshly poured on-site, 
by filling up the U-shaped cavities between 2 lined-up Elements. In addition to these vertical “pillars”, 
each Element is provided with a horizontal running U-shaped groove (“Ring-beam”) at the crest of  each 
Element. Both the vertical cavities and horizontal U-shaped groove are reinforced with steel bars and are 
cast on-site. The large wall element itself  has a compression resistance of  27 kN per running metre. A 
possible bending down of  the concrete beam is prevented by the large wall element that works together 
with the concrete ring beam. However, the architects designing these houses are used to put the load-
bearing property of  the Element to zero, so purely calculating the concrete ring-beam and vertical supports 
to carry the full load.  

      

Figure 22  - Open Ring-beam Figure 23 - Pouring of  concrete   Figure 24 - Anchors in ring

          beam for f loor support 

Some of  the main technical properties of  the Large WWC Wall Element are listed in the Table A below, 
based on the standard 40 cm wall thickness, as applied in most projects executed in Sweden. 

Table A – Main Technical Specifications of  the Large WWC Element.  

Träullit Large Wall Element, Thickness 400 mm
Technical Data

U-value 0,19 W/m² K

Fire rating REI360 (6 hours)

Heat storage capacity 250 kJ/m² ºC

Critical RH (preliminary tests) 90 %

Air permeability 20 m³/mhPa

Load carrying strength 27 kN per running metre of  wall

Density Approx. 360 kg/m³

Although the listed thermal insulation of  U=0,19 (R=5,2 m2K/W) is sufficient for most projects, such as 
houses, schools, etc. in Sweden, certain applications (such as a so-called “Artic House Project”) may require 
an even higher thermal insulation. For such projects it will be possible to make the Elements of  a thickness 
of  50 cm and even up to 60 cm. Such 60 cm thick wall will provide for a R-value of  up to 10.    

From the Table A above, one can see the excellent Heat Storage Capacity (250 kJ/m² ºC) of  this material, 
which may be one of  the most important features for a comfortable living condition in the house. The heat 
of  the day is stored in the walls, to be only gradually be released during the night. Another figure, which 
comes to mind is the very high fire-rating of  REI 360. Extensive tests have been performed at the SP 
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Technical Research Institute in Sweden, where a test Element was made subject to flames of  1200 degrees 
centigrade on one side during an extended period of  360 minutes (6 hours) under load. During this period 
the temperature on the other side of  the element only came to 45 degrees Celsius and the overall Element 
remained intact. After the 6 hours testing period was successfully reached, the load was steadily increased 
up to 67 kN/m, which caused initial cracks in the test element.

The various pictures displayed in this paper show the construction of  houses, schools, etc. in Sweden, 
where the Elements are shipped to the building site as cut-to-size Element, however without any base 
stucco, which is applied only once all Elements are put in place. Also openings for electrical fittings are 
afterwards milled into the wall. Eltomation’s new fully-automated Large Element Line is provided with a 
CNC Centre, which not only provides the proper sizing of  each Element (including cut-outs for window 
openings, etc.), but will also provide all such openings for cables and piping in the plant, allowing certain 
components and fittings to be pre-mounted in the factory. As a final step the client may choose to already 
apply a base stucco in the plant and mount window-frames, where possible. 

These additional steps will contribute to a higher efficiency in providing the Elements on full pre-fab 
basis, thereby further reducing labour on the building site and an overall quicker delivery of  the finished 
house.   

   

Figures 25, 26 - two-story vil la under construction (Träullit ,  Sweden)
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Figures 27, 28, 29, 30 – Construction of  a highly insulated day-care centre in Sweden, util ising 
Large Elements for the outer walls and Reinforced Roofing Boards for the roof  (Träullit ,  Sweden)

    

Figures 31, 32, 32 – Affordable & Sustainable Housing for Africa (and other regions worldwide)

9. Production Line for Large WWC Wall Elements 

During the first years of  production of  the large WWC wall elements, Träullit, Sweden has further optimised 
its product using semi-automated production facilities, such as for forming, demoulding, storage, cutting/
finishing, etc. In order to meet the demand for a fully-automated production of  these Large Elements at 
considerably higher plant capacity, Eltomation has in recent years developed a production line for the fully-
automated production of  such large elements at high capacity and reduced labour requirements. 

   

Figures 33, 34 - Impression fully- automated Large Element Line 

The first such fully-automated Large Element Line, was supplied to a client in Yixing, Jiangsu Province,  PR 
of  China. Plant capacities of  such Large Element Line are up to 24-30 Elements per shift (subject to wall 
thickness), allowing construction of  up to 1500 housing units per year. Contracts for the supply of  similar 
Large Elements Lines to clients in Western Europe and Russia are expected to be secured during 2019.
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Typical dimensions for these large elements are 6 m length x 2,8 m wall height. The wall thickness will 
standard be based on 30 - 50 cm, subject to the climatic conditions. Per each plant location and intended 
range of  applications, the maximum wall thickness will be optimised (say up to 30 cm for a potential project 
in central Africa and up to 50 cm for a project in Northern Europe. Also the maximum wall height will be 
optimised to the local market demand (typically ranging from 2,7 to 3,0 m). To secure a flexible production 
range, the Large Element Line can produce various wall thicknesses, which can be secured by laying in a 
dummy-bottom plate in the large form. For example by adding a 15 cm dummy bottom in a 40 cm high 
form, also Elements of  25 cm thickness can be produced on the same line.  

The fresh mat of  material is formed continuously in the slow-moving large forms, which pass underneath 
the Double Forming Station in an uninterrupted flow. Each Element is formed in 2 subsequent layers 
(say of  20 cm thickness each, allowing the line to have hoisting straps or reinforcements to be inserted in 
between the 2 fresh layers of  wood-cement mixture material. The continuous mat is hereafter cut into the 
desired (6 m) lengths by the separating saw, which moves at the same speed of  the forms, while making 
the cut between 2 forms. The individual full forms are stacked for initial curing of  the fresh mixture in 
the forms for approx. 48 hours. After this curing period the cured Element is released form the Form by 
means of  a hydraulic Turing Table, where after each form is returned to the Forming Line.  The Element 
is transferred to a CNC Milling & Cutting Station to be processed to the proper dimensions, including 
creating openings for window frames, electrical conduits, etc. As a final step the Producer may insert the 
window frames and apply a base stucco/plaster to both sides of  the ready Elements. These steps contribute 
to an efficient Prefab Building technology, greatly reducing the on-site activities and virtually eliminating 
on-site construction waste. This all results in a very fast construction time, which benefits not only the 
contractor but also the new home owner.

 

Figure 35 - Finished Element from CNC operation  Figure 36 – Elements ready for shipment

The capacity of  the Large Wall Element Line is designed to be approx. 500 m3 of  finished product per day 
(based on a 3 shift production). For typical 40 cm thick Wall Elements, this results in a capacity of  up to 23 
Elements per shift (subject to complexity), allowing a capacity of  Elements for up to 1500 housing units 
per year. For the market for Affordable & Sustainable Housing Units for countries in e.g. Africa, based on 
a typical 25-30 cm wall thickness and say 55-60 m2 single story housing unit, such Large Element Line may 
have an output of  Wall Elements for up to 2500 housing units per year. Such Large Element Line may 
be supported by a Wood Wool Cement Board (WWCB) Plant, for the production of  all partitioning walls 
(typically 100 mm thickness), Reinforced Roofing Boards (typically 75 mm thickness) and optional acoustic 
ceiling panels. Such combined Large Element Line and WWCB Plant will allow all such main building 
materials to come from one plant location, utilising the local available small diameter plantation wood. 
Other interesting markets for the prefab Large Elements are currently being developed, such as for Sound 
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Barriers along highways and railroad tracks.

10. Durability and Sustainability 

WWCB, WSCB and Large WWC Elements are produced from only natural materials, such as FSC-certified 
small diameter Spruce (optionally Pine or Poplar), mixed with Portland Cement. To this mixture water and 
a small percentage of  salt-solution is added for the proper binding.   

Both scientific tests, initiated by customers of  Eltomation, as well as open air application of  WWCB have 
shown that WWCB is unaffected by over 70 years of  open air exposure to the elements (even in countries 
with a high number of   freeze-thaw cycles, such as Sweden). This property is further improved when the 
WWCB is stuccoed as is customary done for applications where the material is exposed to the elements. 

At the end of  the life cycle the WWC material can be fully recycled. The leading WWCB producer Troldtekt 
has already obtained a Cradle-to-Cradle Silver Certificate for its WWCB production process. Currently test 
are being conducted to have the trimming waste from production be ground to form basic ingredients for 
new cement production. In this respect, WWCB is one of  the few building products with a neutral Life Cycle 
Analyses (LCA). WWCB meets the most stringent international environmental norms and certifications, 
such as the Danish Indoor Climate Labelling,  the Finnish M1 Low-Emission Classification, UK’s ‘Allergy 
Friendly Product Award’ and Healthy Indoor Climate Certificate. 

11. Conclusion

Although Wood Wool Cement Boards (WWCB) have been on the European market for some 100 years, 
it has seen a sharp increase in sales and applications over the last decade, with annual production volumes 
growing towards the 20 Million square meters annually. Reasons for this re-birth of  WWCB are the steadily 
increasing volumes for decorative acoustic ceiling panels with fine-fiber boards, produced with white 
cement. Leading countries in this field are Denmark, Germany and Holland. One specific sector seeing 
an increased demand is the Agro-sector where special lightweight WWCB is applied in (pig) stables to 
act as a filter for the clean air flow through the ceiling in such stables. Producers in Austria and Germany 
also benefit from the market increase for fire-resistant applications in (indoor) parking garages, where new 
European fire-safety norms apply. In addition, new markets for fully-automated WWCB Plants have been 
developed in countries such as Russia and China, where consumers, architects and builders have discovered 
the benefits of  this sustainable and energy-saving product in a wide range of  applications. As a result of  
the above, Eltomation BV, The Netherlands has further developed its range of  semi-automatic and fully-
automatic plants for the production of  various types of  Wood Cement Products, to meet this market 
demand. In general, the Wood Cement Products described in this paper, although being a niche product in 
the huge building materials market, still has a bright future ahead.          
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