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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)



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

420420

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 0

04

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)
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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.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

442442

IC
SB

M
 2

01
9

ID
 0

15

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. 
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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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autoclaved aerated concrete made from 

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.

IC
SBM

 2019
ID

 028



459

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

28

459

IC
SBM

 2019
ID

 028

 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. 

5. Reference 
1. Torres R, Fernandes HR, Olhero S, et al. Incorporation of  wastes from granite rock cutting and 

polishing industries to produce roof  tiles. J Eur Ceram Soc. 2009;29(1):23-30.

2. Li XG, Liu ZL, Lv Y, et al. Utilization of  municipal solid waste incineration bottom ash in autoclaved 
aerated concrete. Constr Build Mater. 2018;178:175-182.

3. Wakili KG, Hugi E, Karvonen L, et al. Thermal behaviour of  autoclaved aerated concrete exposed to 
fire. Cement Concrete Comp. 2015;62:52-58.

4. Liu YQ, Leong BS, Hu ZT, et al. Autoclaved aerated concrete incorporating waste aluminum dust as 
foaming agent. Constr Build Mater. 2017;148:140-147.

5. Verian KP, Ashraf  W, Cao Y. Properties of  recycled concrete aggregate and their influence in new 
concrete production. Resources Conservation Recycling. 2018;133:30-49.

6. Uthaman S, Vishwakarma V, George RP, et al. Enhancement of  strength and durability of  fly ash concrete 
in seawater environments: Synergistic effect of  nanoparticles. Constr Build Mater. 2018;187:448-459.

7. Shen WG, Liu Y, Wang ZW, et al. Influence of  manufactured sand’s characteristics on its concrete 

IC
SBM

 2019
ID

 028

http://fanyi.baidu.com/#en/zh/soda feldspar
http://fanyi.baidu.com/#en/zh/soda feldspar


461

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

28

461

performance. Constr Build Mater. 2018;172:574-583.

8. Matsushita F, Aono Y, Shibata S. Carbonation degree of  autoclaved aerated concrete. Cement 
Concrete Res. 2000;30(11):1741-1745.

9. Narayanan N, Ramamurthy K. Structure and properties of  aerated concrete: a review. Cement 
Concrete Comp. 2000;22(5):321-329.

10. Alexanderson J. Relations between structure and mechanical properties of  autoclaved aerated 
concrete. Cement Concrete Res. 1979;9(4):507-514.

11. Chen YL, Ko MS, Chang JE, et al. Recycling of  desulfurization slag for the production of  
autoclaved aerated concrete. Constr Build Mater. 2018,158:132-140.

12. Huang XY, Ni W, Cui WH, et al. Preparation of  autoclaved aerated concrete using copper 
tailings and blast furnace slag. Constr Build Mater. 2012, 27(1):1-5.

13. Chen YL, Chang JE, Lai YC, et al. A comprehensive study on the production of  autoclaved 
aerated concrete: Effects of  silica-lime-cement composition and autoclaving conditions. 
Constr Build Mater. 2017,153:622-629.

14. Font A, Borrachero MV, Soriano L, et al. Geopolymer eco-cellular concrete(GECC) based 
fluid catalytic cracking catalyst residue(FCC) with addition of  recycled aluminium foil power. J 
Clean Prod. 2017,168:1120-1131.

15. Tada S.Material design of  aerated concrete—an optimum performance design. Mater Struct. 
1986;19(109): 21-26.

16. Isu N, Ishida H, Mitsuda T. Influence of  quartz particle size on the chemical and mechanical 
properties of  autoclaved aerated concrete (I) tobermorite formation. Cement Concrete Re. 
1995;25(2):243-248. 

17. Hui-wen W, Yong H, Gang L, et al. Study on the structure and properties of  autoclaved 
aerated concrete produced with the stone-sawing mud. Constr Build Mater. 2018, 184:20-26.

18. Siauciunas R, Baltusnikas A. Influence of  SiO2 modification on hydrogarnets formation during 
hydrothermal synthesis[J]. Cement Concrete Research. 2003;33(11):1789-1793.

19. Klimesch DS, Ray A. Hydrogarnet formation during autoclaving at 180°C in unstirred 
matakaolin-lime-quartz slurries. Cement Concrete Res. 1998;28(8):1109-1117.

20. Klimesch DS, Ray A.DTA–TGA of  unstirred autoclaved metakaolin–lime–quartz slurries. 
The formation of  hydrogarnet. Thermochimica Acta. 1998;316(2):149-154.

21. Klimesch DS, Ray A. Effects of  quartz particle size on hydrogarnet formation during autoclaving at 
180 degrees C in the CaO-Al2O3-SiO2-H2O system. Cement Concrete Res. 1998;28(9):1309-1316.

22. Wan H, Yong H, Gang L, et al. Study on the structure and properties of  autoclaved aerated concrete 
produced with the stone-sawing mud[J]. Construction & Building Materials, 2018, 184:20-26.

23. Guo XL, Meng FJ, Shi HS. Microstructure and characterization of  hydrothermal synthesis of  Al-
substituted tobermorite. Constr Build Mater. 2017;13

IC
SBM

 2019
ID

 028



462

IC
SB

M
 2

01
9

ID
 0

32

462

 Mechanochemically activated clay as a 
sustainable cementitious binder

I. Tole, K. Habermehl-Cwirzen, A. Cwirzen

Building Materials, Department of  Civil, Environmental and Natural Resources Engineering, Luleå 
University of  Technology, Lulea, Sweden

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 

mailto:noeldjobo@gmail.com
mailto:noel.djobo@campus.tu-berlin.de
https://www.tandfonline.com/keyword/Chemically+Bonded+Phosphate+Cements
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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 

IC
SBM

 2019
ID

 043



473

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

43

473

IC
SBM

 2019
ID

 043

(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 

IC
SBM

 2019
ID

 043



479

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

43

479

IC
SBM

 2019
ID

 043

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 
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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. 
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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 
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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 
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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.
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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). 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

612612

IC
SB

M
 2

01
9

ID
 1

61

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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