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Performance of  SCMs
– Chemical and Physical Principles

H. Justnes

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

Abstract 

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

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

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

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

1. Introduction

1.1 Reason for extended use of  SCMs

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

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

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

Classes of  SCMs

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

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

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

2. Physical effects of  SCMs

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

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

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

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

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

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

m=1.00g  0.237  0.750  0.487

M=228.32g/mol              18.02  342.46  74.09

n = 4.38 mmol  13.14  2.19  6.57

ρ = 3.15 g/ml  0.998  2.50  2.24

V=0.317ml  0.237  0.300  0.217

3. Chemical effects of  SCMs

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

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

S + CH = CSH                      (2)

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

      ↑                    +                     (3)

CSH (s) + (N,K)H (aq) ← CH (aq or s)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

CC             +           C3AH6  +  5 H  =  C4ACH11           (6)

m = 1.00 g                  3.78          0.90               5.68 

M =100.09 g/mol    378.29        18.02      568.50 

n = 9.99 mmol           9.99        49.95          9.99 

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

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

m = 1.00 g                9.33       1.62              5.68         6.27

M =100.09 g/mol  622.52      8.02           568.50    1255.11

n = 9.99 mmol       14.99       9.91    9.99          5.00 

ρ = 2.67 g/ml       2.015     0.998    2.17        1.778

V = 0.375 ml       4.630     1.623            2.618        3.526

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

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

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

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

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

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

4. Increasing reactivity of  blended cements by accelerators

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

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

CH + KC= CC + KH          (8)

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

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

3 NH (high pH) + C6AS3H32         (9)

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

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

.CaCl2
.10H2O.

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

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

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

5. Rheology of  blended cements

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

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

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

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

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

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

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

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

5. Influence of  SCMs on durability of  blended cements

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

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

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

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

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

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

Dt = Dref·(tref/t)m          (10)

where

Dt = apparent diffusion coefficient at time t

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

7. Conclusions

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

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

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

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

C. Gehlen, C. Thiel

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

Abstract

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

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

1. Introduction

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

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

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

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

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

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

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

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

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

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

         (1)

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

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

         (2)

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

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

          (3)

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

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

         (4)

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

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

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

2. Mechanisms

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

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

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

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

After the carbonation front has reached the reinforcement corrosion can be initiated. The corrosion process 
takes place in two sub-processes: At the anode, iron ions pass into solution, separating from the electrons. 
They are converted into rust products in further reactions. At the cathode, electrons, water and oxygen are 
converted into hydroxyl ions. The cathodic process does not cause any deterioration of  the steel.
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between the anode and the cathode, towards the direction of  the anode. Near the anode, they react with 
the iron ions in solution. Depending on moisture and aeration conditions, this intermediate product may 
continue to react, producing the final corrosion products. The individual processes are in fact much more 
complicated.

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

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

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

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

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

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

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

3. Models

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

      (5)

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

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

          (6)

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

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

5. Material tests

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

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

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

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

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

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

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

6. Transfer methods

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

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

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

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

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

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

According to the expert planning described above, the executing company has to use a product of  specifically 
tested performance (kNAC  5.0 mm/√a). It should be noted that the requirements regarding curing time 
(tc ≥ 7d) and minimum layer thickness (dc,min = 23 mm) specified by the designer are to be met and an 
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Figure 5: Reinforced concrete pillar, photo Gehlen
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Abstract When erecting monolithic reinforced concrete slabs, construction joints have to be installed. 
Construction joints are the area of  weakness of  the construction. The evidence from construction practice 
shows that the compliance with the correct technology of  the installation of  the construction joint according 
to the regulations is not a sufficient condition to ensure the strength balance of  rein-forced concrete slabs. 
The article considers approaches to calculations of  monolithic reinforced concrete slabs taking into account 
construction joints. The relevance of  the task is determined by the fact that the correct calculation of  
construction joints determines the conformity of  design and actual characteristics of  the in-situ reinforced 
concrete constructions as a whole. The problem of  the monolithic slabs construction joints was considered 
in one of  the residential buildings under construction. In course of  construction, pre-construction land 
surveys were carried out in the areas of  the construction joints installation. Calculations of  reinforced 
concrete structures using finite element method were also performed. As a result of  the study, the actual 
deflections of  the floor slabs in the areas of  the construction joints were measured, and calculations were 
made using the finite element method of  the same floor slabs, both those erected only a short time ago 
and those erected in stages, considering the construction joints. The difference between the calculated and 
actual deflections is conditioned upon the inaccurate conformity of  the design diagram (mathematical 
model) of  the real reinforced concrete construction, and its erection and operation conditions. It should 
be noted that the deflection of  horizontal reinforced concrete constructions is only one of  the parameters 
of  the stress-strain state, which is best measured. It is shown that if  the deflection of  a real reinforced 
concrete construction does not correspond to the estimates, the other parameters of  the stress-strain state 
will also differ from the estimates. The field data shows that the vertical construction concrete joints in 
the slabs weaken their solidity. However, the installation of  joints is necessary due to organization and 
techniques issues. What is more, their location can be predicted at the stage of  development of  the project 
documentation. 

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

1. Introduction

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

Figure 1: Monolithic frame buildings.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

                                                                                                                                      (1)

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

                                                                                                                                          (2)

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

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

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

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

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

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

                                                                                                                                     (3) 

                                         

                                                                                                                                                            (4)

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

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

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

                                                                                                                                      (5)

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

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

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

                                                                                                       (6)

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

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

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

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

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

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

                                                                                         (7)

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

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

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

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

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

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

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

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

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

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

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

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

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

• strengthening calculations, including overlaid reinforcement;

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

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

• calculations of  any nonstandard configuration designs.

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

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

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

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

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

3. Results and discussion 

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

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

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

Stage Description Vertical displacement at the check point, mm

1 2 3 4 5 6

Actual deformation measurements 15 28 22 18 22 18

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

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

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

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

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

Stage Description
The strength of  

concrete is relative to 
the design strength

The value of  the reduction 
factor to the concrete 
deformation modulus

Vertical displacement at the 
check point, mm

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

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

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

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

Calculation without taking 
into account the phased 

construction
100% 0.203 0.86 7.02 1.95 2.97 3.09 0.74

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

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

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

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

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

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

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

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

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

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

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

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

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

4. Conclusions

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

2. The location of  vertical concrete construction joints is predictable based on the basic organizational 
and technical indicators of  construction (number of  work shifts, number and performance of  cranes and 
concrete pumps). Therefore, concrete construction joints can reasonably be assigned in the development 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

82

IC
SBM

 2019
ID

 007

of  project documentation and taken into account when carrying out calculations of  reinforced concrete 
structures.

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

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

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

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

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

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

1. Introduction

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

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

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

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

2. Methodology

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

Table 1: Material Set 1 Characteristics

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

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

Volumetric Area (m2/
cm3)

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

BET Specific Area 
(m2/g)

0.01 0.01 0.26 0.30 1.48

Median Aspect Ratio 0.65 0.63 0.62 0.74 0.75

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

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

Table 2: Material Set 2 Characteristics

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

Density (kg/m3) 2.66 2.65 2.86 2.65 3.06

Granulometric 
Volumetric Area (m2/

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

BET Specific Area 
(m2/g)

0.02 0.02 0.23 0.30 1.48

Median Aspect Ratio 0.70 0.67 0.68 0.74 0.75

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

Figure 2: Material Set 2 Particle Size Distribution

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

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

                                                                                                                                                                                                 (1)

BI is Binder Intensity (kg/m3/MPa)

b is binder content (kg/m3)

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

                                                                                                                                 (2)                                        

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

VSA is volumetric surface area (m2⁄cm3) 

Vsol  is solids volumetric fraction  

ε is packing porosity 

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

3. Results and discussion

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

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

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

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

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

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

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

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

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

 

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

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

Figure 7: Correlation between IPS and fck

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

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

Table 3: Estimated parameters

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

a -210.4 -229.5 -197.26

b 124.7 111.8 115.05

c -0.189 -0.260 -0.175

d 7.58 8.89 7.56

Figure 8: Correlation between the expected slump and model slump

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

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

4. Conclusions

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

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

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

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

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

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

Keywords: Cement; Hydration; microstructure; model; MATLAB

1. Introduction

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4; for αt > H * w/c.
(15)
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(16)

(17)

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

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

3. Worked Example

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

Table 1: Sample of  input for worked example

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

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

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

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

(a)

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

(a) (b)

Figure 5: (a) Predicted (HYDCEM) and (b) GEMS modelled phase assemblages [11] at 200C.
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(a) (b)
Figure 6: (a) HYDCEM and (b) GEMS predicted [11] products of  hydration from the aluminate 
phase.

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

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

4. Conclusions

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

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

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

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

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

1. Introduction

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

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

2. Methodology

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

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

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

Constituents SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O SO3 LOI

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

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

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

Table 2: Detailed composition of  the exposure solutions.

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

NaCl 0.56 - - 0.56

NaCl+MgCl2 0.46 0.05 - 0.56

NaCl+Na2SO4 0.56 - 0.028 0.56

NaCl+MgCl2+Na2SO4 0.56 0.05 0.028 0.56

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

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

2.3 Methods

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

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

                    (1)

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

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

                (2)

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

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

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

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

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

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

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

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

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

3. Results and discussion

3.1 Chloride diffusion behaviour

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

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

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

3.1.2 Apparent chloride diffusion coefficient 

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

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

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

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

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

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

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

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

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

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

3.3  Degradation progress

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

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

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

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

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

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

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

3.4  Phase assemblage

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

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

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

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

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

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

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

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

3.4.2 Modelling of  phase change

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

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

3.5  Microstructure

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

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

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

   

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

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

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

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

Micro-cracking



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

113

IC
SB

M
 2

01
9

ID
 0

13

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

Table 3: Detailed composition of  the exposure solutions.

Exposure 
solution

Pore  structure  information

<20 nm volume 
(%) 

20-100 nm volume 
(%)

100-200 nm 
volume (%)

>200 nm volume 
(%)

Porosity 
(%)

N 55.606 22.564 6.519 15.310 12.977

N+M 57.308 25.267 6.368 11.057 9.006

N+S 58.391 22.819 5.965 12.825 13.681

N+M+S 51.797 21.212 5.987 21.004 13.031

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

4. Conclusions

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

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

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

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

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

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

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

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

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

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

1. Introduction

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

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

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

2. Methodology

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

Compositions Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

C 0.09 1.61 4.18 19.2 0.09 3.35 0.78 64.93 3.32 2.49

SF 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

FA 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.5 3.12 2.79

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

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

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

Fig.2 SEM images of  NS and MS
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2.2 Methods

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

                                         (1)

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

                 (2)

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

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

Table.2 Mix proportion of  UHPC

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

RS100 1 0.192 0.267 1.027 0.293 0 0 0.28 0.41

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2.2.2  Flowability test 

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

 2.2.3 Mechanical properties test

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

2.2.4 Hydration kinetics test

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

2.2.5 Microstructure analysis

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

3. Results and discussion

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

Fig .4 Results of  slump f low test

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

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

  

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

c) MS 0-1.25mm

Fig. 5: Results of  compressive strength

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

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

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

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

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

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

Fig.9 Compressive strength and Macro-porous percentage

4. Conclusions

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

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

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

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

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

1. Introduction

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

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

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

2. Methodology

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

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

Material SiO2 Al2O3 CaO Fe2O3 SO3 MgO Na2O K2O P2O5 LOI

PC 20.04 5.27 63.19 3.24 2.59 1.59 0.17 0.83 0.06 2.06

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

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

3. Results and discussion

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

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

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

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

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

R M1 M2 M3

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

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

Onset of  acceleration period [h] 2.28 2.92 2.87 2.54

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

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

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

 

 

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

 

 

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

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

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

The hydration degree during NG process of  R, M1, M2 and M3 is 0.2463, 0.2533, 0.2466 and 0.2267, 
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respectively. Decreased hydration degree is observed when Mg2+ concentration increases from 0.055 mol/L 
to 0.220 mol/L.

 

 

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

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

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

mechanism
α1 α2 α1-α2

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

M1 1.4346 0.0882 0.0269 0.0050 NG-D 0.2533 0.2533 0

M2 1.3724 0.0893 0.0263 0.0047 
NG-D

0.2466 0.2466 0

M3 1.2666 0.0907 0.0253 0.0041 NG-D 0.2267 0.2267 0

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

Sample Induction period NG I D

R 2.28 5.28 0.01 40.43

M1 2.92 4.76 0 40.32

M2 2.87 4.57 0 40.56

M3 2.54 4.05 0 41.41

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



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

135

IC
SB

M
 2

01
9

ID
 0

17

4. Conclusions

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

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

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

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

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

1. Introduction

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

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

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

2. Methodology

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

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

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

NO.
C

(kg/m3)

FA

(kg/m3)

GGBS

(kg/m3)

LP

(kg/m3)

S

(kg/m3)

MS

(kg/m3)

S-P

(kg/m3)

W

(kg/m3)

SP

(kg/m3)

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

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

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

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

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

C&D C SF FA S Water Sp R1 R2

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

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

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

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

3. Results and discussion

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

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

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

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

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

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

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

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

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

4. Conclusions

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

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

2) C&D wastes with maximum size of  0.6mm can be treated as mixture blending of  cement and 
natural sand and the reasonable substation of  cement and sand has no negative effect on the deviation 
between mixtures and target curve calculated by modified A&A model.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

145

IC
SB

M
 2

01
9

ID
 0

25

3) When the developed UHPFRC cast at one side of  the mould (optimized casting method), the 
fibres orientation can be well optimized, which is beneficial for improving the fibre efficiency and producing 
sustainable UHPFRC.
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Abstract 

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

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

1. Introduction

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

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

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

2. Methodology

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

Compositions Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

Cement 0.09 1.61 4.18 19.20 0.09 3.35 0.78 64.93 3.32 2.49

SF 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

FA 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.50 3.12 2.79

CS 0.38 2.00 0.25 0.98 0.07 0.74 0.03 50.42 0.09 44.32

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

 

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

 

Figure 2 SEM photomicrographs of  coral sand

2.2 Methods

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

                         (1)

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

                       (2)

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

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

Group Cement FA SF

River sand Pre-wetting coral sand

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

Extra water

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

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

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

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

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

Figure 4 UHPC autogenous shrinkage testing device

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

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

3. Results and discussion

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

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

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

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

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

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

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

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

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

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

  

a)                                                    b)                                                  c)

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

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

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

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

Figure 9 Cross-sectional image analysis of  UHPC specimens                     

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

Code RE C2 C5 C8

Coarse pore 2.178 2.421 2.948 3.751

Stomata 1.247 1.224 1.042 0.732

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

    

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

    

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

4. Conclusions

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

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

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

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

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

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

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

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

1. Introduction

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

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

2. Methodology

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

Table  1: Mix composition

Mix component [-] Amount [kg/m³]

CEM I 52.5 N 620.5

Sand 0/2 1241.0

Water 226.5

PCE 0.15% [WOC]

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

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

Sample preparation consists of  filling the equipment and extruding the material through the nozzle with 
a constant speed. A base layer (l = 300 mm) was extruded for each specimen and the second layer was 
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immediately deposited on top of  the previous one. Due to the zero minute time gap, both layers were 
printed from the same batch of  material in order to induce layers with the same rheological behaviour. 
After changing the height of  the nozzle, the second layer was printed at the same position to create a similar 
time gap at every position. After printing, the specimens were stored during 28 days in a standardized 
environment (20 + 3°C, 60% RH) and saw-cut to a thickness of  maximum 20 mm (Figure 1).  Afterwards, 
the specimens were placed in an oven. Based on previous research [2], a temperature of  35°C was selected  
in order to minimize microstructural damage. After two days, the specimens were removed from the oven 
and sample dimensions were determined. Due to the very irregular shape of  the specimens (Figure 1 and 
Figure 2) and in order to create unidirectional water uptake, lateral surfaces were not sealed by self-adhesive 
aluminium tape in order to simulate real life printing conditions as much as possible.

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

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

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

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

Figure 2: Test setup for neutron radiography testing

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

[1]

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

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

3. Results and discussion

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

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

3.2 Neutron radiography 

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

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

0 minutes 5 minutes

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

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

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

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

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

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

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

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

Exposure time
[minutes]

Water amount [g/cm³]

1.7 cm/s 3.0 cm/s

5 minutes 0.00001 0.00011

60 minutes 0.00073 0.00041

360 minutes 0.00101 0.00121

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

4. Conclusions

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

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

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

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

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

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

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

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

1. Introduction

Global warming is the increase in the average atmospheric temperature over long-time, and it is one of  the 
major issues which the world is facing currently. Scientists around the globe are thriving to find ways to 
reduce the green-house gas emissions. Building industry is one of  the major contributors to global warming 
because of  high production and consumption of  cement [1]. Hence, there is a need to develop building 
materials with comparatively low CO2 emissions for specific applications in order to cut short the use of  
cement. In this context, geopolymers have gained a lot of  interest in recent decades. Comparatively low 
green-house gas emission, good mechanical and durability properties make them a foreseeable material 
for specific applications [1–3]. Geopolymers are a class of  inorganic binders which possess a polymeric 

mailto:stephan@tu-berlin.de
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Si-O-Al framework structure and can be synthesised by reaction of  aluminosilicate source material with 
a concentrated alkaline solution [2, 4, 5]. Several aluminosilicate sources including natural and artificial 
pozzolans can be used as geopolymer precursor. Studies conducted till to date show that the natural pozzolans 
of  volcanic origin can be used for geopolymer synthesis [6–13]. However, there is limited published data 
on the usability of  other natural pozzolans for geopolymer synthesis which include diatomaceous earths, 
opaline cherts, shales, pumicites and materials formed by meteorite impact. This research study focusses on 
the use of  natural pozzolan formed as a result of  meteorite impact for geopolymer synthesis. The material 
named as breccia Suevite or Bavarian trass was formed approx. 14.5 million years ago when a meteorite hit 
the earth in a region later called the Nördlinger Ries, Germany [14]. 

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

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

2. Materials and methods

2.1 Materials and characterization

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

Table 1: Chemical composition of  all natural pozzolans.

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

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

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

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

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

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

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

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

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

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

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

3. Results and discussion

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

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

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

Silica modulus 0.707 0.797 1.061

BT

BTC

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

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

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

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



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

173

IC
SB

M
 2

01
9

ID
 0

57

 

0

1

2

3

4

0 24 48 72 96 120 144 168

H
ea

t f
lo

w 
(m

W
/g

)

Time (h)

BT-0.707 BTC-0.707

0

1

2

3

4

0 24 48 72 96 120 144 168

H
ea

t f
lo

w 
(m

W
/g

)

Time (h)

BT-0.797 BTC-0.797

0

1

2

3

4

0 24 48 72 96 120 144 168

H
ea

t f
lo

w 
(m

W
/g

)

Time (h)

BT-1.061 BTC-1.061

0
20
40
60
80

100
120
140

0 24 48 72 96 120 144 168

H
ea

t (
J/

g)

Time (h)

BT-0.707 BTC-0.707

0

50

100

150

0 24 48 72 96 120 144 168

H
ea

t (
J/

g)

Time (h)

BT-0.797 BTC-0.797

0

50

100

150

0 24 48 72 96 120 144 168

H
ea

t (
J/

g)

Time (h)

BT-1.061 BTC-1.061

Figure 5: Heat evolution curves for BT and BTC geopolymers.

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

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

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

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

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

Comparing both reactivity alteration methods, the effect of  heat treatment is more prominent than reduced 
particle size. Looking at Figure 1, BTC sample has a higher fraction of  coarser particles in comparison to 
BT5 and BT10 samples. But the inclusion of  more reactive phases such as lime imparts higher reactivity 
than reduced size of  particles. Based on these results, heat treatment has a higher influence on the reactivity 
of  BT. Therefore, further detailed microstructural analysis has been made only on BT- and BTC-based 
geopolymers in following sections.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

175

IC
SB

M
 2

01
9

ID
 0

57

20
60

100
140
180

29 29.4 29.8

C
ou

nt
s 

(×
10

00
)

Position (° 2theta)

BT < 40µm BT > 40µm
BT5 < 40µm BT5 > 40µm
BT10 < 40µm BT10 > 40µm

20

60

100

140

180

220

260

26.3 26.5 26.7 26.9

C
ou

nt
s 

(×
10

00
)

Position (° 2theta)

20

40

60

80

100

27.1 27.5 27.9 28.3
C

ou
nt

s 
(×

10
00

)
Position (° 2theta)

20

60

100

140

180

29 29.4 29.8

C
ou

nt
s 

(×
10

00
)

Position (° 2theta)

 (a)      (b)         (c)
Figure 7: Diffractograms of  BT, BT5 and BT10 fractions below and above 40 µm showing ref lexes 
for (a) quartz (b) sanidine and albite (c) calcite.

4. Microstructural characteristics

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

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

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

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

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

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

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

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

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

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

This confirms the previous finding that lime imparts higher reactivity than calcite as indicated by its complete 
participation in geopolymer reaction. Other crystalline phases may be participating in geopolymer reaction 
include biotite and sanidine, as indicated by slight changes in the reflexes for these minerals.

4.3 Fourier transform infrared spectroscopy (FTIR)
ATR-FTIR spectra were collected for the BT and BTC raw samples and their respective geopolymer 
samples at 7, 28 and 90 d ages. Results have been presented in Figure 11. FTIR analysis was made on all 
geopolymer samples and they showed comparable characteristics; therefore, for the easy understanding 
sample prepared with silica modulus of  0.707 has been shown here. The major characteristic peaks have 
been observed in region 1600 to 400 cm-1. In region 4000 to 1600 cm-1 only one broad hump around 3100 
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cm-1 has been observed which indicates the OH stretching vibration. 

Figure 11: ATR-FTIR spectra of  raw BT and BTC samples and BT and BTC geopolymer samples 
prepared with sil ica modulus of  0.707 at 7, 28 and 90 d age.

An intense band in raw BT and raw BTC samples at 1013 and 1003 cm-1, respectively, attributed to asymmetric 
stretching of  Al/Si-O-Si has been found to move to lower wavenumber i.e. 995 and 976 cm-1 in respective 
geopolymer samples. This is significant of  changes that occurred as a result of  the dissolution of  the raw 
sample to form Al-rich geopolymer gel. As the SiO4 tetrahedra of  silica-rich network of  the raw sample 
are broken and precipitates take AlO4 tetrahedra up [9, 43]. Further, broadening of  bands observed at 995 
and 976 cm-1 in comparison to respective raw sample has been observed. This broadening is significant of  
structural disorder with the addition of  water in structure [44]. Moreover, in BTC geopolymers the band 
present at 976 cm-1 is sharpening with age, which indicates the increasing order in the phase [43]. 

Another significant change observed between raw BT and BTC samples is the reduction of  the carbonate 
group as a result of  heat treatment. As the stretching bands of  O-C-O observed at 1435, 873 and 710 cm-1 
in raw BT sample and at 1435, 875 and 712 cm-1 in raw BTC sample reduced in intensity while comparing 
BT and BTC samples to each other. Moreover, comparing the BT and BTC geopolymer samples, a clear 
reduction in this band has been observed as a result of  geopolymerization. This indicates the participation of  
carbonates in geopolymer reaction. Further, a characteristic band corresponding to symmetrical stretching 
of  Si-O-Si has been observed in both geopolymer samples at 798 and 520 cm-1. Bending vibration band of  
Si-O-Si has been observed at 466 cm-1 in BT geopolymers and at 420 cm-1 in BTC geopolymers. This shift 
from higher to lower wavenumber is significant of  incorporation of  Al in gel structure [43]. 

4.4 Scanning electron microscopic (SEM) analysis coupled with energy dispersive X-ray 
spectroscopy (EDX)

Figures 12 and 13 show the scanning electron microscope micrographs and elemental maps of  same 
region of  the selected samples obtained for BT and BTC geopolymers, respectively. The microstructure 
illustrates a heterogeneous morphology, while elemental maps show a nonhomogeneous distribution of  
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several elements. Looking at the micrographs of  BT geopolymers, three different zones in microstructure 
labelled as 1, 2 and 3 and microcracks are visible (Figure 12). The microcracks may appear as a result of  the 
sample preparation method. Zone 1 in the micrograph shows a sponge-like structure which corresponds to 
Na-rich aluminosilicate geopolymer gel as indicated by the presence of  Na, Al, Si and O in this zone from 
elemental maps. In addition to Na, the presence of  Mg and Fe has also been recorded in this zone. While 
the elemental maps of  K and Ca show that there is a small amount of  K present while no Ca has been 
observed. Comparison of  Si and Al elemental maps in this zone shows that the reaction product is richer 
in Al. Thus, it signifies that zone 1 potentially consists of  N-A-S-H geopolymer gel incorporating Mg and 
Fe cations. 

Zone 2 shows a natural pozzolan particle under alkali attack and dissolution of  the particle. The particle has 
broken to small fragments under alkaline solution attack. Meanwhile, the reaction product is precipitated 
in cavities as indicated by the elemental map. Further, the elemental maps show that K and Ca are non-
uniformly distributed in gel structure in contrast to zone 1. Zone 3 shows an unreacted particle of  natural 
pozzolan which is rich in Si and O, and can be a quartz particle. 

Si Al

O Na

CaMg FeK

1

2

3

Figure 12: SEM image and elemental maps of  BT geopolymer made with sil ica modulus of  0.707 
at 7 d age.

Figure 13 presents a micrograph and elemental maps for BTC geopolymer sample. At least two types of  
gel phases can be seen marked as 1 and 2. The micrograph of  the BTC geopolymer sample depicts a more 
homogeneous and compact microstructure with a more uniform distribution of  several elements than the 
BT geopolymer. Like BT geopolymers, zone 1 shows Na-rich aluminosilicate gel, with an absence of  Ca and 
the presence of  Mg and Fe cations. As seen in BT geopolymers, this gel also has sponge-like structure. Zone 
2 is characterized by a heterogeneous morphology with a compact gel structure where Na- and Ca-rich 
regions are overlapping each other. Further, in BTC micrograph a clear reduction in the size of  unreacted 
particles of  natural pozzolan can be seen in comparison to BT geopolymer sample. The geopolymer binder 
strongly binds the unreacted particles present. Comparing the elemental maps of  Si and Al, the geopolymer 
gel in BTC geopolymers is rich in Si. This justifies the higher reactivity of  BTC and higher compressive 
strength as Si-O bonds are stronger than corresponding Al-O bonds [2]. Combining the results of  BT and 
BTC geopolymers, it is obvious that the geopolymer binder is heterogeneous in nature and consists majorly 
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of  N-A-S-H, within cooperation of  Mg, K, Fe and Ca. 

Si Al

O Na

CaMg FeK

1

2

Figure 13: SEM image and elemental maps of  BTC geopolymers made with sil ica modulus of  0.707 
at 7 d age.

5. Conclusions

In this work, the natural pozzolan Bavarian trass obtained from Germany has been subjected to heat 
treatment and mechanical activation as reactivity enhancement methods. Results show that pozzolans in 
their natural state and after implementation of  reactivity enhancement methods can be used as a precursor 
for geopolymer synthesis. The chemical composition, particle size and mineralogical phase composition of  
natural pozzolan effects the properties of  resultant geopolymer product. The calcite-rich natural pozzolans 
can be used as geopolymer precursor by heat treatment, as the conversion of  calcite to lime imparts higher 
reactivity and thus, an increase in compressive strength. An economical mechanical activation method 
was applied as reactivity enhancement method. However, no significant improvement in compressive 
strength has been observed as a result of  mechanical activation. The calorimetric study showed that the 
fine fraction of  natural pozzolan largely contributes to the reactivity. While mechanical activation helps 
majorly in reducing the size of  coarser fraction thus only a slight improvement in reactivity has been 
observed. Comparing both reactivity enhancements methods, it is seen that the effect of  calcination is more 
prominent than the reduced particle size. 

For geopolymer samples prepared with calcined Bavarian trass (BTC), less amount of  efflorescence was 
observed in comparison to BT samples for high silica modulus samples. As a result of  heat treatment, 
an increase in the optimum silica modulus required to achieve higher compressive strength has also 
been observed. Therefore, the choice of  reactivity enhancement method should be made depending 
on the properties, economic and environmental advantages. The second exothermic peak observed in 
the calorimetric study of  BT geopolymers is assigned to the delayed dissolution of  some phase(s) likely 
calcium rich phases. This delayed dissolution shifted to an earlier time for BTC geopolymers because of  
higher reactivity of  BTC. The chemically bound water in the geopolymer structure gives insight about the 
dependence of  the rate of  reaction on silica modulus and age of  the sample. Crystalline mineral phases 
such as calcite, lime, biotite and sanidine participate in geopolymer reaction by either complete or partial 
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dissolution in alkaline medium. Phase composition of  geopolymer gel shows that it consists of  N-A-
S-H and (C)-N-A-S-H with the incorporation of  Mg, Fe and K in the structure for both BT and BTC 
geopolymers.   
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Abstract 

The effect of  calcium hydroxide on the hydration of  CSA cement with high concentration of  borate solution 
were investigated by a range of  analytical techniques, aiming to accelerate the hydration of  CSA cement 
and prevent the retardation by borate solution. The results indicate that the hydration of  CSA cement was 
severely retarded by borate solution through formation of  dense layer of  amorphous ulexite on the surface 
of  cement particles, preventing further dissolution of  anhydrous cement particles. No hydration product 
was identified by up to 28 days. The amorphous ulexite transformed into crystalline ulexite by 56 days of  
hydration in borate solution. By addition of  sodium hydroxide, the hydration of  CSA cement in borate 
solution accelerated through formation of  foil-like hexahydroborite and borate-incorporating ettringite, 
resulting in the prevention of  formation of  ulexite. The main hydration products for CSA cement in borate 
solution with sodium hydroxide addition were ettringite, AFm and hexahydroborite.

Keywords: Ulexite, Hexahydroborite, Borate solution, Sulphoaluminate cement, Borate-incorporating 
ettringite.

1. Introduction

Radioactive waste is produced from nuclear power plant, scientific research and medicine industry[1], 
which is classified into four levels according to radioactivity, namely high-level waste (HLW), intermediate-
level waste (ILW), low-level waste (LLW) and very low-level waste (VLLW)[2]. The latter three types of  
radioactive waste take up approximately 99% in volume globally, but with lower radioactive content[3]. 
With long decays period of  radionuclides in the radioactive waste, ionized radiation severely harms humans 
and the environment[4].

The radioactive waste liquid is mainly produced from cooling system of   nuclear power plants, and usually 
contains high concentration of  boron [5]. Borate compound or boric acid is used to control the rate of  
nuclear reaction in a pressurized water reactor (PWR)[6]. Borate compound is well known as set retarder 
during the hydration of  cement [7-10], which will affect the effectively consolidation of  radioactive waste 
liquid during the successful disposal of  ILW and LLW. Several types of  calcium borate (2CaO·3B2O3·8H2O, 
CaO·B2O3·6H2O [11, 12]) were identified during the hydration of  cement in borate solution under various 
pH values, resulting in the retardation of  hydration. Using alkaline additive to react with borate acid was 
suggested to solve the retardation of  hydration[13]. Retardation phases still formed after addition of  
alkaline additives. More effective method could be to decompose unstable calcium hexahydroborite[14].
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Calcium sulphoaluminate (CSA) cement is manufactured by calcining gypsum, bauxite and limestone at 
1300°C, with less energy consumption and less carbon footprint[15-17]. CSA cement is widely used in 
applications such as fast construction, fast repair[18] and permeability resistance project[19, 20] due to 
its high early-age strength and short setting time. CSA cement is a potential candidate to consolidate the 
radioactive waste with high concentration of  borate because borate ions demonstrated less effect on the  
hydration of  CSA cement than Portland cement[21-23]. The hydration of  CSA cement has been intensively 
studied by many researchers. Ettringite and monosulphate are identified as main hydration products (Eq. 1 
and 2)[24]. High-density and low-porosity microstructure are obtained during the early age hydration due 
to the formation of  ettringite, monosulphate and alumina hydrate, resulting in the high early strength and 
short setting time[19].

                       (1)

             (2)

Previous study on the hydration of  CSA cement in 1M borate solution under pH of  11 indicates that the 
hydration is retarded by 15 hours, comparing to that in deionized water, due to the formation of  poorly-
crystallized borate compound (ulexite, )[25], although no direct observation of  
the compound. Ulexite, a crystalline borate mineral containing three borate tetrahedra and two borate 
triangular groups, is fibrous. There is little literature reporting the formation of  poorly crystalline ulexite. 
Potential methods to prevent the retardation during the hydration of  CSA cement with high concentration 
boron solution are to avoid the ulexite formation or accelerate the phase transformation of  ulexite to other 
minerals.

In this study, the effects of  calcium hydroxide on the hydration of  CSA cement with high concentration of  
borate solution were investigated by a range of  analytical techniques, aiming to accelerate the hydration of  
CSA cement and prevent the retardation by borate solution, and to provide feasible solution to improve the 
hydration and properties of  CSA cement on radioactive waste liquid solidification in the future.

2. Methodology

2.1 Materials
Sulphoaluminate cement and sulphoaluminate cement clinker from Anda Special Cement Ltd. (Yicheng, 
Hubei, China) were used. Chemical composition of  CSA clinker and CSA cement are shown in Table 1, 
which were quantitatively analysed by X-ray fluorescence spectroscopy (XRF, PANalytical Axios advanced, 
Netherlands). Solid sodium hydroxide (NaOH, Sinopharm, AR grade, CAS code:1310-73-2), boric acid 
(H3BO3, Sinopharm, AR grade, CAS code:10043-35-3), calcium hydroxide (Ca(OH)2, Sinopharm, AR 
grade, CAS code:1305-62-0) and deionized water were used for simulated highly-concentrated borate liquid 
waste and paste specimens. Zeolite with specific surface area of  740 m2/g was used during the paste 
specimen preparation.

Table 1 Chemical composition of  CSA clinker and CSA cement determined by XRF (wt%)

Oxides SiO2 Al2O3 Fe2O3 CaO SO3 TiO2 MgO Na2O K2O SrO LOI*

C S A 
clinker

12.92 25.99 8.38 39.83 7.82 1.93 1.26 0.30 0.20 0.12 1.25

C S A 
cement

10.67 13.99 5.60 36.98 20.92 1.12 1.76 0.24 0.40 0.23 8.09

*Loss on ignition at 1000 °C. 
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2.2 Specimen preparation
Simulated liquid waste with high concentration of  borate was prepared as follows. Boric acid solution 
of  0.5M was used as the boron solution. After dissolution of  boric acid in deionized water, sodium 
hydroxide was added in the solution to modify the pH value to 7, which is the pH value specified by LLW 
and ILW effluent produced from PWR nuclear plants in China.
To investigate the effect of  calcium hydroxide on the properties of  CSA cement with high concentration 
borate solution, the water/cement (w/c) ratio was set at 0.6, which could prevent the potential early age 
bleeding and the stop of  hydration resulted from the lack of  water[25]. Calcium hydroxide was added as 
the mole ratio of  borate, namely 0, 0.22, 0.44, 0.66, 0.88, 1.10, 1.32, 1.44 and 1.56. Paste specimens were 
cast in cylinder moulds of  50 mm in diameter and 50 mm in height. After demoulded at 1 day, the cylinder 
specimens were cured at temperature of  20 ℃ and relative humidity of  98%. 

To characterize the effects of  borate on the hydration of  main mineral phases of  CSA cement, the powder 
of  CSA clinker was mixed with 0.5 M borate solution at a w/c ratio of  25, where 500 g of  borate solution 
of  0.5 M were mixed with 20 g powder of  CSA clinker in a sealed container stirring by a magnetic stirrer. 
The hydration of  CSA clinker powder was stopped at 0, 1, 3, 6, 10, 18, 24 hours, and 3, 7 and 28 days, 
respectively, by immersing the clinker powder in ethanol and drying at room temperature (20±2 ℃). 
Similarly, the effects of  calcium hydroxide on the hydration of  CSA cement in the borate solution were 
characterized. CSA cement was mixed with calcium hydroxide under the ratio of  1:1 and hydrated in 0.5 M 
borate solution at w/c of  25. The hydration was stopped at 5, 15, 30 and 45 min, and 1, 2, 18, 24 and 72 
hours by immersing the paste in ethanol and drying at room temperature.

2.3 Analytical techniques

2.3.1 Calorimetry
The heat evolved during the hydration of  CSA cement in borate solution with and without calcium hydroxide 
was measured by Thermometric TAM Air under isothermal conditions at 20 ℃. 10 g of  CSA cement and 6 
g of  0.5 M borate solution with or without calcium hydroxide were mixed in a flask. After stirring for 1 min, 
the paste was sealed with cap in the container and transferred into the calorimeter for 72 hours. The heat 
evolved from specimens during the first hour was excluded due to the external mixing. The total evolved 
heat during hydration was calculated by integration of  heat flow rate excluding those from the first hour.

2.3.2 X-ray powder diffraction (XRD)
XRD was performed to characterize the phase assemblage in the specimens with w/c of  25 by a Bruker D8 
Advance diffractometer with Cu Kα radiation (1.5406Å), under conditions of  step size of  0.02° 2θ/step, 
measuring time of  0.24 s/step, start position 5° (2θ) and end position 60° (2θ). After stopping hydration at 
various ages, approximately 1 g of  paste was finely ground until passing 0.063 mm sieve. The fine powder 
was backfilled in the sample holder before being transferred for characterization. The XRD patterns 
obtained were analysed and the mineral phases were identified by PANalytical Highscore Plus with PDF 
2004 database.

2.3.3 Thermal analysis
Thermal analysis was conducted on the specimens by a Netzsch STA 499 simultaneous thermal analyser 
under N2 atmosphere with flow rate of  50 ml/min on approximately 15 mg of  fresh finely-ground specimen 
at a heating rate of  10 K/min up to 1000 °C. Differential thermogravity (DTG) results were calculated 
from thermogravity (TG).
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2.3.4 Fourier-transform infrared spectroscopy
Fourier-transform infrared (FTIR) spectroscopy was performed to identify the bonding in the mineral 
phases in the specimens with w/c of  25. Thermo Nicolet Nexus FTIR spectroscopy was employed under 
attenuated total reflectance (ATR) mode in the wavenumber range of  4000–400 cm-1 under 4 cm-1 resolution. 
Specimens were freshly finely ground to powder before transferred for analysis.

2.3.5 Scanning electron microscopy (SEM)
The development of  microstructure of  specimens was characterized by FEI Quanta 450FEG Environmental 
SEM under the conditions of  spot size 5, accelerating voltage 20 kV. The specimens were coated with Pt 
before transferred to the vacuum chamber of  SEM. Images were taken under secondary electron mode.

2.3.6 Electron probe micro-analysis (EPMA)
The morphology and elements distribution on the surface of  specimens were characterized by JEOL JXA-
8230 electron probe microanalyser equipped with Oxford Instruments INCA X-Act energy dispersive 
spectrometer (EDS). The specimens were coated with carbon before transferred for analysis.

3. Results and discussion

3.1 Hydration kinetics
The mineral phases of  CSA clinker and CSA cement used in this study were identified by XRD and shown 
in Figure 1. The main mineral phases in the clinker were ye’elimite and belite, with minor minerals, namely 
perovskite and calcite. Anhydrite was identified in the CSA cement together with those minerals identified 
in the CSA clinker.
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PC BP
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Y
Y:Ye'elimite A:Anhydrite
C:Calcite     B:Belite
P:Perovskite

CSA Clinker

 

2 Theta (deg.)

CSA Cement

Figure 1 XRD patterns of  CSA clinker and CSA cement.

The heat evolution rate and cumulative heat in the first 72 hours of  hydration of  CSA cement in deionized 
water and borate solution were characterized (Figure 2(a)). For CSA cement hydrating with deionized water, 
a dormant period of  approximately 1.2 h was noted before the initial peak, which indicated the reaction of  

 with . The second main hydration peak was at 3.2 h, due to the rapid dissolution of   after 
sulphates in solution were depleted. The total heat in the first 72 hours was approximately 149 J/g.

No peak was observed by up to 72 hours of  hydration for CSA cement hydrated with 0.5 M borate solution, 
indicating that the hydration of  CSA cement is greatly retarded. Borate solution retarded the hydration of  
both ordinary Portland cement and CSA cement. Borate anions reacted with calcium component in CSA 
cement by formation of  various borate compounds. The retardation mechanism and chemical composition 
of  borate compound will be discussed in the following sections.

Addition of  calcium hydroxide accelerated the hydration of  CSA cement with borate solution (Figure 2(b) 
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and (c)). The time of  maximum heat evolution rate decreased with the increase of  content of  calcium 
hydroxide, indicating that the hydration of  CSA cement was effectively accelerated by calcium hydroxide, 
possibly by formation of  different borate mineral comparing to that in CSA cement with borate solution.
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Figure 2 Heat evolution rate of  (a) CSA cement hydrated with deionized water and borate solution 
(break from 24 h to 60 h) and (b) CSA cement hydrated in borate solution with various content of  
Ca(OH)2 in 72 h, and (c) first 5 h in (b).

3.2 Phase assemblage
The phase assemblage of  CSA cement hydrated in borate solution for 28 d, together with anhydrous CSA 
cement is shown in Figure 3(a). According to these results, there was hardly any hydration products formed 
after 28 day of  hydration in borate solution, indicating strong retardation of  CSA cement hydration by borate. 
After 56 days of  hydration in borate solution (Figure 3(b)), crystalline ulexite (NaCaB5O8(OH)6·5H2O) was 
identified as the main hydration products. By addition of  the same amount of  calcium hydroxide as CSA 
cement, the hydration of  CSA cement in borate solution was accelerated and the hydration products were 
formed, namely hexahydroborite (Ca[B(OH)4]2·2H2O) and ettringite as seen in Figure 3(c). By hydration 
of  5 min, most of  CSA cement hydrated due to the high amount of  calcium hydroxide addition. The main 
peak of  ettringite shifted to the left (Figure 3(d)), indicating the increase of  space of  (001) plane due to the 
incorporation of  boron in the ettringite crystal structure in the form of  B(OH)4

-[9, 25]. These results agree 
well with those from calorimetry.
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Figure 3 XRD results of  CSA cement hydrated with borate solution at (a) 28 d and anhydrous CSA 
cement, (b) at 56 d, (c) CSA cement hydrated in borate solution with the same amount of  Ca(OH)2 
at various ages, and (d) first 5 h in (c).

Although there was no crystalline phase identified in CSA cement hydrated in borate solution for 28 days 
according to XRD results, amorphous borate phase was identified from TG/DTG results as weight loss at 
100 °C [25](Figure 4(a)), due to the dehydration of  borate related phases. After addition of  the same amount 
of  calcium hydroxide, the formation of  hexahydroborite, ettringite, AFm and calcite were confirmed from 
TG/DTG results after 3 days of  hydration, together with residue calcium hydroxide (Figure 4(b) and (c)). 
These results well agree with those from XRD, confirming the accelerated hydration of  CSA cement in 
borate solution after calcium hydroxide addition by formation of  hexahydroborite, ettringite and AFm 
phases.
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Figure 4 TG/DTG results of  (a) CSA cement hydrated with borate solution at 28 d, (b) CSA cement 
hydrated in borate solution with the same amount of  Ca(OH)2 at 3 d, and (c) 30-150 °C in (b).

3.3 Microstructure
After hydrated in borate solution for 3 days, a dense layer of  hydration products fully covered the 
surface of  CSA cement particles (Figure 5(a)), preventing further dissolution of  anhydrous phases 
and resulting in strong retardation of  CSA cement hydration. While for CSA cement hydrated in the 
deionized water for 3 days (Figure 5(b)), foil-like hydration products formed on the surface of  CSA 
cement particles with most part of  surface exposed, resulting in the continuous hydration of  CSA cement.

       

(a)        (b)

(c)
Figure 5 Microstructure of  (a) CSA cement hydrated with borate solution at 3 days, (b) CSA cement 
hydrated in deionized water at 3 days, and (c) CSA cement hydrated in borate solution with the same 
amount of  Ca(OH)2 at 1 day.
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 After addition of  calcium hydroxide in the CSA cement with borate solution (Figure 5(c)), foil-like hydration 
products were observed after 1 day of  hydration. Chemical composition of  hydration products of  CSA 
cement with addition of  calcium hydroxide in borate solution was characterized by energy-dispersive X-ray 
spectroscopy (EDX). The average Ca/Al ratio in five positions was 4.38 (Table 2), indicating the hydration 
products were hexahydroborate and ettringite, which intermixed with residue calcium hydroxide.

Table 2 Chemical composition of  points in Figure 5(c). (atom%)

1 2 3 4 5 Ca/Al

Ca 24.6 27.1 26.9 24.5 28.6

4.38O 69.6 64.7 64 64.3 66.2

Al 5.7 8.2 9.1 4.2 5.2

Figure 6 Element mapping of  CSA cement hydrated with borate solution for 3 days

Figure 7 Element mapping of  CSA cement hydrated in borate solution with addition of  the same 
amount of  Ca(OH)2 at 1 day.
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EPMA was performed on the CSA cement hydrated with borate solution for 3 days and CSA cement 
hydrated in borate solution with calcium hydroxide addition for 1 day, to characterized the chemical 
composition of  hydration products. For CSA cement hydrated in borate solution for 3 days (Figure 6), 
the distributions of  boron and sodium were similar, indicating the formation of  borate mineral, which 
was ulexite accroding to XRD results. For CSA cement hydrated in borate solution with sodium hydroxide 
addition (Figure 7), there was hardly any boron on the surface of  cement particles. The distribution of  
sulphur and aluminium were similar, indicating the formation of  ettringite.

4. Conclusions

The effects of  calcium hydroxide on the hydration of  CSA cement with high concentration of  borate 
solution were investigated by a range of  analytical techniques. The hydration kinetics, phase assemblage and 
microstructure of  CSA cement hydrated in borate solution with or without sodium hydroxide addition were 
characterized. According to the results obtained, the following conclusions can be drawn.

High concentration of  borate severely retarded the hydration of  CSA cement by formation of  a dense 
layer of  amorphous ulexite on the surface of  cement particles, preventing further dissolution of  anhydrous 
cement particles. The amorphous ulexite transformed into crystalline ulexite by 56 days of  hydration.

Addition of  sodium hydroxide accelerated the hydration of  CSA cement in borate solution by formation of  
hexahydroborite and incorporation of  borate in ettringite to prevent the formation of  ulexite layer on the 
surface of  cement particles. The main hydration products for CSA cement in borate solution with sodium 
hydroxide addition were ettringite, AFm and hexahydroborite.
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Abstract 

As the amount of  high-grade limestone decreases rapidly, limestone containing high amount of  MgO could 
be applied as the supplement in the production of  Portland cement clinker. This paper aims to study the 
effect of  MgO on the structure and chemical composition of  calcium silicate hydrates (C-S-H) gels during 
early stage hydration, which is the main product of  Portland cement hydration. Magnesium oxide (MgO), 
silica fume (SiO2) and calcium oxide (CaO) were used in the preparation of  MgO modified C-S-H with (Ca 
+ Mg)/Si ratio=0.8. A high water to solid ratio (around 10) and elevated temperature (60 C) were applied in 
order to ensure the sufficient water for reaction, promoting the ions diffusion and accelerating the reaction. 
The obtained solids were characterized by SEM, TEM-EDS, XRD, FT-IR and TG-DSC. The results show 
that the pure magnesium silicate hydrates (M-S-H) gels exhibit significantly different structure and chemical 
composition from C-S-H. The addition of  MgO could retard the reaction of  the entire MgO-CaO-SiO2 
system. The prepared MgO modified C-S-H gels have a poorly crystalline structure, which are similar to 
the synthesized pure C-S-H gels. The increasing initial amount of  MgO lead to the formation of  M-S-H 
gels and the possible formation of  a new phase magnesium calcium silicate hydrates (M-C-S-H), showing 
the homogenous distribution of  Mg, Si and Ca elements which was observed by TEM-EDS. The structure 
and chemical composition of  reaction products is highly depending on the input molar ratio of  Mg to Ca. 
However, the detailed reaction process still requires further investigations.

Keywords: magnesium silicate hydrates, calcium silicate hydrates, hydration, modification 

1. Introduction

Cement remains the most used building materials and it will continue for a quite long time[1]. As the annual 
cement production is continuously increasing and high-grade limestone is not sufficiently available around 
the world, more low-grade limestone containing high magnesium content would be applied into the cement 
industry[2]. Some researchers have shown great interests in the effect of  magnesium on calcium silicate 
hydrates[3–7]. Calcium silicate hydrate(C-S-H) gels are the primary hydration product and binding phase of  
Portland cement paste. It has a poor crystalline structure and variable composition controlled by initial Ca : 
Si ratio and the calcium ions content [8–10]. By mixing appropriate quantities of  magnesium oxide, calcium 
oxide and silica fume, two sperate phases C-S-H and M-S-H (magnesium silicate hydrates ) were observed 
by Bernard[4]. The structure of  C-S-H which is based on single silica chains is clearly different from the 
sheet like structure of  M-S-H. Although both phases are poorly crystalline, have loosely bound water 
and a variable chemical composition, M-S-H has higher silica polymerization degree than C-S-H[10–14]. 
In M-S-H, Q3 silicate tetrahedrons are present as the main silica network while C-S-H has mainly Q1, Q2 
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silicate tetrahedrons corresponding to the single chain-like structure. As Chiang[15] reported before, the 
primary units of  C-S-H gels are polydisperse multilayer disks while the M-S-H globules can be modelled 
as polydisperse spheres at nanoscale. As a result, the interaction between C-S-H and M-S-H is negligible.

With magnesium addition into CaO-SiO2-H2O system, the decomposition of  C-S-H is possibly happened 
and the calcium concentration in the solution is increased. Magnesium facilitates the formation of  brucite 
or reacts with dissolved silicon ions and leads to the formation of  M-S-H[16]. The formation of  M-S-H 
is a slow process at ambient temperature (20~25oC), which could continuous for a quite long time to 
consume the unreacted silica. At early age, only a small amount of  M-S-H would be formed. Magnesium 
and silica exist as brucite and amorphous silica respectively. Therefore, in the mixed MgO-CaO-SiO2-H2O 
system, the formation of  C-S-H and brucite is faster than that of  M-S-H at room temperature[4,16]. The 
limited concentration of  magnesium in the solution makes it difficult to be incorporated into the structure 
of  C-S-H or form a single phase magnesium calcium silicate hydrates (M-C-S-H)[3,7].However, under 
hydrothermal conditions, G. Qian[6] has confirmed the incorporation of  magnesium into tobermorite and 
xonotlite. Brucite disappears with the increasing time and temperature. The possible presence of  magnesium 
into C-S-H structure was also identified by L. Fernandez[17,18]. The magnesium might be incorporated 
into the octahedral sites in the interlayer space of  dreierketten or the gap of  Q2p silicon tetrahedron as 
tetrahedral magnesium, which depends largely on Ca/Si ratio. The addition of  magnesium can also increase 
crystallinity of  C-S-H and the polymerization of  silicate chains[19]. Elevating the reaction temperature in 
MgO-SiO2-H2O system has been claimed to have great influence of  temperature on hydration behavior[20]. 
The samples with the same initial Mg/Si cured at different temperature shows quite different results. More 
brucite was observed in the XRD pattern from the sample cured at ambient temperature than these samples 
cured at elevated temperature, which shows more formation of  M-S-H.  The effect of  magnesium on the 
chemical composition and structure of  C-S-H is still unclear, which depends on the reaction temperature, 
the magnesium source and water/solid ratio etc. At present research, the MgO-CaO-SiO2-H2O system 
was investigated via mixing calcium oxide, silica fume and magnesium oxide at 60℃ for 72h to obtain the 
products. The obtained solids were characterized by TEM/EDS, SEM, XRD, FT-IR and TG-DSC. The 
morphology, chemical composition and structure characteristics of  the synthesized phase M-C-S-H would 
be discussed and compared to that of  C-S-H and M-S-H gel.

2. Methodology

2.1 Materials
Pure C-S-H, M-S-H and MgO modified C-S-H gels were synthesized by mixing magnesium oxide (MgO), 
calcium hydroxide (CaO) and silica fume (SiO2) at 60 oC. Different Ca/Si molar ratios (0, 0.2, 0.4, 0.5, 0.6 
and 0.8) were used in the preparation of  M-C-S-H with a total (Mg+Ca)/Si = 0.8. The samples are labelled 
according to the prepared Mg/Si atomic ratio, i.e. 0.8M, 0.6M, 0.4M, 0.3M, 0.2M and 0M, respectively, as 
shown in Table 1. 

Table 1: Mix proportions.

Sample CaO SiO2 MgO Water
g g g g

0.8M 0.00 10.00 5.33 153.33 

0.6M 1.87 10.00 4.00 158.67 
0.4M 3.73 10.00 2.67 164.00 
0.3M 4.67 10.00 2.00 166.67 
0.2M 5.60 10.00 1.33 169.33 
0M 7.47 10.00 0.00 174.67 
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2.2 Methods
All samples were prepared in conical flasks sealed with plastic foils with a water/solid ratio of  10 in order 
to minimize CO2 contamination. A high water/solid ratio of  10 was used to ensure sufficient water for 
dissolution and reaction. The samples were matured in a water bath at 60oC for 3d and then filtered with 
0.45 μm Nylon filter. The residues were rinsed first with 50 mL of  1:1 water–ethanol solution and then 
flashed with 50 mL 94% ethanol solution. The obtained solids were freeze dried for 2d, and ground in an 
agate mortar before stored in desiccators using sodium hydroxide pellets as CO2 trap until analysis[4].

XRD measurement was carried out on a D8 Advance X-ray diffractometer using CuKα radiation. The 
samples were scanned between 5° and 60° 2θ with the scanning speed of  5°/min. TG-DSC experiment 
was performed with sample mass of  30 to 40mg using a STA449F3 TG-DSC with a heating rate of  20°C/
min from 50 to 980 °C. FT-IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer using the 
attenuated total reflection (ATR) method. The investigated frequency range was from 400 to 4000 cm-1 with 
a resolution of  1 cm-1. SEM investigations were carried out with a JSM-IT300 SEM and TEM investigations 
were done with a JEM-2100F microscope. 

3. Results and discussion

3.1 XRD
Figure 1 shows the XRD patterns of  samples M-S-H, C-S-H and MgO modified C-S-H samples,  
respectively. As can be seen, the pure M-S-H (Mg/Si =0.8) has a semi-crystalline structure indicated 
by the broad Bragg reflections at 20.1, 35.1 and 59.9° (2θ). The result is in good agreement with 
previous finding about the crystalline structure of  M-S-H[21–23]. Besides, the existence of  silica 
fume is clearly shown by the broad peak of  about 20° 2θ[12]. The reflection peaks of  pure C-S-H 
(Ca/Si = 0.8) at 16.3, 29.3, 32.0, 43.0, 49.7 and 55.1 °2θ is attributed to a poorly-ordered 14Å 
tobermorite (5CaO·6SiO2·9H2O, PDF 00-029-0331). The XRD patterns of  samples containing 
Mg and Ca show the Bragg reflections both shown in M-S-H and C-S-H, and the changes on 
Mg/Ca ratio makes no big difference. Besides, for the samples with higher initial Ca/Si ratio, the 
formation of  brucite is also found. Furthermore, it can be seen that the intensity of  M-S-H gel, 
magnesium hydroxide and unreacted silica fume gradually decreases with the decrease of  Mg/
Si ratio. For instance, the reflections of  sample 0.4M at 20.1, 35.1 and 59.9° 2θ almost disappear. 
However, the intensity of  C-S-H gel is gradually increased with the decrease of  Mg/Si ratio, 
especially for the reflection located at 29.3 °2θ.

 

Figure 1: XRD patterns of  the synthesized samples (S=silica fume, B=brucite, *=M-S-H, #=C-S-H).
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3.2 FTIR
Figure 2 shows FT-IR spectra of  six samples. The pure C-S-H (Ca/Si = 0.8) shows a OH 
stretching vibrations at 3442 cm-1 and H-OH bending vibrations of  molecular water at 1639 cm-

1. Furthermore, the spectrum contains an Si-O-Si bending band at 662 cm-1 and Si-O stretching 
vibration bands at 971 cm-1 (Q2 tetrahedra) and 876 cm-1 (Q1 tetrahedra)[24]. The pure M-S-H 
(Mg/Si = 0.8) shows Mg-OH stretching vibrations at 3692 cm-1 and other OH vibrations at 3439 
cm-1 together with H-OH bending vibrations of  non-structural water at 1637 cm-1. Besides, the 
sample also shows a Si-O-Si bending band at 899 cm-1 and Si-O stretching vibration bands at 
798 cm-1(unreacted silica fume), 1017 cm-1(Q3) [21]. The bands in the range of  1400–1500 cm-1 
correspond to the asymmetric stretching of  CO3

2-. It is difficult to prevent carbonation when the 
sample is exposed to air. 0.6M sample shows the similar spectra to that of  0.8M sample. It shows a 
Si-O-Si bending band at 899 cm-1 and Si-O stretching vibration bands at 798cm-1 (unreacted silica 
fume), 1017 cm-1(Q3), indicating that M-S-H gel remains the major reaction product at higher Mg-
Si ratios and the amount of  unreacted silica fume decreases. The presence of  magnesium (0.4M, 
0.3M, 0.2M) does not further influence the position of  the C-S-H band, but decreases its relative 
intensity. The disappearance of  the Si-O stretching vibration bands at 798cm-1 is in consistence 
with the XRD results that silica fume is completely consumed. It can be the concluded that the 
formation of  C-S-H is faster than that of  M-S-H, which is in line with previous findings that 
the formation of  M-S-H is extremely slow that equilibrium has not yet been reached even after 
1 year[4]. The constant position of  the bands in the presence of  varying fractions of  C-S-H and 
M-S-H is in consistence with the presence of  two different phases.

Figure 2: FT-IR spectra of  the synthetic M-C-S-H samples

3.3 TG-DSC
Figure 3 shows the TG/DTG data of  M-C-S-H sample. In general, the results can be classified 
into two stages [12]: the loss of  loosely bound interlayer water between 50 and 250 °C; weight 
loss between 250 °C and 800°C associated with the dehydroxylation of  magnesium hydroxide and 
silanol groups. The pure C-S-H (Ca/Si = 0.8) gel shows a main water loss between 50 and 250 °C, 
which can be attributed to the dehydration of  interlayer water. No weight loss is observed at 400oC 
in the pure C-S-H gel, indicating that calcium hydroxide is absent and all calcium is incorporated 
in C-S-H. The TG-DTG data is in line with the differential scanning calorimeter (DSC) results 
(shown in Figure 4), and the peaks at 850 ℃ indicates a distinct exothermic transition, which can 
be attributed to the decomposition of  wollastonite or enstatite [4,25]. The existence of  brucite in 
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that the formation of  M-S-H is much slower than that of  C-S-H, which is in line with the FT-IR 
data. The weight loss of  interlayer water in samples containing magnesium shows no difference, 
while that of  C-S-H is significantly larger. It indicates that more water molecules are incorporated 
into the structure of  C-S-H and the transformation from SiO2 to C-S-H is easier at high pH, 
consuming more water molecules to enhance the reaction.

Figure 3: Weight loss determined by thermogravimetric analysis and 1st derivative of  M-C-S-H 
samples

Figure 4: DSC curves of  M-C-S-H samples

3.4 Microscopic analysis (SEM/TEM)
Fig. 5 shows the morphology of  the pure C-S-H, M-S-H  and MgO modified C-S-H gel obtained by SEM. 
Figure 5a) evidences an irregular porosity between interconnected and densely packed spherical particles 
at the micron level in M-S-H[26]. However, the morphology of  pure C-S-H shows great difference from 
M-S-H. Figure 5c) exhibits foil-like objects arranging in a dense, laminar pattern. 0.4M Sample (shown in 
Figure 5b)) is similar in morphology to pure C-S-H. However, the foils are more distinct in a less extended 
network structure. The addition of  MgO changes the microstructure of  C-S-H and M-S-H more or less. 
Obviously, the formation of  C-S-H play a dominant role in MgO-CaO-SiO2 system. 
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Figure 5a) :  SEM image of  0.8M sample

Figure 5b) :  SEM image of  0.4M sample

Figure 5c) :  SEM image of  0M sample
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Figure 6: TEM characterizations of  the 0.4M–0.4-C-S-H sample and EDS mappings of  magnesium, 
calcium and sil icon

The TEM picture of  0.4M sample in Figure 6 illustrates that MgO modified C-S-H gel exhibits a layered 
texture characteristic. This area is homogeneous and the SiO2 grain is also shown, revealing that the 
formation of  M-C-S-H gel is a process of  dissolution, diffusion and precipitation, and the reaction starts 
on the surface of  SiO2 particles. The EDS data confirms the existence of  an evenly distributed phase 
where the calcium and magnesium elements are distributed homogeneously, indicating the presence of  
large amounts of  calcium in M-S-H or magnesium in C-S-H phase and the possible formation of  the new 
phase M-C-S-H. 

4. Conclusions

By mixing MgO, CaO with silica fume and water at 60℃ for 3d, pure C-S-H, M-S-H and MgO modified 
C-S-H gels were successfully prepared. The structure and properties were confirmed by FT-IR, XRD, TG-
DSC, SEM and TEM-EDS. Based on the results discussed above, the following conclusions can be drawn:

1.The hydration products in MgO-CaO-SiO2 system  are mainly brucite, M-S-H gel and C-S-H gel. The 
formation of  C-S-H is faster than that of  M-S-H under the same conditions, probably due to the higher 
dissolution of  portlandite than brucite, strongly limiting the concentration of  magnesium in the solution.

2. Increasing Ca/Si ratio in MgO-CaO-SiO2 system benefits the reaction among silica fume, 
magnesium oxide and calcium oxide, which contributes to a more extended network structure.

3. The microstructure of  M-S-H is different from that of  C-S-H. In MgO-CaO-SiO2 system, the hydration 
products show more similarities to C-S-H.

4. The possible formation of  a new phase M-C-S-H where magnesium, calcium and silicon elements 
distribute homogenously in a nanoscale was observed by TEM-EDS. However, the formation process of  
the new phases remains unclear, which requires further investigation.

5. Acknowledgment 

This research has been financially supported by the National Natural Science Foundation of  China (grant 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

202

IC
SBM

 2019
ID

 065

numbers 51672199); the Fundamental Research Funds for the Central Universities (grant number WUT: 
2017-YB-008℃2019III018GX); and the 111 Project (No. B18038)

6. References

[1] M. Schneider, M. Romer, M. Tschudin, H. Bolio, Sustainable cement production-present and 
future, Cem. Concr. Res. 41 (2011) 642–650. doi:10.1016/j.cemconres.2011.03.019.

[2] A. Machner, M. Zajac, M. Ben Haha, K.O. Kjellsen, M.R. Geiker, K. De Weerdt, Limitations of  
the hydrotalcite formation in Portland composite cement pastes containing dolomite and metakaolin, Cem. 
Concr. Res. 89 (2018) 89–106. doi:10.1016/j.cemconcomp.2018.02.013.

[3] E. Bernard, B. Lothenbach, C. Cau-Dit-Coumes, C. Chlique, A. Dauzères, I. Pochard, Magnesium 
and calcium silicate hydrates, Part I: Investigation of  the possible magnesium incorporation in calcium 
silicate hydrate (C-S-H) and of  the calcium in magnesium silicate hydrate (M-S-H), Appl. Geochemistry. 89 
(2018) 229–242. doi:10.1016/j.apgeochem.2017.12.005.

[4] B. Lothenbach, D. Nied, E. L’Hôpital, G. Achiedo, A. Dauzères, Magnesium and calcium silicate 
hydrates, Cem. Concr. Res. 77 (2015) 60–68. doi:10.1016/j.cemconres.2015.06.007.

[5] O.P. Shrivastava, S. Komarneni, E. Breval, Mg2+uptake by synthetic tobermorite and xonotlite, 
Cem. Concr. Res. 21 (1991) 83–90. doi:10.1016/0008-8846(91)90034-F.

[6] G. Qian, G. Xu, H. Li, A. Li, Mg-Xonotlite and its coexisting phases, Cem. Concr. Res. 27 (1997) 
315–320. doi:10.1016/S0008-8846(97)00018-5.

[7] E. Bernard, A. Dauzères, B. Lothenbach, Magnesium and calcium silicate hydrates, Part II: Mg-
exchange at the interface “low-pH” cement and magnesium environment studied in a C-S-H and M-S-H 
model system, Appl. Geochemistry. 89 (2018) 210–218. doi:10.1016/j.apgeochem.2017.12.006.

[8] H.F.W. Taylor, Cement chemistry. 2nd ed., Acad. Press. (1997). doi:10.1016/S0958-9465(98)00023-
7.

[9] A.J. Allen, J.J. Thomas, H.M. Jennings, Composition and density of  nanoscale calcium-silicate-
hydrate in cement, Nat. Mater. 6 (2007) 311–316. doi:10.1038/nmat1871.

[10] I.G. Richardson, The calcium silicate hydrates, Cem. Concr. Res. 38 (2008) 137–158. doi:10.1016/j.
cemconres.2007.11.005.

[11] A. Hartmann, D. Schulenberg, J.-C. Buhl, Synthesis and Structural Characterization of  CSH-Phases 
in the Range of  C/S = 0.41 - 1.66 at Temperatures of  the Tobermorite Xonotlite Crossover, J. Mater. Sci. 
Chem. Eng. 3 (2015) 39–55. doi:10.4236/msce.2015.311006.

[12] E. Bernard, B. Lothenbach, D. Rentsch, I. Pochard, A. Dauzères, Formation of  magnesium silicate 
hydrates (M-S-H), Phys. Chem. Earth. 99 (2017) 142–157. doi:10.1016/j.pce.2017.02.005.

[13] D.A. Kulik, Improving the structural consistency of  C-S-H solid solution thermodynamic models, 
Cem. Concr. Res. 41 (2011) 477–495. doi:10.1016/j.cemconres.2011.01.012.

[14] D. Nied, K. Enemark-Rasmussen, E. L’Hopital, J. Skibsted, B. Lothenbach, Properties of  magnesium 
silicate hydrates (M-S-H), Cem. Concr. Res. 79 (2016) 323–332. doi:10.1016/j.cemconres.2015.10.003.

[15] W. Chiang, G. Ferraro, E. Fratini, F. Ridi, Y. Yeh, U. Jeng, S. Chen, P. Baglioni, Multiscale structure 
of  calcium- and magnesium-silicate-hydrate gels, J. Mater. Chem. A Mater. Energy Sustain. 2 (2014) 12991–



203

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

IC
SB

M
 2

01
9

ID
 0

65

12998. doi:10.1039/C4TA02479F.

[16] E. Bernard, B. Lothenbach, F. Le Goff, I. Pochard, A. Dauzères, Effect of  magnesium on calcium 
silicate hydrate (C-S-H), Cem. Concr. Res. 97 (2017) 61–72. doi:10.1016/j.cemconres.2017.03.012.

[17] L. Fernandez, C. Alonso, A. Hidalgo, C. Andrade, The role of  magnesium during the hydration 
of  C3S and C-S-H formation. Scanning electron microscopy and mid-infrared studies, Adv. Cem. Res. 17 
(2005) 9–21. doi:10.1680/adcr.2005.17.1.9.

[18] L. Fernandez, C. Alonso, C. Andrade, A. Hidalgo, The interaction of  magnesium in hydration of  
C3S and CSH formation using29Si MAS-NMR, J. Mater. Sci. 43 (2008) 5772–5783. doi:10.1007/s10853-
008-2889-2.

[19] N.Y. Mostafa, E.A. Kishar, S.A. Abo-El-Enein, FTIR study and cation exchange capacity of  Fe3+- 
and Mg2+-substituted calcium silicate hydrates, J. Alloys Compd. 473 (2009) 538–542. doi:10.1016/j.
jallcom.2008.06.029.

[20] J. Szczerba, R. Prorok, E. Snie, D. Madej, K. Ma, Influence of  time and temperature on ageing and 
phases synthesis in the MgO–SiO2–H2O system, Thermochim. Acta. 567 (2013) 57–64. doi:10.1016/j.
tca.2013.01.018.

[21] D.R.M. Brew, F.P. Glasser, Synthesis and characterisation of  magnesium silicate hydrate gels, Cem. 
Concr. Res. 35 (2005) 85–98. doi:10.1016/j.cemconres.2004.06.022.

[22] A.A.-T. Fei Jin, Strength and hydration products of  reactive MgO–silica pastes, Cem. Concr. 
Compos. 37 (2008) 1285–1288. doi:10.1016/j.cemconcomp.2014.04.003.

[23] T. Zhang, C.R. Cheeseman, L.J. Vandeperre, Development of  low pH cement systems 
forming magnesium silicate hydrate (M-S-H), Cem. Concr. Res. 41 (2011) 439–442. doi:10.1016/j.
cemconres.2011.01.016.

[24] P. Yu, R.J. Kirkpatrick, B. Poe, P.F. McMillan, X. Cong, Structure of  Calcium Silicate Hydrate 
(C-S-H): Near-, Mid-, and Far-Infrared Spectroscopy, J. Am. Ceram. Soc. 82 (1999) 742–748. 
doi:10.1111/j.1151-2916.1999.tb01826.x.

[25] Y. Wei, W. Yao, X. Xing, M. Wu, Quantitative evaluation of  hydrated cement modified by silica 
fume using QXRD, 27Al MAS NMR, TG-DSC and selective dissolution techniques, Constr. Build. Mater. 
36 (2012) 925–932. doi:10.1016/j.conbuildmat.2012.06.075.

[26] W.S. Chiang, G. Ferraro, E. Fratini, F. Ridi, Y.Q. Yeh, U.S. Jeng, S.H. Chen, P. Baglioni, Multiscale 
structure of  calcium- and magnesium-silicate-hydrate gels, J. Mater. Chem. A. 2 (2014) 12991–12998. 
doi:10.1039/c4ta02479f.

[27] H.M. Jennings, J.J. Thomas, J.J. Chen, D. Rothstein, Cement Paste as a Porous Material, Handb. 
Porous Solids. (2002) 2971–3028. doi:10.1002/9783527618286.



204

ICSBM 2019
2nd International Conference of  Sustainable Building Materials

204

IC
SBM

 2019
ID

 075 Impact of  steel fibre content on the 
fibre network structure of  ultra-high 

performance fibre reinforced concrete 
(UHPFRC)

Q. Song1,2, Z. Shui1, R. Yu1*, S. Rao1,2

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

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

Abstract 

This paper address the impact of  steel fibre content on the fibre network structure of  ultra-high performance 
fibre reinforced concrete (UHPFRC). Firstly, the design of  the concrete mixtures is based on the aim to 
achieve a densely compacted cementitious matrix, employing the modified Andreasen & Andersen particle 
packing model. And, six fibre content, including 0, 0.5, 1, 1.5, 2, 2.5 and 3 vol.% are used in this study. 
Then, the effect of  fibre content on the properties of  UHPFRC is analysed, including the fresh properties 
and mechanics properties. Moreover, the X-ray CT is employed to evaluate the fibres distribution and 
directions in hardened UHPFRC. The obtained results show that with an increase of  steel fibre content, the 
fresh properties of  the UHPFRC and the fibre efficiency of  mechanics properties improvement decrease. 
The X-ray CT results imply that with an increase of  fibre content, the fibre connected probability will be 
increased and the 2 vol. % is a break point. 

Keywords: Ultra-high performance fibre reinforced concrete (UHPFRC), fibre content, hybrid fibre, fibre 
network structure

1. Introduction

Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is a new kind of  cement based composite 
material, which exhibits advanced mechanical properties, excellent durability, and high toughness. The main 
differences between UHPFRC and normal concrete (NC) or high-performance concrete (HPC) are high 
content of  cementitious materials, low water to binder ratio (W/B), and high content of  superplasticizer 
[1-11]. Moreover, to improve its ductility, toughness, flexural and shear strengths, steel fibres are normally 
used in the production of  UHPFRC, since the utilized fibres can bridge cracks and prevent the cracks 
extended in the concrete [12-16]. Many studies have reported the positive influence of  steel fibre on the 
UHPFRC, including the fibre content, fibre shape and fibre physical parameters (length, diameter etc.) 
[17-24]. However, in most cases, the fibres are added into the concrete directly and randomly, and the fibre 
network structure in the concrete are not clear, which is equal to a black box treatment. Based on available 
literatures [25-27], it can be concluded that the statement of  fibre are important factors for improving 
concrete properties and fibre efficiency in fibre reinforced concrete. For example, the anisotropic properties 
of  fibre reinforced concrete are caused by the orientation distribution of  fibres [25, 26] and Bensaid et al. 
investigated the flexural behavior of  steel fibre-reinforced concrete, it fund that the flexural behavior are 
significantly improved by the fibre orientation [27]. Hence, to effectively improve the fibre efficiency in 
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UHPFRC, the fibre network structure should be optimized.

In fact, the statement of  fibres have been studied in normal concrete system and some achievements have 
already been obtained [28-35]. For instance, the distribution and orientation of  steel fibres in the concrete 
can be adjusted by magnetic field, since the steel fibres are ferromagnetic. For instance, Torrents et al. [28] 
and Al-Mattarneh [29] investigated the effect of  magnetic field on steel fibres distribution and orientation. 
It was found that the used magnetic field is beneficial for optimizing the fibre orientation. Nevertheless, due 
to the fact that the used steel fibres in concrete can also be magnetized and attracted to each other in the 
magnetic field, the homogeneity of  the fibre distribution may be significantly disturbed, which cause that 
the mechanical properties of  the fibre reinforced concrete are also decreased. Hence, it is logical to find 
other methods to control the fibre orientations and distributions. 

As commonly known, the added steel fibres content in UHPFRC are much higher (2-6% by volume) than the 
normally steel reinforced concrete, which means there is a high chance for the fibres to connect/tough each 
other. When the amount of  interconnected fibre is relatively large, a potential steel fibres network structure 
can be generated. Therefore, if  one point of  this potential steel fibres network structure is attacked by the 
harmful irons (e.g. Cl-) in the marine environment, the whole UHPFRC structure can be seriously corroded 
and damaged. In this case, the steel fibres network structure can be treated as a steel re-bar or other 
metal conductors that buried in the concrete materials without safe protection layer. Generally, the fibre 
interconnection induce corrosion problem in common concrete has not attracted enough attentions, since 
the added steel fibre amount is relatively low (about 0.5% vol.) in normal steel fibre reinforced concrete 
(SFRC), and very limited data can be found in available literature. Therefore, it is necessary and important 
to study the impact of  fibre content on the fibre network of  the UHPFRC. 

Based on the entire premise listed above, the impact of  steel fibres content on the fibre network of  UHPFRC 
is investigated in this study. First of  all, to obtain a densely packed concrete skeleton, the modified Andersen 
& Andreasen model is employed. Then, the properties of  the UHPFRC with different fibre amount are 
evaluated, including flowability, mechanical. Lastly, X-ray computed tomography (X-ray CT) is utilized to 
detailed clarify the fibres network structure in hardened UHPFRC. 

2. Methodology

2.1 Materials
PC 52.5 cement, fly ash, silica fume, metakaolin are treated as cementitious materials in this study, and 
their chemical compositions are shown in Table 1. Two types of  fine aggregates (0–0.6mm and 0.6-1.25 
mm natural river sand) are utilized. A polycarboxylic ether based superplasticizer is employed to meet the 
flowability requirements for the designed UHPFRC. Additionally steel fibre (13 mm length and 0.2 mm 
diameter) is also included in the UHPFRC production

Table 1: Chemical composition of  the used powders in this study (wt. %)

Compositions Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

Cement 0.09 1.61 4.18 19.2 0.09 3.35 0.78 64.93 3.32 2.49
Silica fume 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

Fly ash 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.5 3.12 2.79

In this research, the mixtures of  the UHPFRC are presented in Table 2. It can be found that the fibres 
amount added in the UHPFRC are 0.5%, 1.0%, 1.5%, 2.0%, 2.5% and 3.0%(vol.), respectively. In addition, 
the particle size of  materials and the derived comparison between the optimized and target grading curves 
of  the UHPFRC matrix are presented in Figure 1.
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Table 2: Recipe of  the designed UHPFRC with different steel fibres dosage

C
(kg/m3)

FA
(kg/m3)

SF
(kg/m3)

Sand-1
(kg/m3)

Sand-2
(kg/m3)

Water
(kg/m3)

Sp
(kg/m3)

SSF
(vol.%)

1 750 200 144 770 220 190 30 0.0
2 750 200 144 770 220 190 30 0.5
3 750 200 144 770 220 190 30 1.0
4 750 200 144 770 220 190 30 1.5
5 750 200 144 770 220 190 30 2.0
6 750 200 144 770 220 190 30 2.5
7 750 200 144 770 220 190 30 3.0

(C: Cement, FA: Fly Ash, SF: Sil ica Fume, Sand-1: sand 0-0.6 mm, Sand-2: sand 0.6-1.25 mm, Sp: 
superplasticizer, SSF: straight steel fibres)

Figure 1: Particle size distributions (PSDs) of  the involved ingredients, the target and optimized 
grading curves of  the UHPFRC mixtures

2.2 Methods
After mixing, the flowability of  the designed fresh UHPFRC is measured in accordance with the GB/T 
2419-2005. Firstly, the mixtures are filled in a conical cone with the form of  a frustum, respectively. Secondly, 
the molds are lifted vertically so as to allow a free flow for the paste without any jolting. Eventually, two 
diameters perpendicular to each other are measured, and their mean value is treated as the slump flow of  
the developed UHPFRC. The mechanical properties of  concrete are tested according to EN 196-1(2005). 
Flexural strength tests are carried out at 28 days. 

 

Figure 2: The rebuilt process of  the designed UHPFRC 3D structure

The distribution of  steel fibres is analyzed by the system of  Zeiss Xradia 510 versa X-ray CT in this 
experiment. The general principle of  this test can be summarized as follows: 1) The density of  the fiber 
and the UHPFRC matrix is different; 2) Therefore, when the X ray passes through the specimen, different 
grayscales could be observed; 3) The utilized steel fibres have the largest density in the designed UHPFRC, 
so its gray value expressed should be also the largest, which cause that the steel fibres displayed in the 
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CT images are relatively white [30]. The X-ray CT system is composed by the X-ray source, detector and 
sample table. The three-dimensional structure information inside the sample can be obtained by rotating 
the sample in the range of  360 degrees. In order to clearly understand the network structure of  steel fibres 
in UHPFRC, the sample size is 40mm×40mm×100mm and a total of  1601 sequential scan 2D-images are 
captured, which is 2048×2048 pixel2. Then, the 3D structure of  designed UHPFRC can be rebuilt with the 
soft of  object research system (ORS) visual SI (as shown in Figure 2).

3. Results and discussion

3.1 Fresh properties of  the designed UHPFRC

Figure 3: Flowability of  the designed UHPFRC with different steel fibre amount

Figure 3 shows the flowability of  the UHPFRC with different fibre amounts (0%~3%). It can be found 
that the flowability of  the UHPFRC decreases with an increase of  fibres amount. In general, the variation 
of  the tested UHPFRC with different fibres content can be divided into three periods: Firstly, the decline 
of  UHPFRC flowability is relatively slow (from 315mm to 260mm) with the increase of  fibres amount 
increases from 0.5% to 2.0%; Then, the decline of  UHPFRC flowability becomes quick (from 260mm 
to 220mm) when the added fibre is enhanced from 2.0% to 2.5%. Lastly, if  the added steel fibre amount 
is further increased from 2.5% to 3.0%, the flowability of  designed UHPFRC almost keeps stable (about 
220mm). 

These phenomena mentioned above may be caused by the formation of  fibres network structure in 
UHPFRC, which could significantly enhance the flowing resistance for the tested fresh UHPFRC. Similar 
as the results presented in [31], the negative influence of  fibres “skeleton” on the flowability of  UHPFRC 
has already been investigated. Additionally, the three periods for the UHPFRC flowing process with 
different content of  steel fibres can be explained by the relationship between the steel fibre numbers and 
the sample volume. For example, when the steel fibres content is relativity low (less than 2%), due to the 
activity space for steel fibres inside the UHPFRC is enough, very limited amount of  fibres join the network 
formation, which simultaneously causes that the decreasing rate of  the UHPFRC flowability is relatively 
small. However, when the added steel fibres content increases from 2.0% to 2.5%, the free activity space 
for the steel fibres is decreasing, and more fibres could connect to each other, which could significantly 
resistant the fibres movement and UHPFRC flowing. When the steel fibres content is further enhanced to 
about 3%, the fibres network structure could be further strengthened and improved, and the activity space 
for fibres is still very limited. Hence, the UHPFRC flowability still keeps at a relatively low level. In general, 
based on the fresh behavior of  the designed UHPFRC, it can be summarized that the 2% (vol.) is a critical 
fibres amount to design UHPFRC with great flowability, with which the interconnection between fibres 
may be effectively limited.
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3.2  Mechanical properties of  the designed UHPFRC

Figure 4: Compressive strength of  the designed UHPFRC with different steel fibre amount at 1d, 
7d, 28d

Figure 5: Flexural strengths of  the designed UHPFRC with different steel fibre amount at 28d

The compressive strength of  the developed UHPFRC are presented in Figure 4. It can be noticed that the 
compressive strength of  the UHPFRC can be gradually enhanced with an increase of  the fibres amount, 
which is similar as that presented in available literature [32]. Here, the compressive strength of  the designed 
UHPFRC with 2% steel fibres can reach to about 168MPa at 28d, which can be explained by the role of  
high active powders and optimized particle packing model (as shown in [33]). However, when the fibres 
amount increased from 2.0% to 3.0%, the compressive strength improvement for the designed UHPFRC 
is limited. Furthermore, the flexural strength of  the UHPFRC is presented in Figure 5. As it shown, the 
flexural strength of  the UHPFRC significantly increases with the fibres amount increased. But, when the 
fibres amount increases from 2.0% to 2.5% or 2.5% to 3.0%, the flexural strength increasing rate is reduced, 
which implies that more steel fibres are connected to each other and the fibres efficiency is decreasing. 
Hence, it can be predicted that 2.0% (vol.) is an appropriate steel fibres content in UHPFRC produced.

Generally, based on the mechanical properties of  the designed UHPFRC, it can be summarized that the 
2% (vol.) is a critical steel fibres amount to effectively improve the fibres efficiency in UHPFRC, since the 
interconnection between fibres may be effectively limited in this case.
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3.3 The 3D structure of  the designed UHPFRC

Figure 6: Results of  the connected and non-connected steel fibres in the developed UHPFRC

Figure 7: The probability for the steel fibres connecting to each other in the designed UHPFRC 
with different fibre amount

All the above shown experimental results imply the generation of  steel fibres network structure in the 
developed UHPFRC. To more directly clarify the existence of  the steel fibres network structure, the X-ray 
CT method is employed in this research. Figure 6 present the connected and non-connected steel fibres 
in the designed UHPFRC with 1.0%, 1.5%. 2.0% and 2.5% (vol.) steel fibres, respectively. Here, based on 
the obtained X-ray CT results, the total steel fibres amount can be measured by the software of  object 
research system (ORS) visual SI, which is quite similar as the experimental addition. This also proves that 
the obtained X-ray CT results and relative software are reliable. Moreover, it is important to notice that the 
connected steel fibres volume increases (from about 0.79% to 2.33%) with an enhancement of  the added 
steel fibres amount (from 1.0% to 2.5%, vol.). Nevertheless, different from the connected fibres amount 
variation trend, the non-connected steel fibres content is increased at first and then gradually decline. For 
example, when the added steel fibres content increases from 1.0% to 2.0% (vol.), the non-connected steel 
fibres volume also increases from about 0.23% to 0.42%. Meanwhile, when the added steel fibres content 
increases from 2.0% to 2.5% (vol.), the non-connected steel fibres volume decreases to only about 0.19%. 

In general, these phenomena mentioned above could be attributed to the relationship between the steel 
fibres number and the UHPFRC internal space. To be specific, when the steel fibres content is relatively 
low (less than 2.0% vol.), there is enough space for the fibres movement inside the UHPFRC sample. 
Therefore, the originally added steel fibres can be easily divided into two parts: connected steel fibres and 
non-connected steel fibres. When the added steel fibres amount is increased from 1.0% to 2.0% (vol.), the 
connected steel fibres volume and non-connected steel fibres volume could be simultaneously enhanced. 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

210

IC
SBM

 2019
ID

 075

However, when the steel fibres content is relatively high (more than 2.5% vol.), the remaining space for 
fibres movement inside the UHPFRC specimen is quite limited, which could cause a corresponding decline 
of  the non-connected steel fibres volume. Similar as shown in Figure 7, the probability for the steel fibres 
connecting to each other will generally increase with an enhancement of  the added total steel fibres amount. 
During this process, a great improvement of  the probability can be observed when the steel fibres content 
is increased from 2.0% to 2.5% (vol.).

Based on the X-ray CT results, the interconnection of  the steel fibres in UHPFRC is carefully clarified. 
It is important to notice that 2% (vol.) steel fibres can be treated as a critical value in restricting the fibres 
interconnection, which could also be used to explain the phenomena observed in Sections 3.1-3.2 (fresh 
behaviour and mechanical properties of  the developed UHPFRC). 

4. Conclusions

This research addresses the impact of  steel fibre content on the fibre network structure of  ultra-high 
performance fibre reinforced concrete (UHPFRC). Based on the experiment results, the following 
conclusions can be obtained:

 1) As the fibres content increased, the flowability of  the fresh UHPFRC gradually decreases. This UHPFRC 
flowability decline can be explained by the steel fibres interconnection in the UHPFRC. Additionally, 
the 2% (vol.) is a critical steel fibres amount to produce UHPFRC with great flowability, with which the 
interconnection between fibres may be effectively limited.

2) The compressive and flexural strengths could be improved by an increasing of  added steel fibres content. 
Similar as the flowability test results, the 2% (vol.) is a critical steel fibres amount to effectively improve the 
fibres efficiency in UHPFRC, since the interconnection between fibres may be effectively limited in this 
case.

3) The X-ray CT method could be suitably used in investigating the fibres distribution in the hardened 
UHPFRC. It is important to found that, with an increase of  the total added fibres amount, the non-
connected steel fibres content is increased at first and then gradually decline. The 2% (vol.) steel fibres can 
be treated as a critical value in restricting the fibres interconnection.
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Abstract 

Ultra high performance concrete (UHPC) is characterised by its high compressive strength of  more than 
150 MPa and its high durability. Due to thermal treatment at 90°C a strength comparable to the 28-days-
strength can be achieved immediately after the treatment and in some cases can be even further increased 
up to 30 %. The explanations for the increase in strength are the accelerated hydration of  the clinker 
minerals and the intensified pozzolanic reaction contributing to a denser microstructure and hence, a high 
performance in compressive strength. 

Former research shows that thermal treatment can lead to inhomogeneities in form of  a visible zonation 
within the cross-section. The width of  the margin increases with shorter pre-storage time before the thermal 
treatment and with omitting protective measures against desiccation during the treatment. Specimens 
exhibiting a zonation typically show a lower compressive strength compared to the undisturbed reference 
whereas changes in chemistry, mineral content and microstructure were not reported in detail.

In this study the zonation of  thermally treated UHPC is investigated with respect to its chemistry, mineral 
composition and microstructure to allow predictions on durability and strength development. Measurements 
show a change in pore sizes, minerals phase composition and element distribution leading to the visible 
zonation and weaker bending tensile strength compared to the reference.

Keywords: UHPC, thermal treatment, zonation, desiccation, microstructure, durability

1. Introduction

In 1994 the term ultra high performance concrete (UHPC) was introduced by [1]. It characterizes concrete 
with an exceptional compressive strength which was accomplished by optimizing the packing density and 
viscosity using a low water/binder ratio and moderate thermal treatment. In the last decades the term 
UHPC is used for concrete with a characteristic compressive strength over 150 MPa and high durability. 
These characteristics derive from the low water/binder ratio of  < 0.3 and the high viscosity of  the fresh 
concrete and thus a self-compacting behaviour facilitated by a superplasticizer. By its well-tuned mixture 
based on assorted additives UHPC obtains its typical high packing density, low porosity and homogeneous 
microstructure.

In the production of  precast UHPC elements thermal treatment became a common practice to shorten 
fabrication times, as the 28-days-strength of  UHPC specimens is achieved after 24h of  thermal treatment up 
to 90 °C [2, 3]. The thermal treatment accelerates and intensifies the hydration process and the pozzolanic 
reaction so that shrinkage [4] is largely completed after the treatment. For the early and rapid precipitation 
of  hydration products during exposure to higher temperatures [5] the presence of  water is crucial. Thus, 
some guidelines like the German regulation [6] propose a protection from desiccation but do not clearly 
specify to which degree. To evaluate the impact of  the lacking definition three different measures against 
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desiccation of  UHPC during thermal treatment were investigated by [7]. In the study of  [7] a zonation was 
observed in foil covered and unprotected UHPC samples after 90 °C thermal treatment (as in Figure 1). 
After optical assessment of  the dimension of  the zonation from high resolution scans of  cross sections 
of  standard prisms (4x4x16 cm3) it could be detected that the dimension of  the zonation varied with the 
time span between demoulding and thermal treatment (pre-treatment time), the duration of  the thermal 
treatment time (thermal-treatment time) and the level of  protection against desiccation. Compressive 
strength is one of  the key parameters defining concrete. Thermal treatment of  UHPC in general was found 
not to be detrimental for the further strength development but on the contrary the compressive strength 
of  later age was even increased [8, 9]. Specimens, however, which were treated at 90 °C in the oven without 
any protection performed inferior to the water cured reference samples at all times [7, 10].

This study focuses on the analysis of  the microstructure of  the zonation and aims to provide an insight into 
the processes leading to the diminished strength performance. 

Figure 1: High resolution scan of  a UHPC standard prism treated 6 days at 90 °C under dry 
conditions comparable to [7]. The zonation shows an inner lighter part and an outer darker part. 
At the rim there is a slim darker zone visible. The image was modified for better visibil ity of  the 
zonation. 

2. Methodology

2.1 Materials
To investigate the formation of  the zonation during thermal treatment a well-established (M2Q) UHPC 
mixture design after [7, 11] was selected. The mixture is based on mainly SiO2 containing components and 
CEM I 52,5 R as shown in table 1. The addition of  fibres was omitted as the focus of  the study lies on 
microstructure and mineral phase analysis.

The mixing was conducted in an Eirich intensive mixer with a volume of  10 l within 11 minutes. The 
homogenisation and mixing of  the dry components were followed by the addition of  water and the first 
half  of  the PCE superplasticizer. The remaining superplasticizer was added 5 minutes after the water 
admixture resulting in a flow spread of  30 cm.

Standard prisms of  4 x 4 x 16 cm3 were cast, prestored under water for one day at 23 °C, thermally treated 
in an oven with full circulation at 90 °C for six days (no protection from desiccation) and afterwards kept 
under water at 23 °C till strength testing after 28 days. These conditions for the thermal treatment were 
chosen after [7] to establish a “worst-case scenario” and ensure a strongly developed zonation of  the cross 
section. The reference samples were immersed in water at 23 °C until testing after 28 days. 
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Table 1: Components of  the UHPC mixture.

Components Mass

kg/m3

CEM I 52,5 R 832
Microsilica 135

Quartz Powder 207
Quartz Sand 975

Superplasticizer(PCE) 25
Water 209

2.2 Methods

2.2.1 Strength testing
The prisms were tested after 28 days according to DIN EN 196-1 with a three-point bending-test set up 
in a universal testing machine. The bending test was followed by a compressive strength test according to 
DIN EN 196-1 with an area of  40 x 40 mm2 using the two split halves of  the prisms.

2.2.2 Pore Size Distribution
For the mercury intrusion porosity testing (MIP) the outer zone of  the samples was cut off  and parts of  
the rim and the inner zone were broken into 2-5 mm cubes so that the inner and outer parts of  the samples 
could be measured individually. Before measuring the samples were dried at 40 °C under vacuum to avoid 
further hydration. The pressure applied was 410 MPa and a contact angle of  140 ° reaching a resolution of  
3.6 nm as the finest pore diameter.

2.2.3 X-Ray diffraction (XRD)
The samples for the XRD measurements were prepared in the same way as for MIP so that the outer 
zonation and the inner part of  the prisms could be analysed separately. After drying the samples were 
ground in an agate mortar and scanned in the 2theta range 5-65 ° with a step size of  0.02 ° and a speed of  
0.5 °/min with a conventional XRD (CuKα radiation, 40 mA, 40 kV).  

2.2.4 Micro X-Ray Fluorescence (µXRF)
For µXRF measurements cross sections of  the prims were polished with water and dried at 40 °C under 
vacuum to stop hydration. The measurements were conducted with 40 kV, 300 µA and a spot size of  
150 µm.

2.2.5 Scanning Electron Microscope (SEM)
For the SEM analysis smaller cross sections of  20 x 20 mm2 were embedded in epoxy resin and polished to 
perform qualitative and semi quantitative analysis on back scattered electron images and energy dispersive 
X-ray analysis (EDX). The samples for the SEM analysis represent a quarter of  the overall cross section 
of  the prisms and were selected corresponding to the outer and inner part of  the sample. To recognize 
changes in microstructure punctual EDX mappings and backscattered electron (BSE) images were taken 
along a 10 mm linear line from the surface towards the core of  the sample.

3. Results and discussion

3.1 Strength testing
The compressive strength of  the prisms is shown in figure 2a and does not indicate a dependency on the 
thermal treatment after 28 days. As noted in [7] the compressive strength loss in standard prisms which are 
thermally treated without protection compared to thermally treated prisms immersed in water is marginal 
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compared to smaller sample sizes due to the basically intact core. Hence, the prims tested after 28 days 
for compressive strength exhibit similar strength independent of  the unprotected treatment. The bending 
strength however displays unambiguous lower strength values in thermally treated samples compared to the 
reference (Figure 2b). The reduction in bending tensile strength and compressive strength of  samples cured 
at room temperature exposed to air compared to samples cured in water is a well-known phenomenon and 
due to the shrinkage stress during dry curing [12]. The resulting crack formation is likely to be increased 
by thermal stress arising from a temperature gradient during thermal treatment [13]. As the zonation is 
dependent on the degree of  protection against desiccation during thermal treatment the loss in strength 
seems to be the logical consequence of  an excessive drying process. 

Figure 2: Test results of  the compressive strength (a) and bending tensile strength (b).

3.2 Pore Size Distribution
In figure 3 the porosities of  the inner and outer part of  the thermally treated samples are shown in 
comparison to the reference sample cured in the water bath. As shown in figure 3a the outer part has a 
median pore size diameter of  12,5 nm, the inner part of  29 nm while the median pore size diameter of  
the reference lies in the middle and measures 24 nm. Figure 3b shows the cumulative intrusion and thus 
represents the total porosity which is comparable for the reference sample and the inner part with an 
average value of  10.2 Vol.-%. For the outer part, however, a noticeably smaller porosity of  8.9 Vol.-% was 
measured. 

It is known [5] that cement matrix, exposed to elevated temperatures early during the hardening process, 
develops a more heterogeneous microstructure as the hydration products precipitate rapidly in a dense 
structure around the clinker minerals and lead to a coarser porosity. The coarser median pore diameter 
of  the inner part of  the thermally treated sample compared to the reference can therefore be explained 
with the thermal treatment. The fact that the outer part is mainly not characterized by a coarser but on 
the contrary by a finer porous structure is possibly due to the water storage after thermal treatment. In 
the water bath additional water is provided so that the remaining clinker phases can hydrate and thus 
reduce the pore size towards the surface. The weak bending tensile strength could be explained by possible 
microcracks occurring in the large pore size region due to the thermal stresses during thermal treatment. 
The lack of  evidence for an accumulation of  microcracks by the measurements is probably concealed by 
the self-healing taking place during the subsequent water storage to the thermal treatment and is matter of  
further research.
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Figure 3: Pore size distribution of  thermally treated and water cured (reference) UHPC at 28 days: 
(a) Log differential intrusions and (b) cumulative pore volume.

3.3 X-Ray diffraction 
The diffraction patterns pictured in figure 4 show in general the same peak positions for the reference as 
well as the inner and the outer part of  then thermally treated sample and therefore a similar composition 
of  the crystalline phases. As it is typical for UHPC with a low w/c ratio alite peaks are observed as well 
as aluminate peaks as the remaining clinker phases besides the sharp quartz peaks from the aggregates. 
Focusing on the clinker mineral peaks of  alite at 32.2 and 32.6 °2theta it seems that in the outer part of  the 
zonation peak intensities decrease compared to the reference and the inner part. In the detailed frame of  
figure 4 the AFm phase peak at 10.9 °2theta is displayed to emphasize the decrease in the outer part of  the 
zonation whereas the reference and the inner part show a distinct peak of  lower intensity at this position. 
The peak position matches data from [14] and seems to represent a partly carbonated AFm phase like 
Hemicarboaluminate.

Even though the changes seem marginal it indicates that the clinker consumption at the rim of  the thermally 
treated sample is slightly higher and hence, points to a continued hydration after thermal treatment via the 
renewed water influx during water storage. The change of  the crystallinity of  the AFm phase towards the 
rim is evidence for ongoing carbonatization even though it is not comprehensible from the calcite peak at 
29.5 °2theta as it is superimposed by alite and belite peaks.  

3.4 Micro X-Ray Fluorescence 
The mapping of  the µXRF in figure 5a shows an enriched potassium concentration in the outer zone and 
a depletion in the core. The sulphur content distribution is exactly diametrical to the potassium enrichment 
(Figure 5b). Thus, it is decreasing from the rim towards the outer zone followed by a sharp increase towards 
the core where it slightly declines in the thermally treated sample. The reference sample shows no distinct 
zonation in the potassium (Figure 5e) or sulphur distribution (Figure 5f) even though the distribution seems 
not entirely homogeneous. Especially in the case of  the potassium a depletion in the concentration around 
the air pores is visible.
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Figure 4: XRD patterns of  UHPC at 28 days: q-quartz, a-alite, b-belite, p- portlandite, al-aluminates 
AFm-AFm phases, cal-calcite

Other elemental mappings e.g. Ca or Si in figure 5 c and d, do not exhibit any measurable shifts in element 
concentration across the cross-section due to the high intensities of  either the chosen SiO2-rich aggregates 
or the typical mineral phases expected in a Portland cement.

The low potassium content at the rim of  the outer zone is probably caused by leaching during water storage 
subsequent to the thermal treatment. The depletion in the core, however could be assigned to the capillary 
transport of  the K-rich pore solution from the inner core driven by the gradient in capillary pressure during 
thermal treatment.

The varying potassium and sulphur contents can be related to plural transport mechanisms through the 
capillary pores and diffusion during thermal treatment and subsequent storage in water. For more detailed 
insights of  the element distribution the effects of  the thermal treatment should be investigated separately 
without water storage.

3.5 Scanning Electron Microscope 
The punctual EDX mappings of  the cement matrix confirm the trends seen in the µXRF analysis. 
Qualitative it can be recognized that less clinker phases are found in the inner part of  the thermal treated 
sample (Figure 6a) compared to the rim (Figure 6b) and the reference. For the thermally treated as well as 
the water cured sample clinker phases seem both diminished at the rim of  the cross section and suggest an 
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external water influx and subsequent further hydration during water storage. 

Portlandite crystals (Figure 7) appearing as stacks and agglomerates of  crystals are found in all parts of  the 
thermally treated sample and the reference sample. The composition is validated via EDX measurements 
where the Wt.% of  Ca is noticeable increased whereas the C value is smaller compared to the mappings of  
the cement matrix. 

Figure 5: The µXRF mappings of  the potassium (a), the sulphur (b), the calcium (c) and the sil icium 
(d) distribution of  the thermally treated sample in comparison to the potassium (e) and sulphur (f) 
concentrations of  the water immersed reference sample.

Figure 6: BSE images (4000x magnification) of  the thermally treated sample of  the core (a) and the 
outer zone (b).
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Figure 7: BSE image (8000x magnification) of  the portlandite stacks and agglomerates of  different 
crystal sizes in a water immersed reference sample. 

4. Conclusions

The microstructure of  the depth dependent zonation of  unprotected, thermally treated UHPC was 
investigated. The results exhibited a different microstructure in the core of  the thermally treated UHPC 
sample compared to the outer zone. 

The dehydration effects near the surface during the thermal treatment appears to be responsible for the 
measured weaker bending tensile strength in that zone. For the outer zone, additionally the appearance of  
partly carbonated AFm points to ingress and reaction of  CO2 during the unprotected exposition.

The microstructure of  the outer zone displayed consistently that the water storage following the treatment 
resulted in ongoing hydration effects, densifying the structure and consuming clinker minerals. Accordingly, 
the core of  the thermal treated sample showed a larger median pore diameter and more remaining clinker 
minerals compared to the water immersed reference sample.  

Additionally, the drying and wetting processes in the outer zone seem to provoke migration effects of  ions 
mobilised with the pore solution. Such effects, which could not be explained in detail so far, were indicated 
by µXRF mappings, indicating a depletion of  potassium in the core und an enrichment towards the rim 
and an opposing sulphur distribution. Further research is needed to explain the interrelationships between 
element distributions and the transport mechanisms.

Also, the other zonation effects mentioned above desire a deepening investigation of  dehydration and 
rehydration processes caused by treatment and storage parameters, because this knowledge is essential for 
durability performance of  thermally treated UHPC. 
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Abstract 

Amorphous calcium carbonate (ACC) is the least stable phase of  calcium carbonate, and will quickly transfer 
to more stable phases, e.g. aragonite, vaterite and calcite, the phases of  which are widely reported in sodium 
carbonate activated slag (SCAS). However, the existence of  ACC was not reported in SCAS yet, probably 
because of  its extreme instability at ambient condition. Mg2+ ion is known as an effective inorganic ion that 
increases the stability of  ACC. In order to study the effect of  ACC on the early age reaction of  SCAS, Mg2+ 
ion is added to the SCAS system to increase the stability of  ACC in order to evaluate the effect of  ACC 
on the early age reaction. The results show that the reaction rate, reaction intensity and reaction products 
depend on the dosage of  Mg2+, providing that Mg2+-stabilized ACC plays an important role on the early age 
reaction of  SCAS. Due to the presence of  Mg2+, the precipitation of  reaction product is clearly identified at 
different reaction stages as classified by the reaction kinetic results. The precipitation of  calcium carbonate 
starts when the solids mix with the sodium carbonate solution, and the first reaction peak in the heat release 
curve assigns to the precipitation of  gaylussite. The existence of  ACC is observed by SEM. Furthermore, 
the role of  ACC or Mg2+-stabilized ACC on the early age reaction of  sodium carbonate activated slag is 
discussed and a model is proposed.

Keywords: Sodium carbonate activated slag, amorphous calcium carbonate, Magnesium stabilization, 
early age reaction.

1. Introduction

Applying near neutral salts, e.g. sodium carbonate, as activator for alkali activated materials has received 
increased attention because of  its good properties, low price and environmental benefits [1–4]. However, 
slow reaction of  sodium carbonate activated slag (SCAS) are often reported, while current understandings 
about the long dormant period are still limited to the effect of  CO3

2- anion in controlling the Ca2+ ion at 
the early age reaction [5,6]. There 3 out of  4 polymorphous of  calcium carbonate are widely reported as 
the secondary products of  SCAS at the early stages, i.e. aragonite, vaterite and calcite. While the least stable 
phase of  calcium carbonate, ACC, is not reported yet. It is known that high pH value and Mg2+ ion can 
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stabilize ACC [7,8], which indicates that the other three phases of  CaCO3 are originally converted from 
ACC. Considering the pore solution environment, ACC can potentially plays an important role on the early 
age reaction of  SCAS.   

This study aims to investigate the effect of  Mg2+ ion on the early age reaction of  SCAS. MgCl2 is used as the 
Mg2+ ion source. The reaction kinetics and reaction products of  the samples containing different amounts 
of  Mg2+ ion are characterized with isothermal calorimeter, X-ray diffraction (XRD) and scanning electron 
microscope (SEM). Based on the results, the role of  Mg2+-stabilized ACC on the early age reaction of  SCAS 
is discussed. 

2. Materials and experiments

2.1 Materials 
Ground granulated blast furnace slag (GGBS) was used in this study (supplied by ENCI B.V, the Netherlands). 
The elemental composition and particle size distribution of  the slag were determined by X-ray fluorescence 
(XRF) using a PANalytical Epsilon3 analyzer and the results are shown in Table 1, respectively. Sodium 
carbonate (powder, analytical grade) was applied as the activator in this study with different concentrations. 
The designed Na2CO3 concentrations (Table 2) were firstly mixed/dissolved in water followed by cooling 
down to room temperature (20 ± 1 ℃) prior to further actions. MgCl2 (powder, analytical grade) was used 
as the source of  Mg2+ ion and mixed with the prepared Na2CO3 solutions about ≈20 s using a vibrator 
(ensuring the completed reaction of  Mg2+ and CO3

2-) before mixing with the slag powders. 

Table 1 Chemical composition of  GGBS.

Oxidations (%) SiO2 CaO Al2O3 MgO Fe2O3 SO3 K2O Cl L.O.I

Slag 30.24 40.68 12.67 9.05 0.64 3.53 0.38 0.05 -0.36

Table 2 Mix proportions of  specimens.

Items Na2CO3 dosage MgCl2 dosage
W/S

Unit [Na2O wt.%] [Na2O wt.%]*
Reference 4.00

0.4
Mg/Ca 1/9 4.44 0.44
Mg/Ca 2/8 5.00 1.00
Mg/Ca 3/7 5.71 1.71

*means that the MgCl2 dosage is calculated by the same mole of  Na2CO3 and shown as the dosage 
of  equivalent Na2O wt.% by mass of  slag. Due to the reaction of  MgCl2 + Na2CO3 = MgCO3 + 
2NaCl, the Na2CO3 dosage keeps the same to be 4.00 Na2O wt.% for all the mixtures.

2.2 Experiments
The reaction kinetic of  the samples with different amount of  Mg2+ ion content is investigated using an 
isothermal calorimeter, set at 20 oC (TAM AIR Calorimeter). The microscopic analysis is performed using 
a JSM-IT100 InTouchScope™ Scanning Electron Microscope (SEM).

3. Results and discussion

3.1 Reaction kinetics
Fig. 1 shows the heat release of  sodium carbonate activated slag with different dosage of  Mg2+ ion. It is 
clear that the reaction process can generally be classified into five stages, and the duration of  each stage is 
highly depending on the dosage of  the Mg2+ ion. The reference sample shows a similar reaction pattern to 
previous studies [5,9], but with a shortened dormant period. This is explained by the fineness of  the applied 
slag [10]. It is reported that the CO3

2- anions concentration in the pore solution controls the reaction of  
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sodium carbonate activated slag [5]. In this case, more Ca2+ ions are dissolved from finer slag particles and 
precipitated with CO3

2- anions, which consequently lead to a faster reaction. 
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Fig. 1 Heat evolutions of  sodium carbonate activated slag with different Mg2+ ion dosages. (TTRP 
is time to reach the reaction peak).

Table 3 Summarized results of  TTRP (time to reach reaction peak), peak height (intensities), and 
peak area (identified in Fig. 1)

Items Peak height TTRP Peak area
Reference 0.65 36.81 78.30
Mg/Ca 1/9 0.46 58.96 70.03
Mg/Ca 2/8 0.36 95.93 61.33
Mg/Ca 3/7 0.18 201.49 53.78*

*the value is relatively low because the main reaction (second reaction peak) is not finished yet.

After dosing a small amount of  Mg2+ ion, the first peak on the heat release curve is slightly delayed by about 
1 h (from 1 h to ≈ 2 h), as shown in Fig. 2. However, further increasing the Mg2+ ion dosage leads to a 
significant delay up to 12 h (mixture Mg/Ca 2/8) and 39 h (mixture Mg/Ca 3/7), respectively. The time to 
reach the second peak (i.e. the main reaction peak) is also significantly extended. Besides, the peak height of  
the samples decreases with the increase of  Mg2+ ion content. The total heat release during the main reaction 
is estimated, as shown in Table 3. It is seen that the intensity of  the second reaction peak decreases with the 
increasing content of  Mg2+ ion, the total heat release of  the mixtures is slightly reduced. It is obvious that 
the incorporated Mg2+ ion dominates the reaction kinetics of  SCAS. 

3.2 Role of  Mg2+ stabilized ACC
Fig. 2 presents the SEM picture of  the reference sample after 6 h of  reaction. As can be seen, two 
distinguishable products are clearly identified, i.e. calcite with hexagonal crystalline structure and many 
clusters of  irregular micro-particles. The sample is washed with distilled water and left dried on a silica 
plate. Considering the chemical reaction involved in the early reaction of  SCAS, the micro-particles can be 
assigned to ACC, which is known as the least stable polymorphous structure of  calcium carbonate. In most 
cases, ACC will quickly convert to more stable products, e.g. aragonite, vaterite and/or calcite. However, 
methods such as increasing the pH [11] or dosing stabilization agent [12] delay the process and improve the 
stability of  ACC.
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Fig. 2 SEM picture of  the mixture Mg/Ca 2/8 after 7 h of  curing (washed with water and then left 
dry).

It is clear that the incorporation of  Mg2+ ion stabilizes ACC, which is responsible for the delayed initial 
precipitation peak of  gaylussite. Why the main reaction peak, i.e. precipitation of  C-(A)-S-H gel is 
significantly prolonged, however, is not clear understood yet. In theory, when the pH of  the pore solution 
rises over 10.52, MgCO3 will turn to a less soluble product Mg(OH)2, and its ability in stabilizing ACC will 
not be prominent. In which case, the stabilization effect could be the synergetic effect of  Mg, pH and SiO3

2- 
that requires further study. 

Fig. 4 presents the carbonate consumption routine of  the samples after incorporating Mg2+ ion as an 
stabilization agent. If  the initial precipitated ACC is not stabilized, it will quickly react with Na2CO3 forming 
gaylussite, or convert to other more thermodynamic stable polymorphous of  CaCO3, e.g. aragonite, vaterite 
and/or calcite. In which case, the reaction in stage 1 and stage 3 happens simultaneously. However, when 
the initially precipitated ACC is stabilized by Mg2+ ion (stage 2), the formation of  gaylussite is delayed, as 
shown in Fig. 3. The duration of  this stage is highly depending on the dosage of  Mg2+, which can vary from 
a few hours to days. The mechanism behind this phenomenon still requires further investigations.

Fig. 3 Scheme of  role of  Mg2+ ion stabilized ACC on sodium carbonate activated slag.

4. Conclusions

The effect of  Mg2+-stabilized ACC on the reaction of  sodium carbonate activated slag (SCAS). The results 
demonstrate that Mg2+-stabilized ACC plays a significant role on the early age reaction of  SCAS. The first 
reaction peak of  SCAS is assigned to the precipitation of  gaylussite, while the second reaction peak is 
attributed to the precipitation of  C-A-S-H gel together with the generation of  hydrotalcite-like structures. 
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Abstract 

 High grade mineral powders are essential as high-quality supplementary cementitious materials and fillers 
for low carbon, high performance cement and concrete. In the FLAME project a new technology for 
size classification of  mineral powders is upscaled from lab to pilot prototype. The new size classification 
technique operates on dry powders in a closed circuit. The pilot prototype was tested on a number of  
mineral powders, amongst which coal combustion ashes, and generated ultrafine (d50 of  2-3 µm), very fine 
(d50 of  4-5 µm), medium (d50 of  15-20 µm), and coarse (d50 >20 µm) size fractions.

This contribution reports on the physico-chemical properties and the pozzolanic reactivity of  the size-
separated siliceous coal combustion ashes. The particle size distribution, specific surface area, density and 
chemical, mineralogical composition were measured for all size fractions. Quartz, iron oxide and unburnt 
carbon were found to be concentrated in the coarser fractions, amorphous phases and trace elements were 
more abundant in the finer fractions.

The R3 heat release test for measuring chemical reactivity as supplementary cementitious material showed 
a strong dependence of  reactivity on particle size. The finest fractions were found to be twice as reactive 
as the initial fly ash, the coarse fraction only half. The reactivity-particle size relationship was further 
investigated using a microstructure based kinetic model to calculate the intrinsic volumetric reaction rate 
of  the fly ash. The model simulations confirm the first order impact of  particle size on reactivity, however 
they indicate that also secondary effects such as density variations should be included to fully explain the 
reactivity measurements.

The impact of  the very fine and medium fly ash size fractions on cement hydration was investigated on 
cement blends using isothermal calorimetry and X-ray diffraction. The effect on compressive strength 
development was measured on mortar bars with 30% replacement of  Portland cement (CEM I 42.5 R) by 
fly ash. The results confirm the higher reactivity of  the very fine fly ash by showing higher heat release, 
more portlandite consumption and more rapid and greater strength development. 

Keywords: Coal combustion fly ash, Pozzolan, Reactivity, Hydration, Blended cement

mailto:ruben.snellings@vito.be


ICSBM 2019
2nd International Conference of  Sustainable Building Materials

228

IC
SBM

 2019
ID

 088

1. Introduction

To keep the global temperature rise well below 2°C above pre-industrial levels, global anthropogenic 
greenhouse gas emissions will need to be drastically reduced on the short term [1, 2]. Already by 2030, the 
EU commits to a reduction of  at least 40% of  the 1990 emissions to avoid the far-reaching impacts of  
climate change [3]. To accomplish such drastic cuts at the short term, all greenhouse gas emitting human 
activities will need to be concerned and undergo intensive changes. Energy-efficiency measures need to 
find widespread adoption in appliances, buildings and industrial processes, while shifts towards low-carbon 
technologies in energy generation and transport gain impetus. Simultaneously also the global warming 
impact of  the composing materials will need to be tackled by a transition to a more circular economy that 
makes more efficient use of  materials that require carbon or energy intensive production processes [4]. 

In response to rising global demands for housing and transport infrastructure, the production of  building 
materials such as concrete has increased strongly over the last decades, predominantly in rapidly developing 
countries such as China and India, reaching a global estimate of  30-40 Gt/y of  produced concrete in 2017 
[5]. In conventional concrete products the Portland cement binder is responsible for about 75-80% of  
the embodied CO2 [6]. Pure Portland cement consists of  95% clinker and minor additives, mostly calcium 
sulphates. The production of  Portland clinker from (impure) limestone and corrective raw meal additions 
emits about 0.9 tonne of  CO2 per tonne of  clinker [7]. Since modern clinker production processes are 
nearing the thermodynamic energy efficiency limit, the most appropriate approach to reducing the global 
warming impact of  concrete is by making efficient use of  Portland clinker [8]. This approach can be adopted 
by various actors along the value chain. Cement producers blend in supplementary cementitious materials 
(SCMs) to partially substitute clinker in composite cements. Also concrete producers add in SCMs at the 
concrete mixing stage to replace clinker. Concrete producers can minimise clinker levels in their concrete 
design, e.g. by optimising the concrete particle size grading or by using microfillers. Finally designers and 
end-users may opt for low-impact high-performance products containing high-grade microfillers or SCMs 
and as such reduce material volumes as well as clinker volumes [9].

As such, high grade mineral powders suitable for use in concrete are essential in achieving substantial 
CO2 emission savings in the clinker efficiency approach. In terms of  fine mineral additions for concrete 
a distinction is made between inert and reactive materials. Largely inert materials comprise quartz dust 
or finely ground limestone and contribute to the properties mainly through physical interactions, such 
as improving particle packing. Reactive powders contribute to the concrete properties by undergoing a 
chemical reaction with the hydrating Portland cement. A distinction among reactive materials is generally 
made between (latent) hydraulic and pozzolanic materials. Latent hydraulic materials do not require a source 
of  soluble Ca but will spontaneously hydrate when contacted with water and, if  need be, small amounts of  
(alkali) activator to initiate the hydration. Pozzolanic materials, on the other hand, require a soluble source 
of  Ca to form typical cement hydrates and trigger a continuous hydration reaction [10]. Blast furnace 
slag generated in the smelting of  iron ore to pig iron behaves typically as a latent hydraulic material, fly 
ash generated during combustion of  hard coal for electricity production typically behaves as a pozzolanic 
material. Given the scale of  production of  Portland clinker (3.2 Gt/y) it is obvious that large volumes of  
SCMs and fillers need to be available for substitution [5, 11]. In this respect, blast furnace slag supplies 
are practically exhausted by their use in cement in concrete and other materials are needed. Considerable 
research efforts are therefore directed towards extending supplies of  SCMs. Different approaches are 
followed. Next to exploring the behaviour of  materials for which little experience exists in terms of  use as 
SCM, ternary blends of  common SCMs, including limestone, and clinker have been thoroughly investigated 
to establish viable combinations and formulation boundaries [12-14]. This paper treats new SCMs that were 
obtained by post-processing of  candidate SCMs, in this case coal combustion fly ashes. Post-processing is 
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generally applied to improve material quality, i.e. it can transform off-spec materials into candidate SCMs 
that comply to standard specifications, or it can generate SCMs that have superior properties to regular 
products. In view of  enhancing clinker efficiency, processing of  mineral powders can enable more dense 
particle packing and can increase SCM reactivity to obtain a denser and more durable microstructure of  
low-clinker cements.

Coal combustion fly ashes are globally one of  the most used SCMs. Based on global coal consumption for 
electricity generation about 1 Gt/y of  fly ashes are generated, of  which an estimated third is used in cement 
and concrete applications [5, 11]. The rate of  use is highly variable by region, depending partly on logistics 
and local incentives to accommodate reuse, but is also determined to a large extent by the actual material 
properties and associated quality as SCM. Coal quality, precombustion treatment, combustion conditions 
and fly ash collection technology all impact ash properties [15, 16]. Most common ash deficiencies are the 
content of  unburnt carbon, excessive sulphate contents, free lime in calcareous fly ashes, and low reactivity 
for siliceous fly ashes. Low reactivity is generally related to large fractions of  inert materials such as quartz, 
mullite or coarse particles [17]. To recover usable materials from low reactivity fly ashes or to tailor fly ash 
fineness, screening, classification and/or comminution treatments can be applied. Earlier work has shown 
clear positive effects of  finer fly ash on reactivity with cement, and concrete properties such as strength 
development, pore structure and durability [18-20]. This paper describes how fly ash quality varies for a 
range of  classified size fractions obtained from a dry powder classification device under development. 
Material properties of  the classified fractions are characterised, including pozzolanic reactivity measured by 
the R3 calorimetry test, and the impact of  the fly ash on the hydration kinetics and hydrate assemblage of  
composite cements are reported. Finally microstructure-based kinetic modelling is applied to quantitatively 
assign the impact of  particle size on reactivity.

2. Methodology

2.1 Materials
The starting materials in this study were a siliceous fly ash and a pure Portland cement of  type CEM I 42.5 R. 
The siliceous fly ash was classified by a proprietary prototype device into 4 fractions of  different particle 
size distribution, henceforth they will be designated as ultrafine, very fine, medium, and coarse fraction. 
The prototype was developed and tested in the FLAME project, in the device fly ashes are separated based 
on size in a dry, closed system. For the pozzolanic reactivity test material replicates resulting from different 
classification runs on the same starting material were included. 

The impact of  fly ash fineness and processing on cement hydration was assessed for two different fractions, 
i.e. the very fine fraction and the medium fraction obtained through classification. A Portland cement 
replacement level of  30 wt.% was used. Thus, including the reference Portland cement, the hydration of  a 
total of  3 cements was studied.

2.2 Methods
The bulk chemistry, mineralogy and physical properties of  the starting materials as well as the classified fly 
ashes were measured. The chemical composition was measured by X-ray Fluorescence (XRF) spectroscopy 
on beads. Loss on Ignition (LOI) and Total Organic Carbon (TOC) were determined according to EN 
196-2 and EN 15936. To investigate the distribution of  trace elements acid digestates of  the different size 
fractions were analysed by Inductively Coupled Plasma – Optical Emission Spectrometry (ICP-OES). The 
mineralogical composition was determined using Rietveld analysis of  X-ray powder diffraction (XRD) 
scans. The amorphous phase was quantified using the external standard method applied to the Rietveld 
fitting results. Rietveld analysis was based on the procedure and starting crystal structures given by [21].



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

230

IC
SBM

 2019
ID

 088

The particle size distribution of  the materials was measured by a Microtrac s3500 laser diffractometer on 
samples dispersed in isopropanol suspensions using ultrasonication. The specific surface area was measured 
using BET analysis of  N2 sorption data of  samples off-gassed at 40 °C overnight. The specific gravity of  
the samples was measured by He pycnometry. Scanning electron microscopy (FEI FEG NanoSEM) was 
applied on Pd-coated powder stubs for imaging of  the size, shape and surface texture of  the different size 
fractions.

The pozzolanic reactivity of  the fly ashes was evaluated using the R3 calorimetry test [22]. This test 
measures the heat release of  a model mixture of  the SCM, Ca(OH)2, H2O and small additions of  reagent 
grade CaCO3, K2SO4 and KOH. The model system simulates the reaction environment of  the SCM in a 
hydrating Portland cement, by eliminating the Portland cement component itself  the reaction of  the SCM 
can be measured directly. The test protocol is described in more detail in [23]. The isothermal calorimetry 
measurements were made using a TAM Air calorimeter calibrated at 40°C, heat flow data were recorded 
until 7 days after mixing.

The reaction kinetics for the different particle fractions of  fly ash from the R3 test is modelled using 
CemRS assuming particles to be spherical [24]. The model uses the uniform reactive thickness concept [25] 
which assumes that the depth of  dissolution is constant irrespective of  the size of  the particle. While most 
models uses a time dependent variation in the reactive thickness [26, 27], the CemRS model uses a constant 
reactive thickness. Such a model assumes that the reaction is controlled by isotropic dissolution of  the fly 
ash particles.  

The impact of  the classified fly ashes on the hydration and performance of  blended cements was carried 
on the paste and mortar level. The cement replacement level by fly ash was 30 wt.% on a solids base. 
For the pastes a water to binder of  0.4 was used for all mixes. The solids were premixed by hand, and all 
materials were equilibrated at room temperature before mixing. About 120 g of  cement paste was mixed at 
1600 rpm during 2 min using an overhead mixer. 15 g of  paste was immediately transferred to calorimeter 
flasks, closed, and introduced into the measurement channel for recording of  the heat flow. Isothermal 
calorimetry measurements were made at 20°C for 28 days. The remainder of  the paste was cast into HDPE 
containers, sealed air-tight using wax paper, and left to cure at 20 °C until the sampling time. After 1, 2, 7, 
14, 28 and 90 days disks of  the hardened paste were cut. The slices were slightly polished on sandpaper, 
flushed with water to remove polishing residue and superficially dried and subsequently measured by XRD 
as a “fresh” disk to study the hydration product assemblage.

Mortar bars of  the reference and composite cements were prepared according to EN 196-1, the strength 
development was measured accordingly at 2, 7 and 28 days.

3. Results and discussion

3.1 Characterisation of  the starting materials
The chemical and mineralogical composition of  the fly ash and cement starting materials are reported in 
Table 1. The fly ash has a chemical composition typical for a siliceous fly ash, the amorphous content is 
relatively high, which could be indicative for above average reactivity. The Portland cement composition 
is normal for a good quality CEM I, the alite (C3S M3) content is relatively high, C3A and C4AF are 
balanced. Limestone was to be added as minor constituent, but is below the 5% limit for CEM I. The 
physical properties of  each are summarized in Table 2. The initial fly ash has a relatively broad particle size 
distribution, with a significant fraction under 3 µm. This makes the fly ash an interesting candidate material 
for further classification treatment. The Portland cement had a d50 of  14 µm, this slightly coarse PSD is in 
line with the declared cement strength class of  42.5 R.
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3.2 Characterisation of  size-classified fly ashes
The classification device generated 4 different fractions of  fly ash. The particle size distribution curves 
of  these fractions and the initial fly ash are given in Figure 1. The classification mass balance, i.e. the 
mass fraction of  each classified fly ash, and the particle size grading and physical properties of  the fly ash 
fractions are summarized in Table 3. The ultrafine and very fine fractions are close in terms of  physical 
properties; also the medium and coarse fractions are similar. 

The ultrafine and very fine fractions represent the bulk of  the fraction smaller than 10 µm in the initial fly 
ash, the recovery yield being 76 % based on the initial fly ash particle size distribution. It should be noted 
that a compilation of  the different fly ash fractions results in a reconstituted particle size distribution 
which is considerably finer than the initial fly ash. This indicates that the classification treatment leads to 
particle refinement, either through particle deagglomeration or milling of  fly ash particles.
Table 1. Chemical and mineralogical composition of  the starting materials – sil iceous f ly ash and 
Portland cement

Raw fly ash Portland cement Raw fly ash Portland cement
Wt.% Wt.% Wt.% Wt.%

Al2O3 22.7 5.2 Quartz 8.1 0.9
SiO2 54.4 20.8 Mullite 6.7 -
CaO 3.0 62.1 Magnetite 2.3 -
MgO 1.6 2.0 Hematite 1.4 -
K2O 2.7 1.2 Calcite 0.7 4.8
Na2O 1.1 0.2 Anhydrite 0.6 0.4
Fe2O3 8.7 1.9 C3S M3 - 65.7
Mn2O3 0.1 - β C2S - 13.1
TiO2 0.9 0.2 C3A cubic - 4.2
P2O5 0.2 0.3 C4AF - 6.7
SO3 0.3 2.7 Periclase - 0.9
LOI 4.2 2.4 Gypsum - 1.8
TOC 3.9 - Bassanite - 0.7

Aphtitalite - 1.0
Amorphous 80.1 -

Table 2. Physical properties of  the starting materials of  this study – sil iceous f ly ash and Portland 
cement

Sample Specific surface area Specific gravity Particle size distribution

m2/g g/cm3 d10 (µm) d50 (µm) d90 (µm)

Raw fly ash 4.6 2.40 3.0 21 88

Portland cement 1.2 3.13 2.4 14 42
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Figure 1. Particle size distribution of  the initial and classified f ly ashes measured by laser 
diffractometry.
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The main oxide chemical composition of  the classified fly ash fractions is given in Table 4. The trace 
element composition of  the respective fractions is reported in Table 5. A distinction between the ultrafine 
and very fine fractions on the one hand, and the medium and coarse fraction is apparent. The fine fractions 
are enriched in Al2O3, and to a lesser extent in alkalis and sulphate than the initial fly ash. In exchange 
the coarser fractions show higher SiO2, CaO and Fe2O3 than the feed material. A more pronounced 
repartitioning is noted for the trace element composition. The finer fractions show strong enrichment in 
As, Cd, Cr, Cu, Hg, Mo, Ni, Pb, V and Zn. Previous studies reported that these hazardous volatile elements 
(HVEs) metals are captured as condensates sorbed on or encapsulated in nanoparticles such as nano-
sulphates, iron nano-hydroxides and residual carbonaceous materials [28]. 

Table 3. Physical properties of  the classified f ly ash fractions 

Property Ultrafine fraction Very fine fraction Medium fraction Coarse fraction

Classification mass balance (wt.%) 2.6 25 61.2 11.2

d10 (µm) 1.6 2.2 6.8 6.9

d50 (µm) 3.0 5.0 22 27

d90 (µm) 9.3 12.5 73 90

Specific surface area (m2/g) 7.1 6.9 4.4 3.6

Specific gravity (g/cm3) 2.55 2.50 2.32 2.28

Table 4. Major element composition, expressed as oxides,  of  the classified f ly ash fractions

Oxide Ultrafine fraction Very fine fraction Medium fraction Coarse fraction
Wt.% Wt.% Wt.% Wt.%

Al2O3 26.0 25.5 21.6 21.9

SiO2 51.9 52.3 55.2 55.5

CaO 2.2 2.3 3.3 3.2

MgO 1.8 1.7 1.6 1.6

K2O 3.4 3.3 2.5 2.6
Na2O 1.4 1.4 1.0 1.0
Fe2O3 7.7 7.6 9.1 9.1
Mn2O3 0.09 0.08 0.11 0.10
TiO2 1.0 1.0 0.9 0.9
P2O5 0.3 0.3 0.2 0.2
SO3 0.5 0.5 0.2 0.2
LOI 4.3 4.5 4.1 4.7
TOC 3.2 3.7 3.9 4.7

The phase composition measured by XRD-Rietveld analysis of  the classified fly ashes is shown in Table 6. 
The repartitioning of  phases over the different fractions is in line with the observed contrasts in chemical 
composition and earlier characterisation studies on classified fly ash [29]. The enrichment of  SiO2 in the 
coarser fractions is largely explained by higher quartz and mullite levels. Also the concentration of  Fe2O3 in 
the coarser fractions is clarified by an enrichment in crystalline iron oxides such as magnetite and hematite. 
In the finer fractions, anhydrite is slightly enriched in line with the higher SO3 levels. Most important in 
terms of  reactivity, however, is the significantly higher amorphous content of  the finer fractions. A visual 
impression of  particle size and shape was obtained through SEM imaging. Representative SEM pictures 
of  the ultrafine and the medium size fractions are given in Figure 2. The ultrafine and very fine fractions 
consist predominantly of  spherical particles, with a large fraction of  spheres below 5 µm. The medium fly 
ash fraction is generally more coarse and contains more irregularly shaped particles, such as flaky or angular 
particles. Still, spherical particles smaller than 5 µm are clearly present in the medium fraction. Part of  these 
particles occur in agglomerates or are partially welded onto the surface of  large particles.
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Table 5. Trace element composition of  the classified f ly ash fractions

Element Ultrafine fraction Very fine fraction Medium fraction Coarse fraction
mg/kg mg/kg mg/kg mg/kg

As 133 107 35.2 32.9

Ba 1670 1570 1350 1350

Be 10.2 9.8 6.7 6.5

Cd 4.88 3.97 1.46 1.36

Co 45.7 42.7 33.2 32.6

Cr 234 188 112 115
Cu 137 123 72 72
Hg 0.93 0.91 0.25 0.3
Mo 47.1 41.4 18.8 18.4
Ni 173 146 93.8 92.1
Pb 151 135 53 50
Sr 495 501 484 477
V 342 309 216 220
Zn 527 434 153 152
Zr 118 121 126 126

Table 6. Phase composition of  the classified f ly ash fractions

Phase Ultrafine fraction Very fine fraction Medium fraction Coarse fraction

Wt.% Wt.% Wt.% Wt.%

Quartz 3.1 3.6 9.8 9.7

Mullite 5.4 5.7 7 7.5

Hematite 0.6 0.8 1.7 1.6

Magnetite 0.6 0.8 2.8 2.8

Anhydrite 0.8 0.8 0.5 0.7

Calcite 0.8 0.7 0.7 0.9

Amorphous 88.7 87.5 77.5 76.8

a) b)
Figure 2. SEM pictures of  a) ultrafine f ly ash and b) medium size f ly ash obtained through 
classification. 
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3.3 Reactivity of  size-classified fly ashes
The R3 SCM reactivity test is used to measure the chemical (pozzolanic and hydraulic) reactivity of  the fly 
ash fractions obtained by classification. For the ultrafine and very fine fractions, samples from different 
classification runs performed under different operating conditions were included to increase the number of  
different results. The particle size distribution of  the tested materials is shown in Figure 3. The heat release 
by the hydration reaction of  the fly ash fraction in combination with water, calcium hydroxide, calcium 
carbonate and small amounts of  KOH and K2SO4 was measured by isothermal calorimetry at 40 °C. The 
cumulated heat results until 7 days of  reaction are given in Figure 4. 
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Figure 3. Particle size distribution of  all f ly ash fractions tested by the R3 reactivity test. The 
number in brackets indicates that the material was obtained by replicate classification runs.

Figure 4. Fly ash reactivity as measured by the R3 calorimetry test. The cumulative heat released by 
the reaction of  the f ly ashes over time is a proxy for reactivity. The number in brackets indicates 
that the material was obtained by a replicate classification run.

The heat release at isothermal conditions can be related directly to the enthalpy difference between products 
and starting materials. Previous research has shown that the heat release is directly related to the water 
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bound [23], which is supported by the enthalpy calculations for common cement hydration reactions [30]. 
More than assessing pozzolanic reactivity, the test results relate to hydration reactivity of  the SCM directly 
and thus avoid issues in determining portlandite consumption rates.

In case of  the classified fly ashes, the test results clearly show that the reactivity increases with decreasing 
particle size. The initial fly ash and the medium fraction show similar heat release and are moderately 
reactive. The coarser fraction clearly shows reduced reactivity. The very fine and ultrafine fractions clearly 
show enhanced reactivity in order of  decreasing particle size distribution. 

To verify whether differences in particle size of  the different fraction can explain the noted differences 
in reactivity microstructure based kinetic modelling was carried out using the particle size distributions 
from Figure 3. Figure 5 compares the cumulative heat release measured from the isothermal calorimeter 
and numerical simulations. Based on thermodynamic calculations the simulations assumed the enthalpy of  
reaction to be 600 J/g. The rate of  dissolution was fitted to the experimental data. For both the ultrafine 
and very fine fractions good fits were obtained using 0.003 µm/h. For the medium and coarse fraction 0.006 
µm/h was obtained. For the initial fly ash 0.008 µm/h was used. There can be different ways to explain the 
higher dissolution rates for the coarser fractions. On the one hand, a larger fraction of  hollow particles in 
the coarser fractions (which were found to have significantly lower specific gravity) could positively affect 
the reaction rate by exposing additional reactive surface once the outer shell is partially consumed. On 
the other hand experimental effects such as agglomeration of  fly ash particles could reduce the reaction 
rates for the finer fractions. It should also be noted that the simplified approach for modelling presumed 
isotropic dissolution which was constant over time which may conflict with experimental evidence. The 
reasons for the discrepancy in dissolution rates will be further investigated in the future. 

Figure 5 Comparison of  experimental heat release from the R3 test (solid line) and simulations 
(dashed line) .

3.4 Impact of  fly ash fineness on cement hydration
The replacement of  Portland cement by SCMs affects the hydration kinetics and hydration product 
assemblage. In return, also the strength of  the cement changes. In this study the impact of  fly ash fineness 
on cement hydration kinetics was evaluated through measurement of  the hydration heat flow by isothermal 
calorimetry. During hydration the cements were kept at 20°C inside the calorimeter. The heat flow over 
the first seven days of  hydration is shown in Figure 5. A comparison is made between the pure Portland 
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cement, and the composite cements in which 30 wt.% of  the Portland cement is substituted by siliceous fly 
ash of  different fineness, i.e. the very fine and the medium fractions obtained through classification. The 
calorimetry measurements did not show noticeable changes in the acceleration period of  the main hydration 
peak. The duration of  the main hydration peak is lengthened in the composite cements, in particular in case 
of  Portland cement replacement by very fine fly ash. Even more clear is the delay and extension of  the heat 
release peak (shoulder) in the deceleration period, usually explained as an increase in hydration of  calcium 
aluminates upon depletion of  solid sulphates. Possibly the presence of  some anhydrite in the fly ashes may 
lead to the delay and extension of  the peak. 
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Figure 6. Heat f low measured by isothermal (20°C) calorimetry for the reference Portland cement 
paste (PC100), and composite cements in which 30% of  Portland cement is replaced by the very 
fine (PC70_VF30) and the medium (PC70_MF30) particle size fractions of  the classified f ly ash. 
The heat f low data are normalised per gram of  Portland cement.
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Figure 7. Cumulative heat measured by isothermal calorimetry for the reference Portland cement 
paste (PC100), and composite cements in which 30% of  Portland cement is replaced by the very 
fine (PC70_VF30) and the medium (PC70_MF30) particle size fractions of  the classified f ly ash. 
The data are normalised per gram of  Portland cement.

The shoulder peak in the composite cements between 2 to 5 days of  hydration leads to a strong increase 
in cumulative heat signals of  the composite cements compared to the reference cement in Figure 6. This 
overall increase in cumulative heat (normalised to Portland cement content) in composite cements is related 
to on the one hand additional reaction of  the Portland cement also referred to as the filler effect, and on the 
other hand the reaction of  the fly ash. The composite cement with the very fine fly ash shows, at the same 
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30 wt.% level, higher heat than the medium sized fly ash cement. 
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Figure 8. XRD scans of  the hydrated composite cement with very fine f ly ash (PC70_VF30). The 
development of  the cement hydrate assemblage is shown for selected hydration ages. The main XRD 
peaks are labelled; Ett stands for ettringite, Hc for hemicarboaluminate, Mc for Monocarboaluminate; 
F for ferrite, CH for portlandite, Q for quartz, C3S for alite and CSH for C-S-H.
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Figure 9. XRD scans of  the studied cements at 90 days of  hydration. The main XRD peaks are 
labelled; Ett stands for ettringite, Hc for hemicarboaluminate, Mc for Monocarboaluminate; F for 
ferrite, CH for portlandite, Q for quartz, C3S for alite, C2S for belite , Cc for calcite and CSH for 
C-S-H.

This implies that part of  the additional heat is generated by the reaction of  the fly ash, even at early ages of  
1 to 2 days of  hydration. Thus, it is apparent that the 2-5 days heat flow signal is not only related to renewed 
hydration of  aluminate (C3A), but also to the reaction of  fly ash. In an extended study the reaction degree 
of  the clinker phases and the fly ash will be quantified by Rietveld-PONKCS analysis of  XRD data.

The formation of  the cement hydration product assemblage was studied by qualitative XRD. XRD 
measurements on freshly cut disks were made up to 90 days of  hydration. A representative time series is 
shown in Figure 7 for the composite cement containing very fine fly ash. At 1 day of  hydration, ettringite 
is the main calcium aluminate hydrate product. C-S-H is present as well, but difficult to observe as broad 
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peak overlapping with the alite peaks. During further hydration the typical AFm phases appear. From 2 
days onwards hemicarboaluminate can be discerned. Around 14 days, and more conspicuously at 28 days, 
moncarboaluminate appears. The formation of  AFm-carbonate instead of  monosulfoaluminate phases is 
caused by the presence of  calcite in the Portland cement. A comparison of  the XRD scans of  the hydrated 
cements at 90 days of  hydration in Figure 8 learns that the addition of  fly ash did not result in important 
changes in types of  products formed. However the fly ash composite cements do show higher peaks for 
the calcium aluminate hydration products and clearly reduced portlandite peaks, both are indicative for the 
pozzolanic reaction of  the fly ash. The reduction in portlandite peak heights was greater for the very fine 
fly ash, in line with the higher reactivity measured by the R3 test.

The reactivity study was complemented with compressive strength data for mortar bars containing the 
reference and composite cements. The data compiled in Figure 9 show that the compressive strength 
development in the composite cements is slower than for the reference. The very fine fly ash composite 
cement catches up with the Portland cement by 28 days, the medium fly ash cement stays significantly below 
the Portland cement at all tested ages. The increased strength gain for the very fine fly ash can be largely 
related to the additional pozzolanic reaction, although an improved particle packing can also be expected 
to contribute to the higher strength.
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Figure 10. Mortar bar (EN 196-1) compressive strength results up to 28 days of  hydration for the 
studied cements.

4. Conclusions

This paper described the physical properties and the chemical and mineralogical composition of  fly ash 
fractions classified by an innovative, dry, closed-circuit classification device. The classification treatment 
produced four main fractions: i.e. an ultrafine fraction, a very fine fraction, a medium fraction and a coarse 
fraction. The ultrafine and very fine fractions had a d50 of  3 and 5 µm, the medium and coarse fraction 
22 and 27 µm, respectively. As expected, the BET specific surface area was higher for the finer fractions; 
in contrast their specific gravity was higher, indicating less internal porosity or hollow cores. In terms of  
chemical composition the finer fractions were enriched in Al2O3 and depleted in SiO2 and Fe2O3, mainly 
reflecting concentration of  quartz and iron oxide particles in the coarser fractions. In exchange the finer 
fractions contained higher amounts of  amorphous material. The TOC increased with median particle size. 
Hazardous volatile elements on the other hand were considerably enriched in the finer fractions reflecting 
condensation on smaller particles. 

The pozzolanic reactivity of  the fly ash fractions measured using the R3 heat release test showed a 
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predominant effect of  particle size. The finer the fraction, the higher the reactivity. The ultrafine fraction 
was about two times more reactive than the initial, non-classified fly ash. The coarse fraction was only half  as 
reactive. Kinetic modelling indicated that secondary factors such as particle geometry need to be taken into 
account to fully explain the differences in reactivity. Hydration studies of  cement and mortar containing the 
classified fly ashes confirmed the beneficial effect of  fly ash fineness on reactivity by showing a.o. increased 
Ca(OH)2 consumption and strength development for finer fly ash.
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Abstract 

Valorisation of  the dredging sediments has gained a lot of  attention over the recent years. An application 
route that has attracted considerable interest is the use of  calcined dredged sediments as Supplementary 
Cementitious Material (SCM) in composite cements to replace clinker. 

The present study investigates the valorisation potential of  sediments dredged from three different inland 
waterway locations in the Belgian – French cross-border region as part of  the Interreg V France-Wallonie-
Vlaanderen VALSE project. The objective is to evaluate the optimum calcination temperature of  the 
sediments at which the calcined sediments would be most reactive as SCMs. The sediment filter cake (raw) 
from each location was calcined at 500 °C, 600 °C, 700 °C and 800 °C. Physical and chemical characteristics 
were evaluated as a function of  the calcination temperature.

The results show that the optimum calcination temperature was at 800oC for Brussels-Charleroi (BC) and 
Lens (L), and 700oC for Gent-Terneuzen (GT). The optimum calcination resulted in degradation of  organic 
matter, which along with densification of  particles and sintering, decreased the specific surface area and 
increased the particle size; furthermore the optimum calcination resulted in activation of  clay minerals, 
and dissolution of  CaCO3. The R3 test method confirmed the optimum calcination temperature for each 
sediment to have the highest pozzolanic reactivity in the model system. Furthermore it was seen from the 
R3 test that all calcined sediments had comparable or even better reactivity as  regular siliceous fly ashes.

Keywords: Dredged sediments, Supplementary cementitious materials, Calcination, Pozzolanic activity

1. Introduction

The buildup of  sediments in ports, channels, reservoirs and dams can significantly alter their foreseen 
designed functionalities. In Europe the disposal of  the dredged sediment by landfilling has become already 
an inferior option due to unwanted ecological effects, cost of  landfilling, and scarcity of  suitable landfilling 
sites. That is why valorization of  the dredging sediments are of  paramount importance and have gained a 
lot of  attention. 

Valorization routes for dredged sediments that have been considered include use in large-scale civil 
engineering works such as hydraulic or road works, use as raw material in the production of  fired bricks or 
light-weight aggregates or use as raw material in the production of  Portland clinker [1]. An application route 
that has received considerable recent attention is the use of  calcined dredged sediments as Supplementary 
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Cementitious Material (SCM) in composite cements to replace clinker [2-4]. As such it could contribute to 
reducing the CO2 impact of  cement production. In addition careful selection and preparation of  SCMs and 
their replacement levels can improve the rheological, mechanical and durability of  concrete [5-7].

However due to the heterogeneity of  the dredged sediments and different sources of  contaminants such 
as heavy metals, and organics, most studies carried out are site specific. In order to be able to have a 
holistic approach toward their utilizations as an SCM, a broader investigation needs to be undertaken on a 
regional level. Characterizing the dredged sediments of  several specific sites within a region provides the 
necessary information to gain better understanding of  important parameters influencing their reactivity as 
SCMs.  In this context the present study investigates the valorisation potential of  sediments dredged from 
inland waterways in the Belgian – French cross-border region as part of  the Interreg V France-Wallonie-
Vlaanderen VALSE project. This region has experienced strong (historic) industrial activity resulting in 
increased concentrations of  heavy metals and organic contamination in some areas. Dredged sediments 
with different composition and varying heavy metal and organic material contamination from three different 
locations were considered: Brussels-Charleroi (BC) channel, Gent-Terneuzen (GT) channel and Lens (SO) 
channel sediment. 

The outcome will be to use the results obtained in the regional scale to assist in framing guidelines on 
influential parameters that can affect the pozzolanic activity of  the calcined sediments as a SCM and also 
how to deal with contaminations. 

2. Materials & Methods

Dredged sediments from three different locations were considered: Brussels-Charleroi (BC) channel, Gent-
Terneuzen (GT) channel and Lens (SO) channel sediment. Herein for each sediment before calcination the 
sand fraction (>63 µm) was removed and the remaining fine fraction was dewatered using a pilot filter press. 
The obtained sediment filter cake (here defined as raw) was calcined for 1 hour in a box furnace under static 
conditions at the following temperatures 500 °C, 600 °C, 700 °C and 800 °C, in air. The following material 
designation is used herein: 

1. For raw filter cakes: “Location-Raw”. For instance BC-Raw means the raw filter cake from Brussels-
Charleroi (BC) channel.

2. Associated calcinated temperatures: “Location-Temperature.” For instance BC-500 °C means the BC 
raw filter cake calcined at 500 °C. 

The chemical composition of  the raw sediments were obtained using VARIAN Vista MPX Radial inductively 
coupled plasma (ICP). A sediment sample was attacked with regia water under reflux for 4 hours. After 
filtration, the residue undergoes alkaline fusion (in a crucible, under a Bunsen nozzle and in the presence 
of  fluxes [NaOH and Na2O2]). The result of  the alkaline fusion and the filtrate of  the regal water attack are 
then analysed by inductively coupled plasma - optical emission spectrometry (ICP-OES).

Physical and chemical characteristics were evaluated as a function of  the calcination temperature by means 
of  BET N2 sorption, laser diffraction particle size analysis, helium pycnometry, thermogravimetric analysis 
(TG), X-ray powder diffraction (XRD), Total Inorganic Carbon (TIC) and Total Organic Carbon (TOC) 
analysis, and bomb calorimetry to measure the sample calorific value. 

The specific surface areas were measured using a Quantachrome Nova 3000 instrument with Brunauer–
Emmett–Teller (BET) N2 sorption method; the materials were pre-treated by degassing at 40 °C under N2 
atmosphere for 16 h. 
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Particle size distributions (PSD) were evaluated using a Microtrac S3500 laser diffraction setup. The 
powders were first pre-treated by dispersing them in distilled water and ammonium polyacrylate, followed 
by external ultrasonication at 270 W for 2 min.

The density of  the powders was evaluated using a Micromeritics Accupyc II 1340 Helium pycnometer. 
Approximately 1.5 to 2 g of  powders are used to carry out the analysis. 

Thermogravimetric analysis (TGA) on the powders was carried out using a Netzsch STA449 F3 Jupiter. 
Approximately 50 mg of  powders was analysed from 30 °C to 1050 °C with a heating rate of  10 °C/min 
under N2 flow of  50 mL/min.     

Changes in the crystalline phases were identified using X-ray powder diffraction (XRD). The XRD patterns 
were acquired on a X’Pert PRO diffractometer from PanAnalytical with CoKα tube operating at 40 kV and 
45 mA. Diffraction scans were recorded from 3 to 120 °2θ, with accumulated dwell time of  59.6 s, and step 
size of  0.013 °2θ.

The R3 test method was used to evaluate pozzolanic reactivity of  the raw and calcined sediments. In this 
method the SCM under investigation was mixed with excess portlandite, and water; calcite, potassium 
sulphate and potassium hydroxide were also added. The paste simulates the environment in which the SCM 
reacts in hydrating cement without the complexity of  simultaneous reactions of  clinker phases. The reaction 
of  the SCM in this model environment was measured by isothermal calorimetry at 40 °C for 7 days. The 
heat flow of  the model paste was used to obtain the cumulative heat release up to 7 days. Complementary 
X-ray diffraction (XRD) and TG data were used to identify reaction products and portlandite consumption. 
More information about this method can be found in [8, 9].

3. Results and discussion

3.1 Dredging sediment characterisation
Table 1 shows the chemical composition of  the raw sediments obtained by ICP. Furthermore the total 
carbon and total inorganic carbon are also tabulated. It can be seen the main oxides are SiO2 , followed by 
Al2O3 , Fe2O3, and CaO. Note that the amount of  CaO in SO is two times more than BC and GT. 

Table 1 - Chemical composition of  the raw sediments.

 Chemical composition (wt.%)

Raw 
Sediment SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O SO3 P2O5 LOI TC TOC

BC 40.8 13.9 10.0 2.6 1.1 2.1 0.5 1.0 1.1  13.18 11.97

GT 61.8 9.9 4.1 5.5 1.3 1.4 <0.7   13.3 4.50 3.62

SO 32.2 8.2 4.3 10.8 0.9 1.6 1.9 4.0 1.4  13.79 10.35

Figure 1, shows the X-ray diffraction patterns of  the three raw sediments. It can be seen that all have 
notable presence of  quartz, in descending order of  signal intensity, being GT>SO>BC. All sediments also 
contained carbonates. The amount of  calcite in BC was small while in case of  SO the amount was very 
significant; the presence of  calcite in descending order of  signal intensity is as follows SO>GT>BC. 

Depending on the sediment, there is more or less of  the clay minerals (Clinochlore, kaolinite, and illite) 
and feldspar minerals (albite and microcline). However it can be seen that all have a noticeable presence 
of  kaolinite which is well-known to transform into a reactive SCM upon calcination at the appropriate 
temperature [10]. The combined presence of  calcite and potentially less-reactive clay minerals is also 
considered promising as they may react during calcination to form a reactive amorphous Ca-enriched 
aluminosilicate compound [4]. 
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Figure 1- X-ray diffraction patterns of  the raw sediments.

Table 2 shows the trace elements in the raw sediments, measured by ICP-OES. In addition the maximum 
allowable content values and safety limit values set by Wallonia, Flanders and France have also been 
tabulated. For each sediment if  the value of  the trace elements is below the maximum allowable content 
set by any of  the legislations, the sediment is safe to be used in any application. However the approach of  
the legislations somewhat differs if  one or more trace elements exceed the maximum allowable content:

1. In case of  Flanders: if  one or more trace elements exceed the maximum allowable content but not the 
safety limit, the sediment can be used in soil/bound and unbound construction applications. However 
if  one or more trace elements exceed also the safety limit values, then leaching tests according to EN 
12457-2 need to be carried out. If  none of  elements exceed the maximum allowable leaching limits 
put into effect by the legislation, then the sediment can still be used in soil/bound and unbound 
construction applications.

2. In case of  Wallonia and France: if  one or more trace elements exceed the maximum allowable content 
but not the safety limit, the sediment can be used in soil/bound and unbound construction applications. 
However if  one or more trace elements exceed also the safety limit values, then leaching tests according 
to EN 12457-2 need to be carried out but even if  none of  elements exceed the maximum allowable 
leaching limits put into effect by legislations, extra actions need to be taken before the sediment is 
allowed to be used in soil/bound and unbound construction applications.

3. In case of  France: For road applications, SETRA (2011) which is a guide dedicated to the valorization 
of  alternative materials is used [11]. Note that in the absence of  other standards, this guide is also used 
in other fields. In case of  immersion of  the marine sediment, a common approach for conducting a 
screening sediment risk assessment is to compare available chemical data on sediments with Sediment 
Quality Guidelines (SQGs). At the French level, SQGs are available for management of  contaminated 
dredged sediments for several chemicals. These regulatory SQGs, named levels N1 and N2, are defined 
for metals and some organic compounds. Dredged sediment dispersal is permitted offshore when 
pollutant concentrations are lower than level 1 (N1). Dredged sediments considered as contaminated 
for marine environment (> N1) cannot be discharged into the sea without further ecotoxicological 
assessment according to GEODRISK framework [12]. Above the level N2, dredged sediments must 
be managed on land and are considered as wastes.
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Table 2 - Trace elements concentrations in the raw sediments  (units are in mg/kg of  dry matter).

Raw 
Sediment As Cd Co Cr 

total Cu Hg Ni Pb Zn F- CN-

BC 54.9 126.7 < 10 268.4 269.1 1.45 149.9 813.5 4790.5 437.0 109.1

GT 12 5 11 82 76.9 3.7 26 116 591 5.41 -

SO 21.2 < 10 14.6 125.8 855.5 1.74 61.0 480 2023.8 346.1 7.7

W
al

lo
ni

a

Maximum 
allowable 
content

50 6 25 200 150 1,5 75 250 1200 250 5

Safety Limit 100 30 100 460 420 15 300 1500 2400 500 25

Maximum 
allowable 
leaching 
limits

0.5 0.1 0.5 0.5 2 0.02 0.5 0.5 2.0 20.0 0.1

            

Fl
an

de
rs

Maximum 
allowable 
content

30 2 19 70 74 2.9 48 200 200 55 -

Safety Limit 267 30 - 880 500 11 530 1250 1250 - 5

Maximum 
allowable 
leaching 
limits

0.3 0.02 - 0.1 0.6 0 0.2 0.3 1.00 - -

            

Fr
an

ce

Maximum 
allowable 
content (N1)

25 1.2 - 90 45 0.4 37 100 276 - -

Safety Limit 
(N2) 50 2.4 - 180 90 0.8 74 200 552 - -

Maximum 
allowable 
leaching 
limits

0.5 0.04 - 0.5 2 0.01 0.4 0.5 4.0 10.0 -

There are significant differences on the pollutant concentrations, contained in the three raw sediments. 
The BC-Raw sediment surpasses the local (Walloon) safety limit for Cd, Crtotal, Cu, Zn, fluoride (F-) and 
cyanide (CN-), while the SO-raw surpasses the local (French) safety limit for Cu, Zn, and fluoride.  Table 
2 shows that none of  the raw sediments pass the maximum allowable content criteria set by any of  the 
legislations. However it can be seen that while sediments BC and SO exceed the safety limit values set by 
the three legislations, the GT sediment passes the safety limit values set by Wallonia and Flanders, but not 
the French legislation. It can therefore be concluded that leaching test on final products need to be carried 
out to evaluate compliance to environmental legislation for cement and concrete containing (treated) BC 
and SO sediments.

In order to interpret the changes in physical properties such as specific gravity, specific surface area, and 
PSD as function of  calcination temperature (Figure 2) following the alteration in the chemical characteristics 
of  sediments as function of  temperature (Figure 3) is necessary.  

Figure 2.a shows the total carbon (TC) and total organic carbon (TOC) as function of  calcination 
temperature. Note that in case of  SO sediment calcinated at 500 °C and 700 °C, the measurements were 
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not carried out at the time of  writing. Furthermore the bomb calorimetry results carried out on the three 
raw sediments are also shown as a 2nd y-axis in Figure 2.a. It can be seen that GT sediment has three times 
smaller TC and TOC compared to BC and SO which corresponds well with the calorific value of  GT-raw 
that is approximately 3 to 4 times smaller. It can be observed that already at 500 °C, most organic matter 
has been decomposed and values of  TC and TOC have decreased significantly; this trend continues and by 
800 °C the TC and TOC values in case of  BC and GT are negligible. However in case of  SO, the rate of  
degradation of  organic matter is lower with increasing calcination temperature compared to the other two 
sediments and it persisted up to 600 °C, and even at 800 °C but again the values of  TC and TOC are very 
small at this heat treatment temperature. Rock-Eval pyrolysis can be carried out to better understand the 
source of  the organic carbon in case of  SO sediment [13].

a) b)

c) d)

Figure 2 - Physical & chemical characterization of  the sediments as function of  calcinated 
temperature: a) Total carbon (TC), total organic carbon (TOC), and calorific value from bomb 
calorimetry . b) Specific gravity c) Particle size distribution (PSD) d) BET specific surface area.

Figure 2.b,c, and d show respectively the specific gravity, PSD, and specific surface area of  the sediments as 
function of  calcination temperature. It can be seen that in case of  all sediments there is an increase of  the 
specific surface at 500 °C, and thereafter they continuously decrease. In addition, the PSD shifts to coarser 
size with increasing calcination temperature. The specific gravity of  all sediments increases with increasing 
calcination temperature and reaches a constant value around 700 °C to 800 °C. The abovementioned 
observation can be explained as following: degradation of  the coarse organic matter increases the specific 
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surface area and specific gravity at 550 °C. Although there might be some agglomeration of  particles 
which leads to having a small increase in the PSD, this influence is small at 500 °C. Calcination at higher 
temperatures leads to densification of  particles due to partial sintering and formation of  high temperature 
phases such as albite and hematite. This is also reflected in a coarser PSD, and lower specific surface area. In 
addition to densification and partial sintering, decomposition of  organics and decarbonation of  limestone 
are the main reasons increasing the specific gravity from 500 °C to 800 °C in all sediments.

Figure 3 - Chemical characterization of  sediments as function of  calcination temperature.

Figure 3 shows the XRD patterns and derivative thermogravimetry (DTG) results of  the sediments as 
function of  the calcination temperature. The heat treatment has caused a mineralogical modification of  clay 
fractions which led to reflection of  some clays such as kaolinite and Illite to disappear or weaken making 
the sediment more amorphous. In addition both from the XRD patterns and DTG, it is clear that in all 
sediments calcined at 700 °C and 800 °C the calcite originally present was decomposed. In case of  the SO 
sediment, decarbonation of  the calcite was accompanied with formation of  portlandite and free CaO. 

3.2 R3 test

Based on the physical and chemical characterization carried out as function of  temperature in the previous 
section, it can be inferred that the optimum calcination temperatures should be at the higher temperature 
range. However it is not clear what specific temperature investigated is the optimum calcination temperature 
in terms of  pozzolanic reactivity for the calcined sediments. Therefore R3 reactivity tests were carried out 
on all three dredging sediments at various calcination temperatures.  
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Figure 4 - R3 test results of  the three calcined dredging sediment fine fractions as function of  
calcination temperature: a&b) heat f low and cumulative heat from the isothermal calorimetry at 
40oC of  the BC sediment c) XRD pattern of  the BC samples after 7 days of  hydration/reaction 
at 40oC. d&e) heat f low and cumulative heat from the isothermal calorimetry at 40oC of  the GT 
sediment f) XRD pattern of  the GT samples after 7 days of  hydration/reaction at 40oC g&h) heat 
f low and cumulative heat from the isothermal calorimetry at 40oC of  the SO sediment i) XRD 
pattern of  the SO samples after 7 days of  hydration/reaction at 40oC.

Figure 4 shows the results of  the R3 test on the dredging sediments as a function of  calcination temperature. 
It can be seen from the R3 tests, that the optimum calcination temperature for BC and SO is around 800 

°C while in case of  GT is around 700 °C. In case of  GT calcined at 800 °C the decrease in reactivity can be 
linked with a recrystallization and formation of  high temperate phases and thus decrease in the amorphous 
content coming from the clay content. The XRD measurements of  the R3 pastes hydrated for 7 days at 40 
°C in Figure 4 show hydration product forming; monocarboaluminate and hemicarboaluminate form in all 
sediments and in case of  SO, ettringite is also formed. All sediments show promising pozzolanic activity 
at their optimum calcination temperatures. The R3 test shows that if  the sediments are calcined at their 
optimum temperature, they are potentially more or at least as reactive as a commercial siliceous fly ash 
which in a R3 test shows cumulative heat in the range of  100 to 200 j/g poz by the age of  7 days.

4. Conclusion

The valorisation as supplementary cementitious material of  inland waterway dredged sediments from the 
Belgian-French cross border region was studied. To this purpose, the fine (<63 µm) fraction of  sediments 
from the Brussels-Charleroi (BC), Lens (SO), and Gent-Terneuzen (GT) channels was recovered and 
calcined at 500 °C, 600 °C, 700 °C and 800 °C. The chemical and physical characterization of  the raw and 
calcined sediments showed that thermal treatment at 500 °C to 800 °C led to distinct physical and chemical 
changes in the materials. These changes are summarized by calcination temperature interval as follows:
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• It was seen that at 500 °C, organic matter was largely decomposed. The specific surface area increased, 
while the specific gravity increased and the PSD coarsened  mainly due to decomposition of  most of  
the organic matter at 500 °C.  At 500 °C, the heat treatment did not cause decomposition of  kaolinite 
and chlorite clay minerals.    

• At 600 °C and higher, the decrease in organic content observed at 500 °C continued and by 800 °C 
it was very small. The PSD further coarsened with increasing calcination temperature, likewise the 
specific gravity of  all sediments increased with increasing calcination temperature. Conversely, the 
specific surface area decreased. The main reason for the physical changes observed herein were due to 
decomposition of  calcite, partial sintering and formation of  high temperature phases such as feldspars 
and hematite.  

The R3 SCM reactivity test was used to evaluate the optimal calcination temperature for the dredging 
sediments. The R3 test results clearly demonstrated that the optimum calcination temperature of  Brussels-
Charleroi ,  Lens sediments were at 800 °C and for the Gent-Terneuzen channel sediment  was 700 °C.
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Abstract 

Plain concrete has low tensile strength, therefore, it is reinforced with steel for structural use. Both the 
production of  concrete and the manufacture of  steel adversely affect the environment. This can be 
addressed partially by increasing the efficiency of  these materials in terms of  their mechanical properties. 
The present study is exploratory in nature in that it is breaking new ground by incorporating epoxy resin as 
fine aggregate replacement in concrete. It was hypothesized that an increase specially in the tensile strength 
of  concrete by the incorporation of  epoxy resin will reduce the requirement of  reinforcing steel. To test 
this hypothesis, a total of  72 concrete cubes and cylinders were made with 0%, 10%, 20%, and 30% of  
cement replaced by epoxy resin. These samples were tested at the curing ages of  3, 7, and 28 days. The 
results show that for lower values of  cement replacement with epoxy, both the compressive and the tensile 
strength were reduced. However, when the epoxy proportion was increased, a positive change was noticed 
in the mechanical properties, especially the tensile strength. While the results obtained in the present study 
are not comprehensive, this research is a significant step towards further exploration in this area.

Keywords: Epoxy resin, cement replacement, silica, aggregate replacement, sustainable materials.

1. Introduction

Cement concrete is the most widely used material in the construction of  contemporary buildings. The 
production of  concrete is an energy intensive process that also consumes a great amount of  natural 
resources [1]. It is stipulated that the production of  cement alone is a major contributor to the emission of  
CO2 gases in the atmosphere [2]. Several attempts have been made over the recent years to improve the 
sustainability of  the construction industry with respect to the production of  concrete. A significant number 
of  these attempts have been at incorporating agricultural and industrial wastes as partial or full replacement 
of  concrete ingredients including cement, fine aggregate, and coarse aggregate [3, 4, 5]. The most recent 
notable contributions in this regard have been the use of  nano palm oil fuel ash and nano fly ash in concrete 
[6]. Some attempts have also been made at replacing concrete in less structurally intensive situations by 
alternative materials such as adobe [7, 8].

The manufacture of  reinforcing steel is another energy intensive and environmentally expensive process. 
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Additionally, more often than not, it requires transportation over large distances, which adds to its adverse 
environmental impact. The use of  reinforcing steel in concrete is necessary because concrete is generally 
weak at taking tensile stresses. To improve the tensile capacity of  concrete and to reduce the use of  
reinforcing steel, several alternative reinforcement strategies have been used over recent years. Some of  
these strategies include the use of  steel wire mesh [9], which additionally helps prevent excessive cracking; 
and the use of  additional fibres such as kenaf  [10]. These recent developments towards improving the 
sustainability of  reinforced concrete notwithstanding, there is still great potential of  the use of  alternative 
materials and techniques in order to make this industry more environment friendly. A novel technique in 
this regard is the use of  epoxy resin as a binding material in concrete.

Epoxy resins are petroleum derived materials. These have been used to produce, among other applications, 
strong coatings. Some epoxy-bonded fibre-composite materials have also been used in structural applications 
such as strengthening of  RC beams [11]. However, no evidence was found in the literature by the authors 
of  this paper on the use of  epoxy resin as a binder replacement in the preparation of  cement concrete. 
The present study, therefore, aims to test the hypothesis that including epoxy resin as a binder replacement 
will increase the tensile strength of  cement concrete. It is expected that such an increase in the tensile 
strength without significantly compromising on the compressive strength can potentially reduce the use of  
cement, but more importantly, the reinforcing steel. The above hypothesis was tested experimentally. For 
this purpose, an experimental program was designed and carried out. The methodology adopted, the results 
obtained, and the conclusions drawn have been provided in the following sections.

2. Methodology

The methodology of  the present study has been divided into two parts; materials, and methods.

2.1 Materials
The materials used in the present study consisted of  Ordinary Portland Cement (OPC), a 50-50 mixture 
of  common river sand and silica sand as fine aggregate, ordinary crushed stone as coarse aggregate, and 
epoxy resin as partial binder replacement. A total of  72 specimens were prepared. Out of  the 72, 36 were 
cubes of  100 mm side length and the other 36 were cylinders of  150 mm diameter and 300 mm height. 
The cubes were used for testing the compressive strength whereas the cylinder specimens were used to test 
the splitting tensile strength. 4 proportions of  the replacement of  binder with epoxy resin were used i.e. 
0%, 10%, 20%, and 30%. This yielded 18 specimens for each proportion, 9 cylinders and 9 cubes. For each 
proportion under investigation, 3 cylinders and 3 cubes each were tested after 3, 7, and 28 days after casting. 
Two sizes of  coarse aggregate i.e. 10mm and 20mm were used. Table 1 presents the mix proportions used 
for cubes and Table 2 presents the same for cylinders.

Table 1: Details of  the mix proportions used for cube samples (All quantities are in kg).

Epoxy 
Proportion

Cement Epoxy Resin Water Fine Aggregate
Coarse 

Aggregate 
10mm

Coarse 
Aggregate 

20mm

0% 0.32 0 0.205 0.801 0.337 0.673

10% 0.288 0.032 0.205 0.801 0.337 0.673
20% 0.256 0.062 0.205 0.801 0.337 0.673
30% 0.224 0.096 0.205 0.801 0.337 0.673
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Table 2: Details of  the mix proportions used for cylinder samples (All quantities are in kg).

Epoxy 
Proportion

Cement Epoxy Resin Water Fine Aggregate
Coarse 

Aggregate 
10mm

Coarse 
Aggregate 

20mm

0% 0.512 0 0.328 1.283 0.539 1.077

10% 0.461 0.0512 0.328 1.283 0.539 1.077
20% 0.41 0.102 0.328 1.283 0.539 1.077
30% 0.358 0.154 0.328 1.283 0.539 1.077

2.2 Methods
The testing methods used in the present study consisted of  the compressive strength test as per ASTM C39 
and the tensile splitting test as per ASTM 496. The details of  the method used for specimen preparation 
and the testing methods used have been provided in the following subsections:

2.2.1 Specimen Preparation
For the preparation of  cube as well as cylinder samples, the ingredients were mixed together in a concrete 
mixer. First, dry ingredients were mixed for 3 minutes and then the water was added. The concrete was 
mixed for another 3 minutes after the addition of  water. Epoxy resin, mixed with a hardener and where 
applicable, was added after the addition of  water and further mixed for 3 minutes.

2.2.2 Compressive Strength Test
The compressive strength of  the cubic specimens was measured using the Universal Testing Machine by 
adopting the ASTM C39 testing standard. The compressive load was applied to the specimens at a rate of  
0.25 MPa per second until failure. Figure 1 shows a specimen under compressive strength test.

Figure 1: A cubic specimen under compressive strength test. 

2.2.3 Splitting Tensile Strength Test
The splitting tensile strength of  the cylinder specimens was also measured using the Universal Testing 
Machine. For this purpose, the ASTM C496 testing standard was adopted. The standard recommends a 
load rate of  0.7 to 1.4 MPa per minutes. In the present study, a load rate of  about 1 MPa per minute was 
used until the specimen failed. Figure 2 shows a specimen being subjected to the splitting tensile strength 
test.
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Figure 2: A cylinder specimen under splitting tensile strength test. 

3. Results and Discussion
The results of  the compressive strength test and the splitting tensile strength along with the relevant 
discussion have been presented in the following subsections.

3.1 Compressive Strength Test Results
The results of  the compressive strength test carried out on the cube specimens with various proportions of  
epoxy resin at 3, 7, and 28 days of  curing age are presented in Tables 4, 5, and 6.

Table 4: Results of  compressive strength test at 3 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 12.93 16.62 15.21 14.92 1.86

10% 4.02 3.62 3.04 3.56 0.49
20% 2.78 2.46 2.88 2.71 0.22
30% 15.56 15.4 15.33 15.43 0.12

Table 5: Results of  compressive strength test at 7 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 20.22 17.59 19.02 18.94 1.32

10% 4.82 5.12 4.13 4.69 0.51
20% 3.81 3.76 3.82 3.8 0.03
30% 17.49 17.57 17.63 17.56 0.07

Table 6: Results of  compressive strength test at 28 days of  curing (All strength values are in MPa).
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Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 28.61 32.12 27.46 29.4 2.43

10% 4.82 4.92 5.12 4.92 0.15

20% 3.88 3.5 3.92 3.77 0.23

30% 18.78 18.56 19.41 18.9 0.44

The average compressive strength for the different epoxy resin proportions at different curing ages have 
been plotted in Figure 3.

Figure 3: Average compressive strength test results. 

It can be observed in Figure 3 that the compressive strength drops as epoxy resin is added in lower portions. 
The average compressive strength at 28 days for 10% epoxy resin is only 16.74% of  that with no epoxy 
resin. This further drops to 12.83% when 10% epoxy resin was used. However, for epoxy resin proportion 
of  30%, the compressive strength seems to have bounced back to reach 64.3% of  that of  the control 
specimen. It is stipulated that the addition of  epoxy resin adversely affects the effectiveness of  cement 
as a binder and the low amount of  epoxy does not produce enough of  its own binding force. For larger 
proportion, the increase in the compressive strength may be attributed to epoxy resin. This hypothesis, 
however, requires further investigation to be validated.

3.2 Splitting Tensile Strength Test Results
The results of  the splitting tensile strength test carried out on the cylinder specimens with various 
proportions of  epoxy resin at 3, 7, and 28 days of  curing age are presented in Tables 7, 8, and 9.

Table 7: Results of  splitting tensile strength test at 3 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 0.87 0.95 1.06 0.95 0.095

10% 0.04 0.06 0.07 0.06 0.015
20% 0.11 0.19 0.23 0.18 0.061
30% 1.1 1.12 1.21 1.14 0.059
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Table 5: Results of  compressive strength test at 7 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 1.39 1.34 1.42 1.38 0.040

10% 0.12 0.28 0.32 0.24 0.106
20% 0.24 0.25 0.27 0.25 0.015
30% 1.65 1.48 1.73 1.62 0.128

Table 6: Results of  compressive strength test at 28 days of  curing (All strength values are in MPa).

Epoxy 
Proportion

Sample 1 Sample 2 Sample 3 Average
Standard 
Deviation

0% 2.25 2.21 2.28 2.25 0.035

10% 0.52 0.59 0.63 0.56 0.056

20% 0.65 0.69 0.77 0.7 0.061
30% 2.33 2.34 2.39 2.35 0.032

The average splitting tensile strength for the different epoxy resin proportions at different curing ages have 
been plotted in Figure 4.

Figure 4: Average compressive strength test results. 

A similar trend for the splitting tensile strength to that of  the compressive strength can be observed in 
Figure 4. However, the drop in the tensile strength is slightly less as it drops to about 25% and 31% of  the 
splitting tensile strength of  the control specimen for the epoxy proportions of  10% and 20%, respectively. 
While the compressive strength for 20% epoxy proportion was less than that for 10%, the splitting tensile 
strength is higher for 20% epoxy proportion. More importantly, the tensile strength for the epoxy resin 
proportion of  30% went higher than the control specimen by about 4%. It is stipulated that a higher 
proportion of  epoxy resin may further increase the tensile strength of  concrete.

4. Conclusions

The present study was a relatively small study where only 4 proportions of  epoxy resins were used. The 
conclusions drawn from the observed results are as follows:
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The compressive strength of  concrete dropped to about one-sixth of  that of  the control specimen when 
10% cement was replaced by epoxy resin

The compressive strength of  concrete dropped further to about one-eighth of  that of  the control specimen 
when 20% cement was replaced by epoxy resin

The compressive strength of  concrete bounced back to about two-thirds of  that of  the control specimen 
for a higher proportion of  epoxy resin replacing 30% of  cement

The splitting tensile strength of  concrete dropped to about one-fourth of  that of  the control specimen 
when 10% cement was replaced by epoxy resin

The splitting tensile strength of  concrete slightly increased to about one-third of  that of  the control 
specimen when 20% cement was replaced by epoxy resin as compared to 10%

The splitting tensile strength of  concrete went slightly higher than that of  the control specimen for a higher 
proportion of  epoxy resin replacing 30% cement

The above conclusions are based on the small size of  data observed in the present study. It is recommended 
that further investigation in this regard be carried out to ascertain the validity of  these conclusions. It would 
especially be of  interest to find out how the higher proportions than those used in the present study may 
affect the compressive and the splitting tensile strength of  concrete. Furthermore, the present study did not 
investigate the economic or environmental aspects of  the use of  epoxy resin in concrete. Future research 
in these areas is also recommended.
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Abstract

A polycarboxylate superplasticizer (PC) which contained PEG side chain, carboxylic groups and 
hydroxysilane ones, was synthesized by free radical copolymerization. It was subsequently grafted onto 
fly ash (FA) beads. The Si–OH groups on the surface of  alkali-activated FA beads were connected to the 
PC molecules via covalent hydroxysilane linkage. In the PC-modified FA beads, new IR peaks appeared 
at 2900 and 1100 cm−1 and were assigned to the vibration of  C–H and C–O–C groups. A peak shift in 
29Si NMR from −80 to −86 ppm also confirmed the successful grafting of  the PC molecules onto the FA 
beads. Thermal analyses indicated that the PC moieties accounted for 2.1 wt.% of  the modified FA beads. 
Compared with the crude FA and the alkali-activated one, the PC-modified FA significantly improved the 
workability of  the cement paste, and enhanced the mechanical properties of  the cement after hydration 
for seven days. Thus, the PC modified FA composite could serve as a promising additive for cementitious 
materials.

Keywords: water reducing; fly ash; alkali activation; fluidity; workability
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Abstract 

The hydrogen bonding mechanisms and atomic interactions in C-S-H gels are investigated by combining 
29Si, 1H solid state NMR and first principle calculation. Five distinct peaks of  protons were observed in the 
1H MAS NMR spectra for C-S-H gels. The interactions between protons and silicate species are discussed 
in detail with well-defined first principle calculations. Amorphous portlandite and strong hydrogen bonded 
protons are identified. The strong hydrogen bonded protons are favored in C-S-H with high Ca/Si ratios, 
which is associated with Q1 sites in the termination of  silicate chains. The stronger atomic interactions 
between Q1 species or silanols and water in C-S-H gel with higher Ca/Si ratio are presented than Q2 species 
in C-S-H gel with Ca/Si ratio of  1.0. The stronger hydrogen bonds in the interlayer are expected to be an 
interpretation for the decrease of  interlayer spacing with the Ca/Si ratio. The results are expected to pave 
the way to develop new components of  cement with stronger hydrogen bonding features.

Keywords: calcium silicate hydrate, Ca/Si ratio, H2O/Si ratio, hydrogen bonds, first principle calculation

1. Introduction

Hydrated Portland cement paste is a porous matrix consisting of  crystals embedded in a poorly crystalline 
phase, the calcium-silicate-hydrate (C-S-H) gel [1]. C-S-H gel is the most abundant hydration product of  
Portland cement, accounting for about 50−60% by volume of  hardened cement paste and making it one 
of  the most common substances of  the modern world [2]. It is also the primary binding component in 
cementitious materials.

C-S-H gel has a layered structure and shows similarities to 14 Å tobermorite (Ca5Si6O16(OH)2·4H2O) [3, 4]. 
The structure of  tobermorite contains layers of  calcium ions linked on both sides to linear silicate chains 
with the ‘dreierkette’ form in such a way as to repeat a kinked pattern after every three tetrahedra [5]. Two 
of  the three tetrahedra, named pairing tetrahedra (Q2

P), are linked together and share O-O edges with the 
central Ca-O part of  the layer. The third tetrahedron, named bridging tetrahedron (Q2

B), shares an oxygen 
atom at the pyramidal apex of  a calcium polyhedron and connects the dimers of  pairing tetrahedra. C-S-H 
gel can be considered as defective tobermorite-like structure whose molar ratio of  calcium to silicon varies 
between 0.66 and 2.0. 

The local chemical environments and atomic arrangements in C-S-H gel are probed with Solid-state Nuclear 
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Magnetic Resonance (NMR) spectroscopy [6, 7]. The 29Si NMR peaks are assigned with the assumption 
that chemical shifts of  silicon atoms decrease with the condensation degree of  (SiO4) units, structures of  
which transform from isolated monomers to tetrahedrally coordinated chains [8]. The 29Si NMR results 
show that C-S-H gel contains silicate chains with limited lengths with a 2, 5, 8··· (3n-1) (n=1, 2, ...) chain 
length sequence [4]. 

Hydrogen atoms in C-S-H exist in the form of  silanols, hydroxyl groups and water molecule which play an 
important role in atomic interactions between protons and silicate chains with hydrogen bonding. Hydrogen 
bonding is a special type of  atomic interactions between a hydrogen atom covalently bonded to a very 
electronegative atom such as N, O, or F atom and another very electronegative atom, whose strengths range 
from 4 to 50kJ per mole of  hydrogen bonds [9]. The hydrogen bonding between hydrogen-containing 
species and oxygen atoms has a wide range of  bond length and bond strength which contributes to the 
internal cohesion in the C-S-H [10]. 

The mechanism of  hydrogen bonding in C-S-H gel or hydrated cements are not sufficiently clarified, yet. 
Efforts have been made to study the hydrogen bonding and interactions between different silicate and 
hydrogen-containing species in cement hydrates or synthetic C-S-H gels [11-14]. The nanopore space in the 
C-S-H gel is hydrophilic because of  the nonbridging oxygen atoms on the disordered silicate chains which 
serve as hydrogen-bond acceptor sites, based on the classical molecular simulations [13]. Glassy nature of  
hydrogen bonds between interlayer water and silicate chains is demonstrated because of  the heterogeneity 
in the distribution of  hydrogen bond strengths and multi-range structure [13]. 1H-29Si Heteronuclear 
nuclear chemical shift correlation provides information about the distance of  protons to silicon atoms and 
interactions between protons and silicate moieties. The results from 1H-29Si Heteronuclear nuclear chemical 
shift correlation establishes strong interactions of  the Q1 species with water molecular [11, 12, 14]. 

Understanding on the mechanism of  hydrogen bonds in C-S-H gels is lacking because the correlation 
between experimental results and underlying complex structure is lacing. A method to reveal the mechanism 
of  hydrogen bonds in maltose anomers and C-S-H gel is proposed by a combination of  first principle 
calculation and NMR tests [14, 15]. 

First principle calculations based on the Density Functional Theory (DFT) with the Gauge Including Projector 
Augmented Wave (GIPAW) algorithm enable the calculation of  chemical shielding, which establishes a clear 
link between the observed spectra and underlying atomic structure [15, 16]. The mechanisms of  hydrogen 
bonding between various silicate moieties and hydrogen groups in C-S-H can be determined by using 
combination of  1H NMR and first principle calculations. Understanding the mechanisms of  hydrogen 
bonding provides great possibilities for developing C-S-H gel with strong cohesive performance [10]. 

In this paper, three types of  C-S-H gels with Ca/Si ratios of  1.0, 1.4 and 1.5 are synthesized. First principle 
calculations for 1H chemical shifts are used to correlate the observed 1H NMR spectra with structure of  the 
hydrogen bonding between different silicon moieties and hydrogen groups in the C-S-H gels. The effect of  
Ca/Si ratios on the chemical environment of  hydrogen bonds is studied. 

2. Experiments

2.1 Experiments
 C-S-H gels are synthesized by using pozzolanic reaction between calcium oxide and amorphous silica fume 
[17]. C-S-H gels with Ca/Si molar ratios of  1.0, 1.4 and 1.5 are synthesized according to the mix designs 
in Table 1. Calcium oxide is prepared with decomposition of  calcium carbonate (AR grade, Sinopharm) at 
1000°C for 10h. Amorphous silica fume (99.6% SiO2, Shenzhen Anmisco) with a specific area of  250m2/g 
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is used as silicon sources. Deionized water is mixed with calcium oxide and silica fume and the water/
powder mass ratio is 50. The resulting slurry is stirred under nitrogen protection for 7d at 30°C followed 
by filtration. The filtrates are analyzed with Inductively Coupled Plasma (ICP, Model Optima 4300DV) to 
determine the Ca/Si molar ratio of  the filtrate. Each test is performed three times with test error smaller 
than 0.01mM and the mean value of  the results is recorded. 

The powders are washed with deionized water. No portlandite is detected in X-ray diffraction pattern 
(XRD, Model Rigaku MiniFlex600, Cu Kα = 1.5406 Å, step size of  0.02° from 5° to 50°) after three times 
washing. C-S-H gels are freeze dried at 2Pa, -50°C for 24 h. The XRD patterns of  the C-S-H gels are 
analysed (Figure 1).

The Ca/Si ratio in C-S-H is determined in two ways, including calculations from the elemental concentrations 
of  calcium and silicon in the filtrate and measurements with X fluorescence spectrometer (XRF, Model 
Axios Advanced) of  the C-S-H solids. The H2O/Si molar ratios are calculated with the weight loss after 
calcination 1000°C for 12h. The results of  Ca/Si ratios and H2O/Si molar ratios are listed in Table 1.

Table 1 Mix design for synthesizing C-S-H and compositions of  C-S-H gel     

Samples C-S-H1.0 C-S-H1.4 C-S-H1.5

Mix design

CaO (g) 4.96 4.14 3.31

SiO2 (g) 5.04 6 6.69

Water (ml) 500

Analysis of  filtrate (volume 500ml)*

Ca in filtrate (mM) 6.7 14.6 22.4

Si in filtrate (mM) 0.08 0.01 0.01

Composition of  C-S-H

Calculated Ca/Si ratio& 0.98 1.42 1.57

Measured Ca/Si ratio# 0.98 1.44 1.52

Measured H2O/Si ratio 1.66 1.83 2.08

   Note: * Determined with ICP-OES.

   & Calculated from the moles of Ca and Si in the filtrates.

   # Determined with XRF of the powders.

1H MAS NMR spectra are recorded on an Agilent 600 DD2 spectrometer, equipped with a 14.1T magnet, 
operating at a Larmor frequency of  600MHz. A 4.0mm probe is used for 1H NMR with a spinning speed 
of  25.0kHz, a π/2 pulse length of  5ms, a relaxation delay of  20s and 200 scans. Tetramethylsilane is used 
as the reference for 1H tests.

2.2 First principles calculation
The first principle calculations on NMR results are performed with CASTEP (Accelrys, Material 
Studio17.2) using DFT theory [16]. The calculation is executed in three steps, including geometry 
optimization, energy calculation and chemical shielding calculation. Geometry optimization and energy 
calculation are carried out within CASTEP using a k point grip of  4×2×1 equal to 0.04 1/Å and cut 
off  energy of  400eV. The core-valence interactions are described with ultrasoft pseudopotentials. 
Little changes of  unit cell and atomic positions are allowed during geometry optimization. 1H chemical 
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shielding calculation is performed in the crystal frame. All-electron wave function in the presence of  a 
magnetic field is reconstructed with the gauge including projector augmented wave (GIPAW) algorithm. 
The chemical shifts δcal are obtained from chemical shielding σcal with the relation 
                                                                             (1)

Where σref  is 30.09ppm.

3. Results and discussion

3.1 XRD analysis of  C-S-H gels
The XRD patterns of  the three types of  C-S-H gels are shown in Figure 1, which shows a typical tobermorite-
like structure. Poorly resolved XRD patterns demonstrate the prominent features of  heavy defects and 
poor long rang order in C-S-H structures. No secondary calcic phases such as portlandite are observed in 
all C-S-H gels, indicating that crystalline portlandite is sufficiently removed by washing with deioned water. 

10 20 30 40 50

#

 #  

 

CSH1.0

# CSH

#

CSH1.4

 

CSH1.5

  

2Theta (deg.)

Figure 1 XRD patterns of  three types of  C-S-H gels after freeze drying

The position of  the first diffraction peak ((020) about 2theta=7°) shows the basal spacing of  the tobermorite-
like structure. The basal spacing of  C-S-H1.0 is about 13Å (2theta=6.78°), while the basal spacing decreases 
to 11.3Å (2theta=7.81°) and 11Å (2theta=8.02°) for C-S-H1.4 and C-S-H1.5, respectively. The change of  
basal spacing with Ca/Si ratio of  C-S-H observed in the experiments agrees with the findings in the study 
of  Renaudin et al [5] corresponding to about 20% contraction of  the unit cell volume. The basal spacing 
is determined by the amount of  water and the coordination requirements of  the interlayer calcium ions. 
Removal of  interlayer water and calcium ions will thus decrease the basal spacing of  C-S-H. According 
to model proposed by Richardson, C-S-H gels with Ca/Si ratio greater than 1.4 consist of  C-S-H(I) with 
constant basal spacing and a Ca-rich phase intermixed with C-S-H(I) [3].
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Fig. 2 Relationship between basal spacing and Ca/Si ratio of  C-S-H gel plotted together with the 
results of  [3]

3.2 1H NMR of  C-S-H gels
Information obtained in the 1H NMR analysis helps probing the molecular structure of  C-S-H gels and the 
atomic interactions between hydrogen groups and silicate moieties (Figure 3). Five distinct peaks of  protons 
are observed in the 1H NMR spectra of  C-S-H gels. The first peak at about -0.3 ppm corresponding to the 
hydroxyl proton in the 1H MAS SSNMR spectra suggests the formation of  portlandite in C-S-H with a Ca/
Si ratio of  1.4 or 1.5. It is previously reported that portlandite is formed after excessive drying of  C-S-H 
gels with Ca/Si ratios up to 1.5 [18]. No peaks of  crystalline portlandite in the XRD patterns of  C-S-H are 
observed (Figure 1). The hydroxyl protons identified in 1H NMR spectra in C-S-H gels with Ca/Si ratios of  
1.4 and 1.5 exist most likely in portlandite in an amorphous state. Amorphous portlandite in C-S-H gels is 
also traced in other studies by using nanoindentation and high energy X-ray tests [19, 20].

20 15 10 5 0 -5

 

 

CSH1.5

 

Chemical shift (ppm)

CSH1.0

CSH1.4

  

 

 

 

Figure 3 1H NMR spectra of  C-S-H gels

The chemical shifts of  proton species in Ca-OH, and Al-OH are between 0 and 3ppm, and those of  
the protons in water are between 3 and 6ppm, based on 1H NMR studies on crystalline silicates and 
aluminosilicate minerals [21]. The chemical shifts of  protons in Si-OH groups of  silicates extend to the 
range between 6 and 18ppm [21]. 

The 1H NMR spectrum of  C-S-H gel with the Ca/Si ratio of  1.0 shows a sharp resonance peak at 4.4ppm, 
indicating that most protons exist as absorbed water in the interlayer, which is consistent with the observation 
of  tobermorite. A broad and overlapped peak shifts to 5.2 and 5.6ppm in the 1H NMR spectra of  C-S-H 
gels with Ca/Si ratios of  1.4 and 1.5, respectively, which indicates that the protons in these C-S-H gels exist 
in more complex environment than those in C-S-H with a Ca/Si ratio of  1.0. Resonance peaks of  the Si-
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OH groups between 6-10 ppm are observed in the C-S-H gels with Ca/Si ratio of  1.4 and 1.5, whereas the 
peaks are absent in C-S-H gels with a Ca/Si ratio of  1.0. The deconvolution of  1H NMR spectra of  C-S-H 
gels with different Ca/Si ratios based on the assignment of  the peaks described above is shown in Figure 
4 and Table 2. The resonance peak assigned to absorbed water represents about 40-80% of  the total 1H 
population in all C-S-H gels with different Ca/Si ratio, which decreases with increasing Ca/Si ratio. The 
resonance peaks of  Si-OH groups between 6-10ppm and Ca-OH in the C-S-H at about 2.5ppm is observed 
in C-S-H gels with Ca/Si ratios higher than 1.0. The relative fractions of  Si-OH groups and Ca-OH in the 
C-S-H increase with the Ca/Si ratio.
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Figure 4 Deconvolution of  1H NMR spectra of  C-S-H gels. a) C-S-H1.0, b) C-S-H1.4, c) C-S-H1.5

Table 4 Quantitative results of  fractions of  hydrogen groups via deconvolution of  1H NMR spectra

Samples
Si-OH H2O

Ca-OH in

C-S-H gel
6-15 ppm 3-6 ppm 0-3 ppm

C-S-H1.0 (%) 13.8 84 3.2

C-S-H1.4 (%) 23 52 25

C-S-H1.5 (%) 33 38 29
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3.3 First principle calculation of  1H chemical shifts 
The mechanism of  hydrogen bonding especially the chemical environment of  protons and the interactions 
between hydrogen containing groups and silicate chains are not known, yet. The chemical environment of  
protons and the distribution of  hydrogen bonding between hydrogen containing groups and silicate chains 
are essential for establishing the structural model of  C-S-H. The observed 1H NMR results are linked to the 
underlying structure of  hydrogen bonds with the help of  first principle calculation rooting in DFT-GIPAW 
methods.

The structural model of  C-S-H gel used in calculating the chemical shifts of  protons is based on 
tobermorite-14 Å provided by Crystallography Open Database (as shown in Figure 5a). The protons in 
the tobermorite-14 Å exist in the interlayer water and silanols bonded with bridging tetrahedral silicates 
(Q2

B-OH).

A structural model of  C-S-H gel consisting of  dimers and pentamers is constructed by modifying the 
infinite silicate chain model following the literature [8]. The dimers and pentamers are obtained by removing 
some bridging tetrahedral silicates (Q2

B-OH) in the infinite chains in the structure of  tobermorite. The 
local negative charge is compensated with H+, Ca2+ or Ca(OH)+ ions, forming the defective sites and 
increasing the Ca/Si ratios [14]. After removing a bridging silicate tetrahedron, the unbalanced charge is 
compensated by either adding two protons forming two silanols bonded with terminal tetrahedral silicates 
or adding a bridging Ca2+ to connect terminal tetrahedral silicates. Additional interlayer water molecular, 
interlayer Ca(OH)+ ions and Ca(OH)2 are used to connect the defect sites through the interlayer spaces. 
Three types of  calcium ions are distinguished in the model of  C-S-H as calcium ions in main layer (CaM), 
calcium ions in interlayer (CaI) and calcium ions in bridging sites (CaB). Four proton environments are 
distinguished as interlayer water molecular (H2O), silanols bonded with bridging tetrahedral silicates (Q2

B-
OH), silanols bonded with terminal tetrahedron silicates (Q1-OH) and hydroxyl associated with Ca ions 
(OH-). The constructed structure are geometry and energy optimized with CASTEP based on DFT theory. 
The optimized structure of  the C-S-H model with the mean chemical formula of  C1.2SH1.8 and various 
proton environments are shown in Figure 9b).

Figure 5 Geometry structures of  tobermorite-14Å minerals and C1.2SH1.8 gel. a) tobermorite-14Å 
and various proton environments, b) C1.2SH1.8 gel and various proton environments

Protons in different chemical environments exist in the structure of  tobermorite-14Å and constructed 
model of  C-S-H gel. The hydrogen bonds are classified into three types according to the donators in the 
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bond. Three different structure units containing protons and oxygen atoms are labeled as TH (silanols 
bonded with tetrahedral silicates (T)), W (water molecular) and OH (hydroxyl groups bonded with calcium 
ions). Nine different hydrogen bonds involving the different donators and acceptors are named as W---W, 
W---T(Q2) and W---T(TH)(Q1) etc.

The observed NMR chemical shifts are compared with the calculated values, aiming to correlate the 
underlying structure of  hydrogen containing groups which are shown in the C-S-H model to the observed 
spectra. Hydrogen bonds affect greatly the isotropic 1H chemical shifts. A well-established linear relationship 
between 1H isotropic chemical shifts and distance of  hydrogen bonds (dO-H···O) has been reported by 
experiment if  the proton is bonded to oxygen atoms [6, 21]. The accurate values of  dO-H···O are calculated 
from the C-S-H model used in the calculation, with which the correlation between 1H isotropic chemical 
shifts and hydrogen bonds are established. The linear relationship between the calculated 1H chemical shift 
and values of  dO-H···O is shown in Figure 6.

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8

4

8

12

16

 

 

C
he

m
ic

al
 s

hi
ft 

(p
pm

)

d (O-H···O) (Angstroom)

Strong HBs

(Q1)TH---OH

OH-···W

W···T(Q2)

W···W

W···T(Q1)

W···OH-

(Q1)TH···W
(Q1)TH···T(Q1)

(Q2
B)TH···W

Figure 6 Relationship between calculated 1H chemical shift and value of  dO-H···O (HBs: Hydrogen 
Bonds)

The comparison between the observed 1H chemical shifts and the calculated values shows much higher 
overlapped ranges of  protons in water and silanols groups than that indicated from the literatures [12]. 
Protons in water molecule resonate from 3 to 11ppm, while peaks of  protons in silanols bonded with 
tetrahedral silicates ranges between 10 and 14ppm, leading to broaden and overlapped peaks observed in 
the 1H NMR spectra of  C-S-H gels with the Ca/Si ratio of  1.4 and 1.5. The highly overlapped ranges of  
protons are due to the different distance and strength of  hydrogen bonds which influence shielded effect to 
protons. Thus, the hydrogen bonds should be taken into consideration to reasonably analyze the 1H NMR 
of  C-S-H or cement based materials.

There is a linear correlation between the calculated 1H chemical shift and the values of  dO-H···O: δiso=28.587 
-10.10 dO-H···O, with δiso in ppm and dO-H···O in Å (Figure 6). The protons in Ca-OH involved in the hydrogen 
bond labeled as OH---W resonate at about 2.5ppm, suggesting an average dO-H···O value of  about 2.7Å and 
rather weak hydrogen bonds. Protons in hydroxyl groups serves as a weak donator in hydrogen bonds. Most 
protons in C-S-H gels exit in water whose 1H chemical shifts spread in a wide range and has various values 
of  dO-H···O. The protons resonating at 4.6ppm is involved in hydrogen bond named as W---W and have an 
average dO-H···O value of  2.37Å, which is the dominant chemical environment of  protons in C-S-H with 
Ca/Si ratio of  1.0. The protons in water forming the hydrogen bonds with Q1 sites (W---T(TH) (Q1)) show 
higher chemical shifts at 10ppm than those with  Q2 sites (W---T (Q2)) and have an average value of  dO-H···O 
about 1.84Å. The observation suggests stronger hydrogen bonding between water and Q1 sites than those 
with Q2 site in the silicate chains, which agrees with the ranking of  strength of  hydrogen bonds proposed 
in the literature [13].  Nonbridging oxygen atoms in Q1 sites serve as stronger hydrogen-bond acceptor 
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sites than bridging oxygen atoms in Q2 sites. The protons in forming hydrogen bonds with water show 
similar observation that hydrogen bonding between Si-OH groups in Q1 sites and water ((Q1)TH---W) are 
stronger than those between Si-OH groups in Q2

B sites ((Q2
B)TH---W) with water. In conclusion, the Q1 

sites enhance the internal cohesions with water and hydrophilicity of  the silicate main chain. 

Hydrogen bonds whose the average value of  dO-H···O  is lower 1.8Å are defined as strong hydrogen bonds 
(shown in Figure 10). The strong hydrogen bonding are dominated by (Q1)T-H---T(Q1), (Q1)T-H---W, W---
OH, W---T(Q1) and (Q1)TH---OH.  Strong hydrogen bonding between terminal silanol and terminal silicate 
sites shows the internal cohesions between the parallel chains, which are present in the minerals suolunite 
and acts as the major interactions between dimes in the structure [10]. The hydroxyl groups bonded with 
calcium ions serve as strong acceptors for hydrogen bonds, which forms the strong bonding with water 
(W---OH) and terminal silanol ((Q1)TH---OH). The strong hydrogen bonding between terminal silanol and 
hydroxyl acts as the interlayer affinity in the structure of  C-S-H gel.

4. Conclusions

The observed 1H NMR results are correlated with the underlying structure of  hydrogen bonds, aiming to 
reveal the mechanism of  hydrogen bonding The main conclusions can be drawn as followings.

1. Amorphous portlandite exists in C-S-H gels with high Ca/Si ratios. 

2. Chemical shifts of  protons in C-S-H gel are affected greatly by the hydrogen bonds. Protons in water 
and silanol resonate in a highly overlapped range. Hydrogen bonds should be taken into consideration to 
reasonably analyze the 1H NMR of  C-S-H or cement based materials.

3. Strong hydrogen bonding between water and terminal silicate sites or silanol are revealed, which enhance 
the hydrophilicity of  silicate chains in the C-S-H gel. 

4. The strong hydrogen bonding between terminal silanol and hydroxyl bonded with calcium ions in C-S-H 
gel with high Ca/Si ratio is observed, which acts as the affinity in the interlayer space of  C-S-H gel, and 
consequently decreased basal spacing with increasing Ca/Si ratio.
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Abstract

Utilization of  natural pozzolan such as volcano-related materials in concrete as a supplementary cementitious 
material can contribute to establishment of  low-carbon society and resource circulation society. Volcanic-
related materials generally comprise not only glass but also crystal mineral and clay mineral, which may 
cause undesirable properties in concrete. The authors developed the technology for dividing volcanic-
related materials into crystalline mineral, pumice, high-purity volcanic glass, and clay fraction toward total 
utilization of  volcanic-related materials as construction materials. In this study, concrete containing high-
purity volcanic glass powders with different fineness are investigated regarding fresh properties, strength 
development, chloride ion penetration and CO2 reduction. Experimental works were conducted using 7 
types of  volcanic glass powders with replacement ratios of  5%, 10% and 20% in concrete with water-to-
binder ratios of  20% and 50% for the investigation of  fresh properties and strength development. Another 
experiment on chloride ion penetration in concrete was also conducted using concrete with water-binder 
ratio of  60% containing volcanic glass powders with replacement ratios of  20%. As a result, it was found 
that volcanic glass powders gave excellent contribution to the improvement of  flowability like fly ash, 
the enhancement of  strength like silica fume, and the restraint of  chloride ion penetration like ground 
granulated blast-furnace-slag. Volcanic glass powders can also contrbute to the reduction of  CO2 emission 
because the content of  portland cement can be largely reduced to obtain the same strength in concrete with 
100% portland cement.

Keywords: Volcanic glass powder, Supplementary cementitious material, Strength development, Chloride 
ion diffusion, CO2 reduction

1. Introduction

Ancient concrete used in the Pantheon in Rome contains volcanic ejecta, which is known as pozzolana. 
One popular technique to reduce CO2 emissions stemming from concrete production and construction 
involves the use of  these natural pozzolans as supplementary cementitious materials (SCMs) [1]. Volcanic 
activity is common in Japan, and one of  the earliest researches to use volcanic ejecta as SCM began more 
than 110 years ago in Hokkaido, the northern part of  Japan [2, 3]. Subsequently, many studies were done 
on the applications of  domestic natural pozzolan as SCM, and have been recently reviewed by Cai et 
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al. [4]. Although concrete made with volcano-related materials had been manufactured practically until 
1960’s, artificial materials have been chosen as a replacement. The reaction of  natural pozzolans is due to 
volcanic siliceous glass [5], but volcanic ejecta generally comprises not only glass but also crystal mineral 
and clay mineral in their natural conditions [6], which may lead to typical undesirable properties of  natural 
pozzolans; large variety, variability, and high water demand [7].

In the previous researches [8-11] on the total utilization of  pyroclastic flow deposits as construction materials, 
the authors clarified that dry gravity classification is effective in dividing Ito-shirasu into crystalline mineral, 
pumice, high-purity volcanic glass, and clay fraction. Through a separating machine made by combining a 
gravity separator with a winnowing sorter, the amorphous content of  volcanic glass increased to 88% when 
that of  raw material is about 60%. As the mechanism of  the machine is shown in Figure 1, winnowing with 
the action of  the vibration fluid bed can sort particles by density, particle size, and terminal velocity with 
low energy consumption.

Figure 1: The mechanism of  the separating machine for dividing Ito-shirasu.

We have also reported earlier that, when using this material pulverized to a BET specific surface of  15m2/g 
by a jet mill as a SCM, a replacement ratio of  10% in high strength concrete with a water-to-binder ratio 
(W/B) of  0.2 leads to fresh properties (microfiller effect) and strength development comparable to those 
of  silica fume. In normal concrete with a W/B of  0.6, a replacement ratio of  5% to 20% leads to strengths 
higher than that of  concrete with no SCM beginning from an age of  7 days, and the strength increases as 
the replacement ratio increases. Immersion tests in saltwater revealed that the apparent diffusion coefficient 
decreases to as low as 15% and 10% with replacement ratios of  10% and 20%, respectively, when compared 
with those of  concrete with no replacement. Volcanic glass powder (VGP) was thus found to provide 
excellent resistance to chloride ion penetration. Furthermore, a replacement ratio of  up to 20% does not 
impair the carbonation resistance. The long-term strength development and durability have also been 
investigated with a replacement ratio of  20%.

In this study, concrete containing volcanic glass powders with different fineness are investigated from a 
more practical aspect.

2. Experimental program

2.1 Manufacturing process of  VGP
Ito-shirasu used in this investigation was delivered from Kanoya-city, Kagoshima Prefecture in Japan by a 
mine operator without any pretreatment as shown in Figure 2. The mineral composition of  particle size 
fractions and the chemical composition of  the raw material reported in the previous research [12] are 
presented in Figure 3. As to mineral components, the fraction over 2.4g/cm3 is defined as crystalline, under 
2.4g/cm3 defined as amorphous, and in particular under 1.5g/cm3 as pumice in this figure. After sieving 
Ito-shirasu to under 5mm, Ito-shirasu is divided into five substances by a dry gravity separator. Volcanic 
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glass powder was manufactured through dry gravity classification and pulverization as shown in Figure 4. 
First, classified volcanic glass is crushed by a roller mill to a mean particle size of  5.1μm. This was then 
pulverized and classified using three devices, namely, a jet mill, an air classifier, and a cyclone, with the 
resulting coarse and fine powders being recovered by cyclones and dust collectors, respectively.

2.2 Properties of  VGP
The basic properties of  seven VGPs are shown in Table 1; the BET specific surface area measured by N2-
adsorption, amorphous content based on heavy liquid separation using zinc bromide (ρ=2.4g/cm3), and 
chemical composition by fluorescent X-ray analysis.

Figure 1: Distribution of  shirasu and location of  sampling site.

Figure 3: Mineral composition of  particle size fractions and chemical composition of  Ito-shirasu.
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Figure 4: Dry gravity classification and pulverization for manufacturing volcanic glass powder.
Table 1: Basic properties of  VGPs.

Marks VGR RJF RJC RAF RAC RCF RCC
SiO2 73.9 72.4 74.3 72.6 74.2 73.0 74.3
TiO2 0.20 0.21 0.20 0.21 0.20 0.21 0.19
Al2O3 12.8 13.3 12.6 13.2 12.7 13.1 12.6
Fe2O3 1.89 2.33 1.76 2.26 1.83 2.38 1.78
MnO 0.05 0.06 0.05 0.06 0.05 0.06 0.05
MgO 0.30 0.37 0.26 0.34 0.29 0.32 0.28
CaO 1.44 1.56 1.40 1.55 1.42 1.51 1.39
Na2O 3.78 3.57 3.91 3.60 3.71 3.59 3.75
K2O 3.34 3.36 3.38 3.30 3.37 3.32 3.35
P2O5 0.03 0.04 0.03 0.04 0.03 0.04 0.03
LOI 2.25 2.81 2.02 2.84 2.14 2.47 2.25

BET surface area (m2/g) 6.4 16.1 4.2 15.2 5.1 12.0 3.6
Glass content (%) 85.7 88.6 87.4

Table 2: Materials used.

Material Properties Marks

Bi
nd

er Cement
Normal portland cement, density: 3.24 g/cm3 N, NPC

Low-heat portland cement, density: 3.24 g/cm3 L, LPC

SCM VGP, SF, FA SCM

Fine aggregate
Crushed lime, density: 2.67g/cm3 S1

Crushed tight sand, density: 2.62 g/cm3 S2

Coarse aggregate
Crushed tight sand, density: 2.64 g/cm3 G1

Crushed lime, density: 2.70 g/cm3 G2

Chemical admixture

High-range water-reducing admixture SP1

Air-entraining and high-range water-reducing admixture SP2

Air-entraining and water reducing admixture SP3

Air-entraining admixture AE
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Table 3: Factors and level, mixing proportions.

Series W/B Cement W
(kg/m3)

SCM/B
(%) S1:S2 s/a

(%)
SCM
used

Chemical
admixture

used

Target air
content

(%)

Target
slump
(cm)

I 0.20 L 160 10 4:6 45.2
SF
+

6 VGP
SP1 2.0±1.0 Slump flow

65±10

II 0.50 N 167 25 2.5:7.5 42.8
FA
+

6 VGP
SP2+AE 5.0±1.0 Slump

18±2.5

III 0.60 N 183
5
10
20

2.5:7.5 50.8
RF
RC

VGR

SP3
+

AE

5.0
±
1.5

Slump
18±2.5

2.3 Mix proportion and test method
The experimental program for three types of  VGP was divided into four series, and tests were conducted on 
concrete mixtures. A forced-action double-axis mixer was used for mixing. Referring to the JIS test method 
for the activity indices for silica fume (SF) and fly ash (FA), the W/B and replacement ratio were set at 
20% and 10%, respectively, in Series 1, whereas they were set at 50% and 25% in Series 2, respectively. The 
materials and mixture proportions are listed in Tables 2 and 3, respectively. The reference SCM for Series 
1 (W/B=20%) was SF. Its target air content and slump flow were 2.0±1.0% and 65±10cm, respectively. 
The reference SCM for Series 2 (W/B=50%) was FA. Its target air content and slump were 5.0±1.5% and 
18±2.5cm, respectively. The chemical admixture dosage was adjusted to achieve the target air content and 
slump. Compression specimens (φ100×200mm cylinders) were fabricated after testing the fresh properties, 
namely, the slump (only for Series 2), slump flow, air content, concrete temperature, time to 50cm flow, and 
time to end-of-flow (only for Series 1). Compression tests were conducted at standard curing ages of  1, 4, 
and 13 weeks.

In Series III, the influence of  VGP on the chloride diffusion of  concrete was experimentally examined. 
Tests were performed on concrete specimens (W/B=60%) of  three different sizes of  VGP (RF, RC and 
VGR) with a replacement ratio of  20% and OPC for reference, according to the JSCE standard “Test 
method for apparent diffusion coefficient of  chloride ion in concrete by submergence in salt water”. After 
cutting off  25mm slices from the top and bottom ends of  each cylinder, concrete specimens were cured 
in a water bath at 20°C. The curing period was 28 days. Specimens were coated with epoxy excepting the 
circular placing surface and immersed in a 10% NaCl solution at 20°C for 42 weeks. The total chloride ion 
profile was determined by cutting four 10 mm slices from each cylinder so that the centers of  the slices 
would be the points at depths of  5, 20, 35, 50 and 65 mm from the uncoated surface. These were crushed 
to less than 150 µm and subjected to ion chromatography to quantify chloride ions in accordance with JIS 
A 1154 (Method of  test for chloride ion content in hardened concrete).

In Series IV, the relational expressions between the binder-water ratio (B/W) and the 28-day compressive 
strength were experimentally determined to evaluate the environmental performance of  concrete 
containing VGP on a practical basis. Tests were conducted at a ready-mixed concrete plant with actual 
shipping experience. All materials excepting VGP were the same as those normally shipped from the plant. 
Trial mixtures of  RF, RC, and VGR were prepared with a fixed replacement ratio and three levels of  W/Bs. 
Table 4 tabulates the test levels, proportioning factors, and fresh test results. The replacement ratio was 20% 
for RF, RC and VGR. RF was also tested with replacement ratios of  5% and 10%. The target slump and 
air content were 18±3cm and 4.5±1.5%, respectively, for all mixtures. Compression tests were conducted 
at 28 days after standard curing.
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Table 4: Test levels, proportioning factors and fresh test results.

SCM-
replacement

W/B
(%)

W
(kg/m3)

SP dosage
(B*wt%)

AE dosage
(B*wt%)

Slump
(cm)

Air
(%)

RF-20%
60 172 0.80 0.3 19.0 5.9
50 170 0.90 0.0 19.0 5.7
35 174 0.90 0.0 19.0 5.9

VGR-20%
60 172 0.65 0.2 19.0 5.9
50 170 0.65 0.1 19.0 4.6
35 174 0.80 0.0 20.0 3.4

RC-20%
60 172 0.65 0.0 20.0 5.4
50 170 0.60 0.1 20.0 4.9
35 174 0.95 0.1 20.0 3.7

RF-5%
60 172 0.70 0.0 18.5 5.8
50 170 0.90 0.0 20.5 4.8
40 172 0.70 0.0 19.0 3.5

RF-10%
60 172 0.70 0.0 18.0 5.2
50 170 0.90 0.0 20.0 5.4
40 172 0.85 0.0 21.0 4.0

 
3. Experimental results

3.1 Fresh properties
Table 5 gives the fresh properties immediately after mixing and chemical admixture dosage of  Series I. 
All VGPs are found to provide slump flows equal to or greater than SF with smaller chemical admixture 
dosages. In comparison with SF with a mean diameter of  0.1µm, the size of  VGP is large. It is therefore 
presumed that agglomerations are prone to be dispersed due to the small van der Waals forces, requiring 
a small chemical admixture dosage. The time to 50-cm flow of  the coarse powders is longer than that of  
fine powders, with substantial viscosity and dilatancy to cause resistance to shoveling with a cement shovel. 
Though the time to 50-cm flow with the three fine powders is longer than that with SF, the consistency 
was sufficiently practicable. Powders with a BET specific surface of  12m2/g or greater contain sufficient 
amounts of  fine particles to fill the spaces between cement particles, increasing the packing factor of  the 
binder. This presumably achieves a microfiller effect comparable to SF. Based on these results, it is judged 
that, in fresh concrete with a W/B of  around 20%, fine powders with a BET specific surface of  12m2/g 
or more provide a flowability-improving effect, while the effect is less evident with coarse powders with a 
BET specific surface of  5m2/g or less.

However, it can be said that VGP is a supplementary cementitious material that is expected to produce a 
sufficient effect of  improving the workability of  low W/B mixtures as demonstrated in the present results, 
provided that its physical properties including grading are rectified during the process of  crushing and 
classification and that impurities including clay minerals are removed.

Table 6 gives the fresh properties and chemical admixture dosage of  Series II. The mixing time was the 
same for all VGPs. The dosage of  the high-performance air-entraining and water-reducing admixture for 
fine powders to achieve the target slump is higher than FA, whereas the admixture dosage to achieve the 
target slump and air content with coarse powders was the same as SF. The use of  VGP reduces the slump 
flow by 15%, leading to fresh concrete with a high yield value. This is presumably due to the effect of  the 
angular shape of  crushed VGP particles in contrast to spherical FA particles. However, coarse powders 
with a BET specific surface of  5m2/g or less show sufficiently practicable viscosity comparable to FA. 
It can therefore be said, from these results, that the target slump and air content were achievable in fresh 
concrete with a W/B of  around 50% by using the same dosage of  a chemical admixture as FA, which is 
effective in improving the concrete flowability.
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Table 5: Fresh properties and chemical admixture dosage of  Series 1.

Type pf  SCM
/BET surface area (m2/g)

Slump flow
(cm)

Air
(%)

Time to 500mm flow
(sec)

Time to end-of-flow
(sec)

SP1 dosage
(B*wt%)

RJF/16.1 74.0×74.8 2.1 5.3 97 1.40

RAF/15.2 73.2×75.0 2.1 5.8 118 1.40

RGF/12.0 73.8×72.2 1.8 5.5 92 1.40

RJC/4.2 74.0×73.8 1.8 6.3 95 1.30

RAC/5.1 72.4×71.1 1.9 6.8 102 1.20

RGC/3.6 69.8×68.2 1.9 8.3 103 1.20

SF/17.7 69.0×68.0 2.9 4.3 79 1.60

Table 6: fresh properties and chemical admixture dosage of  Series II.

Type pf  SCM
/BET surface area (m2/g)

Slump
(cm)

Air
℃%℃

SP2 Dosage
(B*wt%)

AE dosage
(B*wt%)

RJF/16.1 18.5 5.8 1.10 0.40
RAF/15.2 19.5 5.8 1.10 0.40
RGF/12.0 19.0 5.6 1.10 0.40
RJC/4.2 19.5 5.8 0.83 0.40
RAC/5.1 19.0 5.7 0.83 0.40
RGC/3.6 18.0 5.5 0.83 0.40
FA/1.4 20.0 5.9 0.83 0.40

3.2 Strength development
Figure 5 shows the compressive strength with a W/B of  20%. At an age of  4 weeks, the strength with 
VGPs is equal to or higher than with SF. At 13 weeks, the strength is equal to or lower than SF. It has been 
reported that, if  the W/B is constant, then a 1% increase in the air content reduces the strength by 4% to 
6%. The air content with SF is higher than that with VGP by around 1% in a fresh state. It follows that, even 
if  the strength with VGP is reduced by 5%, it can be regarded as roughly comparable to SF up to 4 weeks. 
Figure 6 shows the compressive strength with W/B=50%. The strength with fine powders is approximately 
20% higher than with FA, while that with coarse powders is equivalent to that with FA, at all ages.

Figure 7 shows the strength development. With W/B=20%, the strength gains with SF from 4 to 13 weeks 
are greater than with any of  the VGPs, but the slopes from 7 to 28 days are similar for all specimens. With 
W/B=50%, similar tendencies are found in the strength development over time in both cases of  FA and 
VGP.
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Figure 5: Compressive strength with a W/B of  20% in Series I.

Figure 6: Compressive strength with a W/B of  50% in Series II.

Figure 7: Strength development.

Figure 8 shows VGP’s BET specific surface and the relative strength ratio to SF at W/B=20%. The strongest 
correlation between the relative strength ratio and the BET specific surface is observed at 1 week, with the 
strength being equivalent with SF even at a BET specific surface of  3m2/g. With a BET specific surface 
of  12m2/g or greater, the strength is equal to or higher than with SF. However, both the slope of  the 
approximate lines and the correlation coefficients decrease over time, ending up with a strength equivalent 
to that with SF with all specific surfaces at 4 weeks and a strength equal to or lower than that with SF even 
with 15m2/g or more at 13 weeks. The reaction rate of  SF in place of  10% of  cement in a paste with 
W/B=22% is reported to rapidly increase up to 7 days and slows down thereafter. Though the strength 
development mechanism of  VGP can slightly differ from that of  SF due to the different glass percentage 
and chemical composition, it is presumed that the strength test results of  VGP correlate well with the BET 
specific surface at 1 week and delayed reaction of  particles with smaller BET specific surfaces proceeds 
thereafter. However, the results that strength ratio to SF is 100% or higher up to 4 weeks but is less than 
SF at 13 weeks imply the effects of  factors other than reactions, such as void percentage. Elucidation of  
strength development related to age remains a subject for future research.

Figure 9 shows the relative strength ratio to FA with W/B=50%. A closer correlation than 20% W/B is 
observed between VGP’s BET specific surface and strength ratio to FA, though with a slight scatter at 13 
weeks. According to a former research on pastes with a replacement ratio of  20% and a W/B of  40%, the 
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reaction ratio of  Type II fly ash specified in JIS A 6201 is around 10% at 7 days and 42% to 53% at 555 
days, being affected by the amount, chemical composition, and fineness of  the glass phase. Since the only 
difference among the six types of  VGPs in the present study is fineness, the obtained strength development 
presumably corresponds with the BET specific surface, which is closely related to fineness. However, the 
slightly low strength ratio to FA at 13 weeks requires further observation of  long-term strength to elucidate 
the strength development mechanism.

Figure 8: VGP’s BET specific surface and the relative strength ratio to SF at W/B=20%.

Figure 9: VGP’s BET specific surface and the relative strength ratio to FA at W/B=50%.
Resistance to chloride ion penetration

Figure 10 shows the results of  immersion tests on concrete specimens in 10% saltwater for 42 weeks 
after 4-week water curing. The concretes with W/B=60% were OPC and concretes containing RF, VGR, 
and RC in place of  20% of  cement. The chloride contents in the surfaces and deeper inward of  concrete 
containing VGPs are significantly lower than those of  OPC. Concrete containing RF or VGR not only 
shields the penetration of  chlorides at a depth of  20mm but also inhibits its penetration at 10mm. Even 
concrete containing RC with the smallest BET specific surface is found to shield chloride ion penetration at 
35mm. Though the shielding effect of  RC is weaker than those of  RF and VGR, it significantly improves 
the chloride ion resistance of  concrete when compared with OPC. The apparent diffusion coefficients of  
OPC, RF, VGR, and RC regarding all chloride ions are 4.00, 0.16, 0.20, and 0.60cm2/year, respectively. 
VGPs with a larger BET specific surface show a smaller apparent diffusion coefficient of  chloride ions. In 
the case of  a replacement ratio of  20%, even the apparent diffusion coefficient of  RC with a BET specific 
surface of  approximately 3m2/g is less than 20% of  that of  OPC. The diffusion coefficients of  VGR and 
RF with BET specific surfaces of  approximately 7m2/g and 11m2/g, respectively, are less than 20% and 
less than 10%, respectively, of  that of  OPC.
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Figure 10: Chloride ion penetration in 10% saltwater for 42 weeks.

3.3 W/B-strength relation and contribution to CO2 reduction
Figure 11 shows the approximate lines calculated from the compression test results and the B/W-strength 
relational expressions. The relational expression for OPC in the figure is the expression adopted for the 
actual ready-mixed concrete made of  the same materials and shipped by the plant. Due to approximation 
of  trial mixtures with three levels by n=1, the scatter of  the results of  20%-replaced RF is wider than that 
of  OPC approximated by n=4. RF with a BET specific surface of  11m2/g shows a higher strength than 
OPC with the same B/W even with a replacement ratio of  5%, and the effect remains up to a replacement 
ratio of  20%. The strength of  VGR with a BET specific surface of  7m2/g is slightly higher than OPC. 
That of  RC with a BET specific surface of  3m2/g is slightly lower than OPC. In Series 2, the strength 
development is comparable to fly ash with a W/B of  50% and replacement ratio of  25%. It can therefore 
be regarded as equivalent to general fly ash of  JIS Type II, which is available on the market in Japan. A 
higher strength at 91 days is therefore expected.

Figure 12 shows the unit cement reduction determined from calculation by the relational expression for 
proportioning to achieve compressive strengths of  30, 40, and 50MPa. The unit water content of  OPC 
proportioning for general slump control is assumed to be 180kg/m3, whereas the unit water content in 
the flow control using VGP is assumed to be 170kg/m3. By assuming the proportioning control strength 
as 50MPa, the cement content can be reduced by more than 100kg even with a replacement ratio of  
10% at which the carbonation rate coefficient decreases. With a 20% replacement, the cement content 
can be reduced by 150kg. Also, with RC, the B/W–strength relational expression of  which is lower than 
cement, the cement demand to obtain the same strength becomes smaller, as the replacement ratio is 20%. 
Reductions of  more than 50kg are therefore achieved at all strength levels.

Figure 11: B/W-compressive strength relation
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Figure 12: Unit cement reduction to achieve compressive strengths of  30, 40 and 50MPa.

4. Conclusions

The findings regarding concrete made using volcanic glass powder obtained in this study include the 
following:

(1) Fresh properties

With a W/B of  around 20%, VGP powder with a BET specific surface of  12m2/g or more has a flowability-
improving effect, while such an effect is judged as being weak with a BET specific surface of  5m2/g 
or less. With a W/B of  around 50% or more, a replacement ratio exceeding 10% of  VGP with a BET 
specific surface of  12m2/g or more increases the chemical admixture demand for achieving the target 
slump increases. With a BET specific surface of  5m2/g or less, however, the target slump and air content 
can be achieved with a chemical admixture dosage equivalent to JIS Type II fly ash with a replacement ratio 
of  25%.

(2) Strength properties

With a W/B of  around 20%, the BET specific surface of  VGP correlates with the strength, demonstrating 
the strength-developing performance equivalent to SF with a BET specific surface of  around 5m2/g, and 
that equal to or higher than SF with a BET specific surface of  12m2/g. At four weeks, the correlation 
between the BET specific surface and strength becomes weak, demonstrating a strength-developing 
performance equivalent to SF. At an age of  13 weeks, the correlation becomes even weaker, with the 
strength being equivalent or lower than SF. With a W/B of  around 50% or more, a strength equivalent to 
JIS Type II fly ash is obtained with a BET specific surface of  around 3m2/g. The strength becomes 20% 
higher than fly ash with a BET specific surface of  12m2/g or more, with correlation between the BET 
specific surface and the strength being observed up to 91 days.

(3) Durability and CO2 reduction

The use of  VGP with a BET specific surface of  around 3m2/g at a replacement ratio of  20% provides 
sufficient resistance to chloride ion penetration, being sufficiently effective in reducing the amount of  
portland cement consumption.
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Abstract 

Volcanic ejecta and deposits, which are pozzolanically reactive, have long been known to improve the 
durability of  concrete. Nevertheless, it has also been pointed out that the use of  a natural pozzolan as 
a supplementary cementitious material (SCM) can pose problems of  low workability and slow strength 
development. Also, in addition to the low performance as a natural SCM, its composition and physical 
properties are widely variable and significantly scattered when compared with industrial by-products. The 
authors have been conducting studies on the total utilization of  volcanic deposits for applications suitable 
for respective properties by classifying them by floating speed difference and particle diameter.  Pyroclastic 
flow deposits called “Ito-Shirasu” which erupted out in 29,000 years ago covers an area of  about 3,427 
km2, and it forms extensive pyroclastic plateaus with a layer about 10 meters to 200 meters thick in the 
southern regions of  Kyushu, Japan. The amount of  sediments of  Ito-Shirasu is estimated to have a volume 
of  75 billion m3. It includes a crystal mineral and an amorphous silicate and so on, therefore it has the 
properties of  both a fine aggregate and a SCM owing to its pozzolanic reaction. They reported that sorting 
out particles less than 2.4 g/cm3 by dry gravity classification and removal of  smaller clay fraction by bag 
filter is technically effective to recover high purity volcanic glass from Ito-shirasu.

This study provides a possibility to produce high performance SCMs in volcanic regions worldwide from 
volcanic ejecta, which have been regarded as a low performance SCM, by sorting out a high purity volcanic 
glass by the same method using an air table.

Keywords: Volcanic glass, natural pozzolan, supplementary cementitious material, dry gravity classification

1. Introduction

A quest for supplementary cementitious materials (SCMs) with a reactivity allowing them to be used as 
a replacement for Portland cement has been under way worldwide, with industrial byproducts including 
ground-granulated blast-furnace slag and fly ash being globally applied to actual construction. However, an 
expected reduction in the output of  such materials, particularly fly ash, was pointed out already in 2007 [1], 
amid the trend to cope with the environmental problems. Then in December 2015, the Paris Agreement 
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was adopted to urge the world to take measures against greenhouse gas emissions, edging out coal-fired 
power generation.

Though the term “pozzolan” is widely used today to describe a reactive material for concrete regardless of  
whether it is natural or artificial, it is derived from “pozzolana,” natural volcanic ejecta, which was used as a 
material for concrete in the Roman era. Volcanic ejecta and deposits, which are pozzolanically reactive, have 
long been known to improve the durability of  concrete. No standard has been available for these materials 
due to their being no industrial products, with their physical properties widely varying. Volcanic ejecta and 
deposits have therefore not been actively employed for construction under the circumstances where laws 
and regulations require engineers to refer to standards. However, with a shift from specification codes to 
performance-based codes in sight, active use of  natural resources in the future of  north America has been 
highlighted [2].

Nevertheless, it has also been pointed out that the use of  a natural pozzolan as a supplementary cementitious 
material can pose problems of  low workability and slow strength development [3]. Also, in addition to the 
low performance as a natural SCM, its composition and physical properties are widely variable [4] and 
significantly scattered [5] when compared with industrial byproducts.

The wide variety of  natural pozzolans are classified by their origins as shown in Figure 1. They are broadly 
divided into two categories: primary volcanic and sedimentary. Diatomaceous earth and white earth fall 
in the sedimentary category due to their undergoing hydrothermal action during the depositional process. 
The volcanic category includes zeolitised tuff, or volcanic tuff, which is also altered by diagenetic processes. 
Though zeolite is a sedimentary rock diagenetically crystallized after being ejected and deposited, it shows 
reactivity with lime when finely pulverized by a base-change reaction. Excepting the group of  diatomaceous 
earth, all natural pozzolans are derived from volcanic rock and volcanic minerals [6]. All these natural 
pozzolans contain such impurities as quartz and feldspar, along with amorphous silica (volcanic glass, 
VG), which causes reactivity. However, in many cases these are studied and used as they are, through the 
processes of  pulverization and classification (mostly into a particle smaller than 45 µm)[6].

Vitreous pumices
and ashes Zeolitised tuffs

Natural SCMs

Sedimentary originVolcanic origin

Unaltered pyroclastic
material

Altered pyroclastic 
material

Chemical sediments Detrital sediments

Diatomaceous 
earths

Hydrothermal 
siliceous sinters

Naturally burned
clays

Processing  

Figure 1: General classification scheme of  natural supplementary materials. Processing usually 
involves crushing grinding, and size separation, mostly under 45 µm

The authors have been conducting studies on the total utilization of  volcanic deposits for applications 
suitable for respective properties by classifying them by floating speed difference and particle diameter. 
This is done by using equipment referred to as an air table, which is based on a principle shown in figure 
2. We have already blended the heavy particle and heavy dust fractions dry-classified by the air table from 
pyroclastic flow deposits (Ito-Shirasu), which is categorized as unaltered matter of  volcanic origin, and 
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found that the blend can be used as fine aggregate in the same manner as crushed sand [7]. Furthermore, 
based on the analysis of  the mineral composition and amorphous content of  classified light dust, sorting 
out particles less than 2.4 g/cm3 by dry gravity concentration and removal of  smaller clay fraction by bag 
filter is technically effective to recover high purity VG from raw material. The authors demonstrated that, 
by pulverizing this VG to around 1 µm, a slump flow and 7-day and later strength equal to or greater than 
silica fume can be obtained when used for concrete at W/B = 0.2 even with smaller dosages of  chemical 
admixtures. When used at W/B = 0.6, the concrete demonstrated excellent strength development from an 
age of  7 days even when up to 20% of  normal Portland cement was replaced with VG. That concrete also 
showed no reduction in the carbonation rate coefficient, indicating extremely high resistance to chloride 
ion penetration [8].

Figure 2: Mechanism of  air table; dry gravity classification. The particles are almost classified 
according to the density and diameter.

This study aims to verify whether the effect of  dry classification of  volcanic deposits by an air table is 
limited only to Ito-Shirasu, which spreads over Southern Kyushu of  Japan, or whether it is more universal, 
by analyzing its deposition principle and powder properties.

2. Test materials and procedures

2.1 Method of  producing volcanic glass powder
Similarly to a former report [9], unprocessed Ito-Shirasu was obtained from a mining firm in Kagoshima 
Prefecture. The test material was prepared by drying the part passing a 5 mm sieve to a water content of  1% 
or less. Figure 3 shows details of  the classifier used. This equipment consisting of  an air table along with a 
cyclone and dust collector classifies the material into five components. The classifying conditions include 
the material feed, pore size of  the sieve, concavo-convex shape, inclination angle, rotation frequency, 
vibration amplitude, and air flow. The density and size of  each component can be adjusted by setting these 
conditions [9]. The particles are classified according to the density and mean size as listed in Table 1 along 
with the recovery rate. Most crystal minerals are recovered as heavy particles 1 mm or more in diameter and 
heavy dust less than 1 mm in diameter, while pumice is recovered as light particles. Among the light dust, 
fine particles recovered by the cyclone include high purity VG. The super fine part not recovered at the 
cyclone is recovered by the dust collector as the clay fraction (CF).
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Figure 3: the dry classifier used. An air table along with cyclone and dust collector classifies Ito-
shirasu into five elements.

Table 1: Recovery rate, density and mean size of  components

Coarse crystalline Fine crystalline Pumice VG CF

Recovery rate (%) 12 21 19 46 2

Density (g/cm3) 2.63 2.66 1.81 2.36 2.37
Particle mean size (µm) 1137 330 742 83.5 4.1

Figure 4 shows the size distributions of  VG recovered by the cyclone and CF recovered by the dust 
collector measured by a laser diffractometer. The mean size of  the fraction recovered by the dust collector 
is 4 µm, representing the fine particle fraction slightly contained in the ore, though the two curves partly 
overlap due to dry classification. 

 Figure 4: Particle size distribution of  VG and CF 

The sorted VG and CF were crushed and classified as shown in figure 5. Volcanic glass primary-crushed by 
a roller mill into a powder (VGR) is pulverized and classified using three devices: a jet mill, air classifier, and 
cyclone. The fractions recovered by the dust collector (RJF, RAF, and RCF) are referred to as fine powder. 
The fractions recovered by the cyclone (RJC, RAC, and RCC) are referred to as coarse powder. These 
fractions, including the primary-crushed VGR, are referred to as volcanic glass powder (VGP). Also, the 
CF, including its crushing, are collectively referred to as clay powder. 
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Figure 5: Manufacturing process of  volcanic glass powder and clay powder 

2.2 Chemical composition and ignition loss 
Calibration curves of  the standard minerals were prepared by the glass bead method for VGP and clay 
powder using lithium tetraborate as the flux, and their chemical compositions were measured by XRF. The 
ignition loss was calculated from the loss values obtained from samples dried for more than 12 h at 105°C 
and then ignited at 1,000°C for 1 h.

2.3 Thermogravimetric analysis, water vapor adsorption, BET specific surface 
Prior to heating, measurement samples for thermogravimetric analysis 20 to 30 mg in mass were vacuum-
dried for more than 12 h to eliminate the effect of  adsorption water in the atmosphere. These were 
then heated from the room temperature (approximately 20°C) to 1,100°C at a rate of  10°C/min with 
measurement intervals of  30 sec. 

The water vapor adsorption isotherm was measured at 25°C using an automatic vapor adsorption meter. 
The specific surface was then determined by the BET method. The measurement cell containing the sample 
was vacuumed and dried for 3 h at 105°C to eliminate the effect of  adsorption water.

2.4 MB adsorption
Adsorption of  methylene blue (MB) was determined in accordance with JCAS I-61: 2008 (Test method for 
methylene blue adsorption of  fly ash). Based on the preliminary test results, a MB solution was added to 
samples weighed to between 0.05 and 0.10 g, and the absorbance was measured by suction filtration. The 
MB adsorption of  samples was calculated by preparing calibration curves from the absorbance by blank 
tests. Six types of  VGP and three types of  clay powder were used as the materials.

3. Results and discussion 

3.1 Chemical composition and ignition loss 
Table 2 tabulates the results of  chemical composition and ignition loss measurements. As shown in figure 6, 
the SiO2 content of  both VGP and clay powder negatively correlate with the ignition loss. The SiO2 content 
and ignition loss of  VGP are more than 72% and less than 3%, respectively, but after pulverization and 
classification, the SiO2 content tends to slightly decrease in the fine powder fraction and slightly increase 
in the coarse powder fraction, with the difference being around 2 percentage points. As for clay powder, 
the SiO2 content and ignition loss of  CF are 65% and 4.5%, respectively, but the difference between those 
of  the fine powder fraction (CFJF) and coarse powder fraction (CFJC) after pulverization and recovery are 
greater than those of  VGP, being around 10 percentage points for SiO2 content and around 3 percentage 
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points for ignition loss. 

Table 2: Chemical composition and LOI of  the materials

Sample VGR RJF RJC RAF RAC RCF RCC CF CFJF CFJC

SiO2 73.9 72.4 74.3 72.6 74.2 73.0 74.3 64.4 60.5 69.2

TiO2 0.20 0.21 0.20 0.21 0.20 0.21 0.19 0.30 0.33 0.24

Al2O3 12.8 13.3 12.6 13.2 12.7 13.1 12.6 16.0 16.9 13.7

Fe2O3 1.89 2.33 1.76 2.26 1.83 2.38 1.78 7.03 8.26 5.07

MnO 0.05 0.06 0.05 0.06 0.05 0.06 0.05 0.07 0.08 0.06

MgO 0.30 0.37 0.26 0.34 0.29 0.32 0.28 0.75 1.09 0.52

CaO 1.44 1.56 1.40 1.55 1.42 1.51 1.39 1.47 1.62 1.45

Na2O 3.78 3.57 3.91 3.60 3.71 3.59 3.75 2.22 1.75 2.59

K2O 3.34 3.36 3.38 3.30 3.37 3.32 3.35 3.21 3.05 3.76

P2O5 0.03 0.04 0.03 0.04 0.03 0.04 0.03 0.03 0.04 0.03

LOI 2.25 2.81 2.02 2.84 2.14 2.47 2.25 4.47 6.37 3.44

 

Figure 6: Relation between SiO2 and LOI 

Volcanic glass is subjected to weathering action of  water, undergoing hydration and elution, and follows a 
weathering sequence shown in Fig. 7, ultimately being modified to a clay mineral (halloysite)[10]. SiO2 is 
prone to elution through chemical changes, leaving compositions rich in H2O and Al2O3. Clay powder can 
therefore be regarded as being in a later stage of  weathering in terms of  chemical composition than VGP. 
In either case, fine powder shows a composition at a later stage of  weathering than coarse powder, with the 
difference between fine and coarse powders of  clay powder being greater.

 

Figure 7: Weathering sequence of  volcanic glass 

3.2 Properties of  adsorbed water 
Figure 8 shows the thermogravimetric curves of  three types of  clay powder and three types of  VGP from 
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among the results of  thermogravimetric analysis tests. The mass losses of  CFJF and CF are significant, being 
8% and 6%, respectively. Those of  CFJC and RJF are similar at around 4%, but their ignition losses differed 
at 3.4% and 2.8%, respectively. This is presumably because the mass loss of  RJF during drying at 105°C 
for pretreatment before ignition loss measurement is greater as shown in the different low temperature 
ranges of  their TG curves. The mass losses of  RJC and VGR are both below 3%, demonstrating similar 
trends to the ignition loss results. Since volcanic glass derived from magma is reported to contain moisture 
equivalent to ignition loss [11], the losses in the TG curves are considered to be attributable to reduction in 
the moisture content, but the differential thermogravimetric curves shown in figure 9 demonstrate different 
trends of  the peak temperatures of  dehydration. One peak is found at around 250°C for VGP including 
those not shown in the figure. This is a typical peak of  volcanic glass [12]. The shift of  this temperature 
toward a lower temperature as the sample is crushed to smaller particles was also confirmed in the tests [12]. 
For clay powder, peaks are found at less than 100°C, around 250°C, and 450°C. The large peak at less than 
100°C is a tendency observed in allophane, an amorphous clay of  weathered volcanic glass, indicating the 
presence of  physical adsorbed water or interlayer water, which result from weathering-induced hydration 
and are not dehydrated by vacuum drying. Similar water is also found to be present in CF and CFJF.

 

Figure 8: Thermogravimetric curves of  VGP and clay powder 

 

Figure 9: Differential thermogravimetric curves of  VGP and clay powder 

At the peaks of  450°C, slight endothermic shoulders are observed in all clay powders and in DTA as well. 
These are considered to be the dehydration of  water bound by further hydration or of  structural water 
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(hydroxyl), suggesting an indication of  clay mineralization [10].

Figure 10 shows part of  the obtained water vapor adsorption isotherms. The adsorption and desorption 
curves of  RJF are separated, being hysteretic similar to Type II or Type H4 that suggest the presence 
of  slit-shaped pores and micropores according to the classification by IUPAC [13]. CF shows hysteretic 
curves close to Type III or Type V, with adsorption being small in low pressure ranges less than 0.1, which 
demonstrates that adsorption does not occur while the interaction between vapors is greater. The total 
adsorption of  CF is high, though its hydrophily can be low, with the difference between adsorption and 
desorption being large. Therefore, once water is adsorbed, it tends to be hard to be desorbed. Regarding 
TG curves for which the pretreatment is vacuum drying, CF shows a dehydration peak of  ∆TG at less than 
100°C. Therefore, the adsorbed water is mostly not desorbed at normal temperatures and low pressure, 
demonstrating properties close to allophane, which is used as a desiccant-adsorbent. Table 3 shows the BET 
specific surface determined from the water vapor adsorption at a pretreatment temperature of  105°C and 
the nitrogen gas adsorption at a pretreatment temperature of  300°C. CF was incalculable, as no linearity in 
the plots was found in the relative pressure range of  0.05 to 0.35. In contrast to SF, VGP and FA show BET 
specific surfaces by water vapor adsorption greater than that by nitrogen adsorption. In vapor adsorption, 
water is adsorbed selectively by hydrophilic sites, whereas nitrogen is an adsorbate that covers the entire 
powder surfaces uniformly. The surface physical properties can therefore be discussed by using different 
adsorbates. Since the BET specific surface is calculated in the relative pressure range of  0.05 to 0.35, the 
amount of  water vapor adsorption of  VGP in the low pressure range turned out to be great due to its high 
hydrophily.

 

Figure 10: Thermogravimetric curves of  VGP and clay powder 

Table 3: BET surface area determined from water and nitrogen

Sample VGR RJF RJC RAF RAC RCF RCC CF SF FA

Water adsorption BET (m2/g) 10.0 41.9 11.2 23.6 8.4 18.6 6.4 - 14.4 7.1

Nitrogen adsorption BET  (m2/g) 7.1 16.1 4.2 12.4 5.1 10.7 3.7 31.4 20.2 1.5

3.3 BET specific surface area and adsorption 
Figure 11 shows the relationship between the mean particle size and the BET specific surface. The BET 
specific surface of  VGP increases as the mean size decreases. On the other hand, clay powder shows no 
particular trend between the mean particle size and the BET specific surface. The BET specific surfaces of  
CF and CFJF are particularly large, being twice as large as that of  VGP with similar mean size. The state of  
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particle surfaces can differ from that of  VGP. 
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Figure 11: Relationship between mean particle size and BET surface area of  VGP and Clay powder

Figure 12 shows the relationship between the BET specific surface and the MB adsorption. The BET 
specific surface and MB adsorption of  VGP are closely correlated, with all sizes meeting the requirement 
to be not more than 1.20 g/100 g (12.0 mg/g) by EN 197-1: 2000 for the MB adsorption of  limestone as 
a cement component. On the other hand, clay powders exceed this limit, with the adsorption tending to be 
above the approximate line for VGP. 
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Figure 12: Relationship between BET surface area and MB adsorption of  VGP and Clay powder

Focusing on the fact that silica is lost during the process of  weathering, leaving alumina, the ratio of  SiO2 
to Al2O3 (silica-alumina ratio) has been proposed as a most simple index to the degree of  weathering 
[14]. Figure 13 shows the relationship between the silica-alumina ratio and the MB adsorption per unit 
BET specific surface. The chemical compositions of  CFJF and CF represent particularly high degrees of  
weathering among the clay powders. Their MB adsorption is also 30% greater than that of  VGP. When 
compared with CFJF and CF, the degree of  weathering of  CFJC is closer to that of  VGP, but the value of  
adsorption is nearly twice as large as that of  VGP. As for VGP, the degree of  weathering of  fine powder 
is slightly higher than coarse powder in terms of  chemical composition, but their MB adsorptions can 
be regarded as being on the same level from their respective mean values and standard deviations. The 
adsorption of  a polycarboxylate-based dispersant per unit area of  powders of  the same types (i.e., powders 
with the same compositions) is reported to be constant [18]. If  this applies to MB, then fine and coarse 
powders of  VGP can be regarded as the same powder from the aspect of  dispersant adsorption, but clay 
powder cannot be regarded as the same type as VGPs. Also, the unit adsorption of  CFJC is the largest, 
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though its degree of  weathering is not as high as CF and CFJF.
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Figure 12: Relationship between BET surface area and MB adsorption of  VGP and Clay powder

4. Discussion

In the field of  natural disaster science, the refractive index of  volcanic glass is used as an index to the 
progress of  weathering of  a cliff, as it increases under the effect of  hydration. Also, the particle structure 
of  a glass shard is explained as a structure consisting of  a non-hydrated core surrounded by a hydrated rim, 
since the refractive index of  crushed glass shards is widened toward the lower side [15]. Volcanic glass is a 
most weatherable material, and the smaller the particle, the faster the weathering proceeds, changing to a 
different soft material under chemical weathering action [16]. In view of  these findings and the results of  
the present study, figure 14 shows the particle properties and process of  crushing/classification.

 

Figure 14: Particle contained in volcanic ejecta and deposits and their crushing process

Both VG and CF have a structure with a hydrated rim on the surfaces, and layers closer to the surface are 
softer and more prone to be pulverized during the crushing process, tending to be recovered by a dust 
collector. This agrees with the fact that fine and coarse powders have different chemical compositions 
and ignition losses. Based on the adsorption per unit area and the results of  thermoanalysis of  CFJC, it is 
considered that CF with a smaller particle size with hydration proceeding more to the core layer leads to a 
thicker hydrated surface rim. CFJF in particular has a concentrate of  highly weathered surface layer. In other 
words, crushing after removing heavily weathered fine particles is effective in manufacturing unweathered 
high purity VGP, which is a high performance SCM, from volcanic deposits.
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Whereas basaltic magma with low viscosity causes moderate volcanic activity, rhyolitic magma is generally 
said to cause violent and explosive eruption. In other words, magma with a large SiO2 content is said to 
cause explosive eruption. The deposits of  volcanic materials excepting gasses are classified into three types: 
pyroclastic fall deposit, pyroclastic flow deposit, and lava. Pyroclastic fall deposit results from a Plinian 
eruption shown in figure 15, whereas pyroclastic flow deposit results from a pyroclastic flow. 

 

Figure 15: Diagram of  Plinian eruption

A Plinian eruption, an explosive one represented by the eruption of  Mount Vesuvius in 79 AD, forms 
an eruptive column made of  gases, magma and rocks crushed to pieces, and fragments of  minerals 
directly above the crater for half  an hour to several days. The temperatures of  this column higher than 
the surrounding atmosphere cause convection (b in the figure). The top of  the eruptive column is formed 
where the density of  the column equals the surroundings (c) and spreads horizontally. Low-density particles 
including volcanic ash and pumice are horizontally blown by the wind out of  the regions of  b and c and 
begin to fall when their speed decreases to the point of  equilibrium between air resistance and gravity;  
‘terminal speed’. Since smaller particles are carried farther away due to their lower terminal speed, they 
are subjected to classification while flying. The material deposited near the crater is referred to as fall 
pumice. The material 2 mm or less in size is referred to as volcanic fall ash. Both are uniform in size and 
contain little crystal minerals or lithic fragments. There can be a case where weathered materials subjected 
to hydration are included, but high purity volcanic glass can be sorted out by the cyclone and dust collector 
of  the present device for air classification. Collapse of  an eruptive column leads to a so-called pyroclastic 
flow. A large-scale flow is formed by gravitational collapse of  an eruptive column, which is regarded as a 
phenomenon of  a rapid outflow of  unclassified pumice, volcanic ash, and rock fragments with volcanic 
gases as shown in figure 16. A theoretical calculation has shown that, when an eruptive column of  2 to 3 
km in height collapses, the resulting pyroclastic flow runs over a distance of  20 to 30 km, traversing ridges 
with a relative elevation of  200 to 300 m. Coarse particles tend to be entrapped among fine particles due to 
the weak classifying action.

Though such ejecta, which is also referred to as tephra, is derived from magma, it also includes ‘accessory’ 
materials derived from the old volcanic body near the magma reservoir and conduit and ‘accidental’ 
materials, which are fragments of  the basement rock. Their quantitative ratios vary depending on the scale 
and pattern of  eruption and distance from the eruption source. After deposition, extraneous materials from 
the surrounding ground can be normally included during various stages of  turning into soil. In view of  the 
use as a SCM in the field of  concrete, pyroclastic deposits resulting from explosive eruption of  magma with 
a high SiO2 content are advantageous from the aspect of  the amount of  resources, but they simultaneously 
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entail abundant impurities other than pozzolanically reactive volcanic glass. 

 

Figure 16: Diagram of  Pyroclastic eruption

Ito-Shirasu presently under study is a large-scale pyroclastic flow sedimentation with an estimated reserve of  
75 billion m3, but amorphous materials including pumice were reported to account for around 60%, while 
crystal minerals were approximately 40%. Also, the fine fraction of  CF with a recovery ratio of  2% showed 
indications of  weathering. According to the results of  research into volcanic glass and other minerals 
contained in volcanic ejecta from Cascade Range in North America [17], the densities of  pumice, glass 
shards, and lithic fragments were 0.7 to 1.2 g/cm3, 2.35 to 2.45 g/cm3, and 2.7 to 3.2 g/cm3, respectively. 
That of  crystalline materials and crystal fragments was 2.6 to 5.2 g/cm3. Therefore, our findings from 
volcanic deposits in Japan that volcanic glass can be perfectly sorted out both with a density limit of  2.4 g/
cm3 and with a diameter limit of  around 5 µm can be applicable to volcanic ejecta from Cascade Range. 
Physical densities of  particles should, even beyond national borders, fall in constant ranges when considering 
the mechanisms acting on volcanic ejecta -- eruption of  volcanic glass onto the ground and rapid cooling 
thereafter, crystallization within the underground magma, rocks present on the ground, weathering after 
deposition, and so on. In that sense, this study provides a possibility to produce high performance SCMs in 
volcanic regions worldwide from volcanic ejecta, which have been regarded as a low performance material, 
by sorting out a high purity volcanic glass by the same method using an air table. 
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Abstract 

Production of  low-energy cements would result in energy saving and lower CO2 emissions related to 
reduced consumption of  fuel and high-grade limestone as a raw material. Belite rich clinker, made more 
reactive by doping with combination of  S and Li, could possibly be one of  the low-energy alternatives for 
Portland cement clinker. Paper describes the preparation of  doped belite and deals with its early hydration 
and reactivity. Belite rich clinkers were prepared in laboratory in high-temperature solid state synthesis. Pure 
substances were used for the preparation of  raw meal and clinker. Early hydration heat flow development 
of  cement pastes was monitored by isothermal calorimetry, changes in phase composition by “in-situ” 
X-ray diffraction and TGA/DTA and microstructure by SEM-SE. Heat flow exotherms were correlated 
with quantified phase composition at given time. Heat related to C3S hydration measured by isothermal 
calorimetry is proportional to its content and the position of  its peak and maximum changes with increased 
Li content. Doping of  the C2S by the S or the combination of  S and Li significantly increases the reactivity 
of  the C2S-rich cement. The formation of  C-S-H products is a continuous process that depends mainly on 
C3S during first 6 hours and then is supported by slow reaction of  β-C2S. The reactivity of  C2S is affected 
by the timing of  the hydration of  other clinker phases. Two generations of  portlandite formation detectable 
as a double endotherm on TGA/DTA can be attributed to hydration of  C3S and β-C2S. 

Keywords: belite clinker, S, Li, doping, early hydration

1. Introduction

The manufacture and use of  concrete produce a wide range of  environmental and social consequences. 
The cement industry is together with the energy production and transportation industries one of  the three 
primary producers of  carbon dioxide, a major greenhouse gas. The share of  cement production in total 
anthropogenic CO2 emissions has been rising steadily and is now estimated by some sources to be around 
10% [1], or about 6% of  the total anthropogenic greenhouse gases [2].

Although energy use and release of  CO2 are closely related in the usual cement manufacturing industry, 
it is the release of  CO2 to the atmosphere rather than the consumption of  energy which is of  chief  
concern. Decarbonation of  limestone (CaCO3) results in the release of  CO2 and, since natural limestone 
and chalk are the only large-scale sources of  calcium available to the cement industry, this CO2 release is 
only reducible by changing the chemical composition of  the cement [3].

Clinker is the main constituent of  the cement. The clinker is mixed with a few per cent of  gypsum and 
finely ground to make the cement. The clinker typically has a composition in the region of  67% CaO, 22% 
SiO2, 5% AI2O3, 3% Fe2O3 and 3% of  other components, and normally contains four major phases, 
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called alite (C3S, Ca3SiO5), belite (C2S, Ca2SiO4), aluminate phase (C3A, Ca3Al2O6) and ferrite phase 
(C4AF, Ca2AlFeO5). Several other phases, such as alkali sulfates and calcium oxide, are normally present 
in minor amounts [4]. 

Recently, there are four classes of  alternative clinker system that deserve serious attention with respect 
to global reductions in concrete-related CO2 emissions [5]; reactive belite-rich Portland cement clinkers 
(RBPC), belite-ye’elimite-ferrite clinkers, carbonatable calcium silicate clinkers, magnesium oxides derived 
from magnesium silicates. 

RBPC belong to the same family as ordinary Portland cement (OPC) in terms of  clinker mineralogy, 
i.e. they are in the C2S-C3S-C3A-C4AF system. The difference in clinker composition between RBPC 
and OPC lies mainly in the belite/alite ratio. For RBPC the belite content is more than 40 % and alite 
normally less than 35 %, making belite the most abundant phase in RBPC, as opposed to alite in OPC. The 
manufacture of  RBPC therefore leads to lower specific energy consumption and CO2 emissions, and also 
has the additional practical advantage of  requiring less high-grade (low-silica) limestone as a raw material 
[5]. The ideal clinkering temperature for RBPC is usually close to 1350 °C, which is about 100 °C lower 
than the average for OPC, which can lead to somewhat lower kiln heat consumption and permit more use 
of  low-grade kiln fuels. 

Physical or chemical activation, e.g. rapid clinker cooling or minor element doping may be needed in some 
cases to make the belite sufficiently reactive. As an example, the use of  0.5–1.0% SO3 in the raw meal 
combined with rapid clinker cooling can lead to the formation of  reactive belite in the clinker. Staněk and 
Sulovský [6] reported the principle of  activation during preparation of  belite-rich clinkers with an increased 
Ca:Si ratio in the structure of  dicalcium silicate and partial substitution of  SiO44− by SO42−. Activation 
was realized by the addition of  sulfate ions, which in the structure of  belite substitute SiO4, caused an 
increased entry of  Al2O3 into the belite and increased the CaO:SiO2 in belite. The sulfur addition to 
the clinker also stabilized the hydraulically more active monoclinic alite M1 modification. The clinker for 
its preparation, contained only around 20 wt.% of  alite, was burned at a temperature of  1350 °C and 
was activated by the addition of  about 5% SO3 (related to the bulk clinker weight). It contained a small 
proportion of  anhydrite. 

Specific kiln fuel requirements and CO2 emissions of  RBPC are typically about 10 % below those for OPC. 
Lower emissions of  NOx and SOx are commonly observed when making RBPC, due mainly to the lower 
burning temperature. On the other hand, it requires about 5 % more electric power to grind RBPC to the 
same fineness as OPC, due to the greater hardness of  belite relative to alite [5]. 

Pure C2S exhibits five polymorphic forms, depending on temperature and pressure during formation [7], all 
are metastable except the γ (orthorhombic) form. In Portland cement the equilibrium temperature between 
α (hexagonal) and α’ is 1280 °C and the conversion reaches a maximum rate at 1100 °C. With decreasing 
cooling rate, the α’H (orthorhombic) phase tends to dominate, and finally the belite is composed entirely of  
this form, which transforms into β-C2S (monoclinic) after passing through the α’L (orthorhombic) form 
[8].

Belite is a major phase in active belite cements and is chiefly present in the α and α’ modifications, stabilized 
either by rapid cooling in the temperature range 1300-900 °C [8], or by the use of  higher alkali levels [9]. 
It has been suggested that the hydraulic activity of  β-C2S is related to the calculated strength of  the Ca-O 
ionic bond [10]. A study of  the relationship between crystal structure and hydraulic activity, including 
synthetic β-C2S and samples separated from Portland cement, indicates that the electric field strength at the 
site of  the Ca2+ ions in the crystal lattice determines the hydraulic activity [11]. 
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Paper deals with reactive C2S-rich clinkers doped with a combination of  S and Li. Early hydration properties 
of  cements prepared from the clinkers were monitored by isothermal calorimetry, XRD-in situ and inner 
standard method, DTA-DTG and SEM-SE. Paper brings comparison of  reactivity and phase development 
during early hydration of  S and Li doped belite clinkers and undoped belite clinker.

2. Methodology

2.1 Materials
Belite clinkers, prepared by high-temperature solid state synthesis, were doped with S and combination 
of  S and 2 % or 4 % of  Li in form of  CaSO4.2H2O and LiCO3. Pure compounds were used to prepare 
the clinkers. The composition of  the raw meal constituents was calculated on the composition of  belite. 
The raw meal composition and phase composition of  burned clinkers are given in Table 1 and 2. Clinker 
tablets were prepared from raw meal which was homogenized for 2.5 hours. Clinkers were burned in 
Kanthal furnace at 1400 °C with 12 hours of  soaking time. Thereafter, the clinkers were quickly cooled in 
the air when they were placed on a metal substrate after being removed from the furnace. For isothermal 
calorimetry, X-ray and DTA testing, clinkers were ground in a vibratory mill for 1 minute.

Table 1: Raw meal composition for clinker preparation

C2S C2S S C2S S 2Li C2S S 4Li
wt. %

CaCO3 75.41 74.98 72.34 69.70
SiO2 24.59 21.16 21.16 21.16

LiCO3 - - 3.66 7.32
CaSO4.2H2O - 3.86 3.86 3.86

2.2 Methods
The development of  heat flow and total hydration heat was monitored by isothermal calorimetry (TAM Air 
– TA Instruments) on samples of  cements prepared from synthesized clinkers. Calorimetric measurements 
were performed at 25 ° C for 7 days on cement pastes with w/c = 0.4 when 5 grams of  cement was used 
for individual test. Samples were stored under laboratory conditions at 25 °C for 24 hours prior to the 
experiment. Before inserting the ampoules pastes into the calorimeter, each cement sample was mixed with 
water and stirred at 2 rpm for 1 minute outside the calorimeter. The measurement itself  started 1 minute 
after the addition of  the mixing water.

The in-situ X-ray diffraction analysis was performed on Bruker D8 Advance apparatus with Cu anode (λKα 
= 1.54184 Å) and variable divergence slits at Θ-Θ reflection Bragg-Brentano para focusing geometry, scan 
range 7-50 2Θ, scan step size 0.039°. Data were processed using EVA software. The duration of  individual 
scans was approximately 20 minutes; duration of  the whole experiment was 24 hours. The paste (w/c=0.4) 
was placed in a sample holder and covered with kapton foil to prevent carbonation. In case of  C2S S 2Li 
sample, the phase composition over time (0, 45, 90, 360, 720, and 2880 minutes) was monitored using the 
inner standard method. As a standard, 20 wt.% fluorite was used. After each time interval the hydration was 
stopped by isopropyl alcohol and acetone. The phase composition of  burned clinkers was determined using 
Rietveld refinement. Since the inner standard method was used the amorphous content was not quantified.

The sample C2S S 2Li was investigated by thermal analysis. The samples were prepared following the same 
procedure as for XRD. The hydration process of  the paste was stopped by isopropyl alcohol and acetone 
after 45, 90, 360, 720 and 2880 min of  hydration. Combined TGA/DTA data were obtained using STA 449 
F3 Jupiter (by Netzsch). The samples were tested in Pt crucibles at a heating rate 10 °C/min, from 35 °C to 
1000 °C. The sample atmosphere was synthetic air (50 ml/min, ratio N2/O2 was 80/20).
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Development of  microstructure at 45, 90, 360, 720, and 2880 minutes of  hydration of  the sample C2S 
S 2Li was observed by scanning electron microscope ZEISS EVO LS10 in secondary electrons (SE). SE 
micrographs were taken at 100x, 500x, 1000x, 2000x and 5000x magnification, EHT 15 kV, WD 12 mm and 
I probe 80pA. Samples were sputtered with gold before SEM SE analyses.

Table 2: Phase composition of  burned clinkers

C2S C2S S C2S S 2Li C2S S 4Li
wt. %

β-C2S 27.1 42.5 80.7 82.5
γ-C2S 72.7 27.3 1.0 1.1
C3S - 27.7 9.9 2.9

CaO free 0.2 2.5 7.7 10.0
anhydrite - - 0.7 3.5

3. Results and discussion

3.1 Isothermal calorimetry
Early hydration exothermic reactions were monitored by isothermal calorimetry during 7 days of  hydration 
(Figure 1). Exothermic reactions are related to dissolution of  amorphous and crystalline phases (Table 2), 
growth, nucleation and precipitation, complexation and adsorption processes. Main contributors of  the 
evolved heat during hydration are portlandite - Ca(OH)2 (CH) and C-S-H. These phases are hydration 
products of  clinker phases C3S and C2S and CaO. Understanding the mechanism of  cement hydration 
involve the study of  the kinetics of  individual mechanistic steps [12].

Figure 1: Heat f low and total heat development during 48 hours of  hydration

When in contact with water, the initial reactions’ exotherms include wetting and dissolution/dissociation 
of  molecular units from the surface of  a solid. Despite the fact that the measurement started after 1 min 
after water addition, the first exotherm is still controlled by CaO content in the sample. Total heat evolved 
in the time interval between 1st and 60th min of  hydration is proportional to CaO content in the samples 
(Table 2): C2S – 1.1 J/g, C2S S – 3.4 J/g, C2S S 2Li – 9.2 J/g, C2S S 4Li – 11.4 J/g. The CaO reaction during 
initial period of  hydration exhibits large signal overshadowing other reactions. Samples with Li contains 
also anhydrite which is also expected to react during the initial period of  hydration. Despite considerably 
lower solubility of  anhydrite comparing to gypsum, anhydrite still serves in the presence of  alkali solvent 
as a retarder of  the setting forming ettringite (AFt) during the initial reactions contributing to total heat. 
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Anhydrite in this belite rich system deserves further research since it plays an important role in terms of  
hydration mechanism and performance of  hardened material in systems with OPC and CSA [13]. 

Period of  slow reactions is followed by acceleration period which is characterized by the main peak related 
to hydration of  C3S. Despite the fact that the heat related to C3S hydration is proportional to its content, 
the position of  the peak and its maximum changes with increased Li content. With higher Li contents the 
temperature of  the maximum increases and the position moves to earlier times. Total heat development 
during 7 days of  hydration show that doping of  the belite with the S and the combination of  S and 
Li dramatically increases the reactivity of  the resulting cement (Figure 1). The combination of  S and Li 
accelerates the heat evolution during first days compared to doping with the S only.

C2S hydration is very slow and heat contribution is considerably lower. C2S reactions are represented by 
minute peaks in deceleration period where diffusion is the controlling process of  hydration. In principle, 
it is claimed that both hydraulically highly active and nearly inactive forms may be possible for all belite 
modifications and the measured strength generation depends on the experimental conditions like burning 
temperature, cooling rate, foreign oxide content, etc. [14]. The reactivity of  C2S is affected by the timing 
of  the clinker phases hydration. Since the hydration of  C2S take part mainly in deceleration period, the 
lack of  water, space and smaller number of  fine and more reactive particles are parameters affecting C2S 
hydration kinetics.

3.2 Phase analysis
From results of  phase composition of  burned clunkers, it can be stated that the enhancement of  
β-polymorph of  dicalcium silicate is the criteria of  doping with S and combination of  S and Li. Vice versa 
the content of  γ-polymorph of  dicalcium silicate decreases with the doping (Table 2). C3S formation is 
significantly suppressed with increasing Li content. Recent study [15] clarifies this effect of  Li by significant 
reduction in the temperature of  the clinker melt formation and a decrease in its viscosity. Lithium causes 
a partial to complete decomposition of  the alite into microcrystalline mixture of  belite and free CaO 
depending on Li2O content and cooling rate.

The phase composition was monitored by XRD hydration in situ during 24 hours of  hydration. Sample C2S 
contains mainly γ-C2S with a small amount of  β-C2S and a minimum of  CH (CH peak is overlapped with 
peaks of  C2S and a slight amorphous hump). In the course of  24 hours the phase composition does not 
change considerably. Sample C2S S contains β-C2S and γ-C2S, C3S and CH. Although the raw material 
composition was designed so that the resulting CaO : SiO2 + SO3 ratio would match belite, relatively 
high amount of  C3S is probably caused due to release of  a part of  SO3 during synthesis. At the beginning, 
amorphous hump and intensity of  CH peaks are increasing. From 160 min on, there is no longer a hump 
and CH peaks are clearly visible and their intensities increase. After 800 min., there is no change. Sample 
C2S S 2Li contains β-C2S, C3S and CH. CH peaks appear right at the beginning and gradually increase their 
intensity reaching their maximum at around 360 min (Figure 2).

β-C2S intensities have a very slight decrease at the beginning, otherwise unchanging. C3S intensities also 
decrease from the start. Sample C2S S 4Li contains β-C2S, C3S, CH and anhydrite. At the beginning, a 
pronounced amorphous hump disappears around 200 min. From 200 min, anhydrite is visible and then 
its signal stays invariant. CH grows from 80 to 1200, then its intensities stay unchanged. Detailed XRD 
and DTA analyses were done on sample C2S S 2Li. Hydration of  the sample was stopped after 0, 45, 
90, 360, 720 and 2880 minutes. Phase composition including amorphous phase was determined. CaO 
reacts completely within first minutes of  hydration, which is demonstrated as a large exothermic signal 
in isothermal experiments (Figure 1). C3S content decrease and increase of  amorphous content and 
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CH content are in good correlation with the main calorimetric peak. β-C2S reacts very slowly showing 
continuous content decrease (Figure 3).

Figure 2: XRD, hydration in situ, sample C2S S 2Li, 24 hours

Figure 3: XRD, inner standard method, phase composition during 2 days of  hydration, sample C2S 
S 2Li 

Quantitative analysis of  effluent fluids with calculation of  phases for single processes was done by DTA-
TGA on sample C2S S 2Li. The phase composition of  the sample was determined after 45, 90, 360, 720 
and 2880 minutes of  hydration. Position and intensity of  main endotherms were monitored at selected 
time intervals during hydration (Figure 3, Tables 3 and 4). Processes of  H2O release from C-S-H and 
AFt overlap each other. Taking in account recrystallization of  AFt, continuous increase of  C-S-H content 
can be seen on endotherm which changes its position from 76-127 °C during 48 hours of  hydration. CH 
endotherm moves its minimum as the crystal size increases. From 720th minute on, double endotherm 
of  CH is visible. This double endotherm can be explained as a second generation of  CH, which might 
indicate the presence of  another source. From the results of  calorimetry and XRD, it is obvious that this 
source is β-C2S which starts to react later than C3S. Furthermore, the C3S content stays the same after 720 
minutes of  hydration (Figure 3).  Based on the intensities and positions of  endotherms, it is likely that two 
generations of  CH differing in crystal size are formed. Second generation, that is detectable from about 6 
hours of  hydration onwards, grows simultaneously with first generation.
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Table 3: Quantification of  eff luent gases or phases* from thermographs (wt. %), sample C2S S 2Li

45 90 360 720 2880

min

H2O; C-S-H, AFt 0.21 0.18 0.47 1.22 1.72

H2O; CH 1.5 1.56 1.36 1.84 2.07

CH* 6.17 6.42 5.59 7.57 8.51

CO2; calcite* (minor peak) 0.15 0.16 0.4 - 0.14

CO2; calcite* (larger peak) 0.71 0.41 1.07 1.19 1.47

CO2; calcite* (sum) 0.86 0.57 1.47 1.19 1.61

calcite* 1.96 1.30 3.34 2.71 3.66

Table 4: Position of  endotherms (°C), sample C2S S 2Li

45 90 360 720 2880

min

C-S-H, AFt 76 96 99 116 127

CH 443 441 451 441, 468 474, 489

calcite (main peak) 762 739 777 774 788

3.3 Microstructure
Development of  the structure during hydration of  C2S S 2Li cement paste was observed by SEM in 
secondary electrons. The microstructure after 45 min, 90 min, 360 min, 720 min and 2880 min is given in 
Figure 4. A study [16] that has discussed the microstructure of  a similar system after 90 and 180 days of  
hydration revealed similar C-S-H fibrous structures, that was transformed into dense aggregates of  globular 
morphology at later ages (180 days). The studied structure shows platy larger CH crystals with undergrowth 
of  fine fibrous C-S-H after 45 min and 90 min of  hydration and continuous recrystallization of  CH and 
densification of  C-S-H on the surface of  the particles after 2880 min of  hydration. Based on SEM-SE, 
it is not possible to distinguish C-S-H formed from C3S and C2S hydration, yet it is the goal of  further 
microstructural studies. Nevertheless, the densification of  C-S-H from 720 min on, taking into account the 
phase analyses, can be supported by C2S hydration.
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45 min 90 min

360 min 720 min

2880 min
Figure 4: SEM micrographs of  sample C2S S 2Li during 48 hours of  hydration, 20000x. 

4. Conclusions

Heat related to C3S hydration measured by isothermal calorimetry is proportional to its content and the 
position and maximum of  heat flow peak changes with increased Li content. The reactivity of  β-C2S is 
affected by the timing of  the hydration of  other clinker phases. Based on heat development, the formation 
of  C-S-H products is a continuous process that relates mainly to C3S hydration during first 6 hours which 
is then supported also by slow reaction of  β-C2S. Results of  thermal analyses show the presence of  double 
portlandite endotherm in DTA curves revealing two generations of  portlandite attributed to C3S and C2S 
hydration. This finding is in agreement with changes in phase composition and position of  exotherms 
determined by XRD-in situ and inner standard method, isothermal calorimetry and densification of  C-S-H 
on the surface of  the anhydrous particles studied by SEM.
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Abstract 

 Adobe is a sustainable masonry made of  sundried earthen bricks and mortar. A critical analysis of  the 
normative bodies currently available for the material characterization of  adobe is addressed in this paper. 
Guidelines, prescriptions and requirements related to test methods, materials selection and properties 
contained in the available building codes for adobe around the world are discussed in this study. The 
physical and mechanical properties of  adobe presented in literature are addressed, with particular attention 
to the most recent scientific findings produced by the authors over the last five years of  research. These 
have been assessed in several experimental campaigns as well as corresponding numerical simulations aimed 
at physically-mechanically characterizing the behaviour of  various soil mixtures, adobe bricks and mortar 
under different environmental (humidity content and temperature) and loading conditions (in tension 
and compression) in the static and dynamic regimes. On the basis of  these findings, some issues have 
been identified in relation to the knowledge currently condensed in the prescriptions, requirements and 
procedures of  the available norms for the material characterization of  adobe. A final series of  guidelines 
is aimed at orienting future research on adobe as well as fostering the process of  updating its current 
normative body. The importance of  a normative update for adobe is cogent in relation to the need for a 
sustainable conversion of  the current product and production processes inherent to building industry in 
order to satisfy requirements for safety and sustainability to structural design.

Keywords: adobe; material; properties; standardization; characterization.

1. Introduction

Goal number 11 of  the UN urban agenda is concerned with making cities inclusive, safe, resilient and 
sustainable. The introduction of  the concept of  sustainability in the building construction industry is urgent 
because of  its current impact on the increasing threats inherent to natural material scarcity and global 
pollution. Construction industry nowadays influences up to half  of  the total anthropogenic emissions of  
dioxin in the atmosphere and is responsible for more than one third of  the total energy and water use. A 
relevant portion of  these contributions regards only the material production phase [1]. Thus, sustainable 
alternatives to current building practices are cogent priorities and researches aimed at reducing the 
environmental impact of  building materials while respecting performance requirements have been recently 
started around the world.  For example, biological fibers have been recently tested as sustainable alternatives 
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to steel in reinforced concrete and natural binders or aggregates have been partially replacing Portland 
cement in concrete [2]. Alternatives to baking processes such as air drying procedures are studied for baked 
clay bricks [3]. Most of  the aforementioned practices, despite being applied to new materials, are far from 
being new.  In particular, they belong to the tradition of  adobe. In adobe masonry, bricks are made of  soil 
mixed with natural fibers locally available in the field. Mixtures are then cast in moulds and sundried without 
baking [4]. Fiber inclusion as well as air drying contribute to the eco-sustainability of  adobe as a material. 
Adobe is fully disposable and recyclable. It causes almost null carbon footprint and ensures also higher 
acoustical and thermal performance than classical modern materials. Therefore, this material has recently 
gained renovated attention also in Europe within trends of  sustainable architecture [5]. Unfortunately, the 
effects inherent to air drying and fiber inclusion as well as other sustainable practices tied to adobe tradition 
on its mechanical performance have not been addressed yet. In fact, use of  adobe decayed in industrialized 
societies in favour of  artificial building materials with higher performance and standardized production 
methods [6]. As a result, most of  the adobe buildings in the world are currently not designed according to 
any standard. However, more than two billion people still live in earthen dwellings spread mainly in regions 
of  developing countries involved into military operations or prone to severe earthquakes and building 
heritage of  adobe can be encountered in Europe as well [7]. Thus, in the specific case of  adobe, sustainability 
is intertwined with other global urgencies inherent to safety and housing affordability tasks [8]. As a result, 
a comprehensive characterization of  earthen material is of  paramount importance nowadays. Normative 
efforts for the material characterization of  adobe have started about fifty years ago in different areas of  the 
world. The first attempts to characterize earthen materials for constructions relate to standards in Germany 
[9], [10] and in New Zealand [11] and the most widely used reference nowadays according to literature 
studies is the Australian earth building handbook [12]. Other guidelines can be found in different areas of  
the world, including Mexico, Peru, California and Spain [13]–[15]. In codes for adobe, indications about 
material selection and characterization test requirements are often lacking, scarce or not consistent among 
the different guidelines. This occurs also because adobe is a site dependent material whose properties vary 
based on the local resources availability and building traditions, that prevented an uniform treatment of  the 
subject. Nevertheless, it has been the lack of  definite knowledge on the mechanical properties of  earthen 
mixtures that mostly prevented a shared standardization process of  adobe similarly to modern building 
materials. Comprehensive studies on the mineralogical, physical and mechanical properties of  adobe are 
still rare in literature: if  this is true in statics, literature production on the dynamic performance of  adobe 
is almost null [16]. However, research efforts toward the mechanical characterization of  adobe have been 
focusing in the last decades [17]–[19]. Over the last five years, research by the authors has been devoted 
to comprehensively studying the properties of  adobe. Earthen bricks and mortar with different soil and 
fiber proportions have been physically as well as mechanically studied at different humidity contents [20]. 
In particular, the role of  fibers and water content have been experimentally studied also in the dynamic 
regime, in ranges of  strain rates which cover earthquakes and ballistic impacts [21].  These studies resulted 
in theories, analytical models and numerical frameworks developed to assess the material performance 
of  adobe from statics to dynamics, including to address the effects of  its mineralogical composition at a 
meso-scale on the material response [21]–[23]. In this paper, the resulting updated knowledge gained on its 
physical-mechanical performance serves as a critical normative review on the material characterization of  
adobe. Normative guidelines, prescriptions and requirements condensed in the heterogeneous normative 
production currently available around the world have been confronted against the recent physical evidences 
collected for adobe. In the following paragraphs, a review of  characterization norms is presented into 
three subjects: soil selection, sample testing and material requirements. From the normative-experimental, 
analytical and numerical comparison, issues and knowledge gaps have been identified in some  existing 
prescriptions, requirements and procedures currently available for the material characterization of  adobe. 
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Therefore, final recommendations are meant to support the development of  a normative framework/body 
for adobe as well as give a perspective on future research. 

2. Material Characterization of  Adobe in three steps

Material standardization derives from a shared definition of  soil selection, test methods and product 
performance. In the following paragraphs, a normative review is based on the analysis of  these three main 
subjects. 

2.1 Material Selection
Traditional adobe bricks result from mixtures of  clay, silt, sand, water and air. In most cases, bricks’ soil 
is mixed with natural fibers while mortar contains limited or no fiber amounts. Despite already back in 
the 90’ s scientific papers in literature recommended a proper characterization of  the soil granulometry, 
plasticity and compaction properties of  adobe with building purposes, importance on the selection and 
identification practices of  soil mixtures for earthen building applications is still not reflected in current 
design codes [24]. All codes for adobe currently available agree in selecting soils with no organic content 
and avoiding soluble salts above 0.5-2% [11], [12], [14]. Thus, top soil shall not be used. Potable water is 
recommended for mixing soil. Granulometry ranges are the most common recommendation contained 
in current building codes for adobe as indications of  the cohesion properties of  the final product [12], 
[14]. Guidelines mainly focus on the quantitative evaluation of  clay amount in the mixture. In fact clay is 
the binder for the cohesionless granular fraction of  the soil and is responsible for providing strength to 
the dried material [20], [25]. All codes agree that a minimum of  10% by weight of  clay should be present 
in the mixture [12]. However, recommended ranges vary also significantly around the different normative 
bodies, including in experimental characterization campaigns found in literature [20]. As a result, maximum 
recommended clay percentage and foremost relative proportions with the larger size aggregates are still not 
defined neither agreed [4], [12]. For instance, maximum aggregate size recommended can range between 
5 mm to 25mm [12]–[14]. This uncertainty happens because the adopted mixture is dependent on local 
availability of  raw resources and an optimal clay amount is also determined by its mineralogical family 
and mutual proportions with the larger particles of  the soil mixture. Expansive clay such as smecticte or 
montmorillonite are highly cohesive but also cause shrinkage cracks in the resulting adobe bricks [25]. In 
this regards the use of  expansive soil (i.e. “black earth”) is sometimes discouraged in codes [11], but studies 
in literature reveal that an optimum balance between expandable and non expandable soil is possible and 
desired to ensure adequate strength to the brick [26]. Permitted ranges of  soil components in the different 
codes are resumed in Figure 1. As a result of  the possible combinations available in literature, consistency 
in the normative assessment of  the optimal ranges of  soil particles for earthen building purposes is 
lacking. The (loose) ranges contained in the Australian standard include the best quantitative soil mixture 
compositions for building purposes identified by the authors for adobe in [20] from a literature survey.
Besides availability of  raw materials, quantity of  clay as well as other soil elements and including mixing 
water depend on a vernacular building practice typical for adobe. It consists of  mixing soil with natural 
fibers. This practice is tied to earthen architecture and dates back to ancient Egypt  [6]. It takes  roots in the 
need for limiting shrinkage cracks naturally forming in the brick during curing process under sun [19]. In 
fact, fibers ensure better drainage systems [27]. Recommended materials are e.g. rice, barley, maize, wheat 
and including animal hair. Obviously, inclusion of  fibers necessarily influences the initial mineralogical 
composition and the mixing water content and has an impact also on the physical-mechanical behaviour of  
the final product. However, despite a consolidated practice, the assessment of  the mixture properties after 
fiber inclusion is currently not regulated by characterization standards for adobe. Instead, judgment of  its 
opportunity in soil mixtures in codes is deputized again to the user and regulated only by not defined limits 
of  not “excessive use” [12].
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Figure 1: Granulometry ranges for soil mixtures of  adobe for building purposes according to 
Australian (HB), Peru (NTE) and New Mexico (NMX) codes compared with the results of  a survey 
by the authors from literature.

 Actually, fiber inclusion in adobe guidelines is often considered as a stabilization technique of  otherwise 
unsuitable soil compositions and suggested as an alternative to the introduction of  cementitious bituminous 
binders recommended for highly clayey soils [11]–[13]. In this regard, fibers are suggested to improve the 
mechanical properties in hardness and strength, especially in tension [11]. The current interpretation on 
the role of  fibers in many building codes for adobe is instead in contradiction with the main experimental 
trends recently observed for fibrous adobe in the field [20], [21]. 

The most common effect described in literature when adding natural fibers to soil mixtures is a decay of  
the initial mechanical properties of  the resulting brick, namely strength and elastic modulus [19], [20]. This 
is valid both for flexure and compression and at different loading rates in the static and dynamic regimes 
[21].  According to [20], higher amounts of  clay were needed to partially recover the initial brick strength 
of  a given soil mixture, if  mixed with fibers, at the expenses of  cracking problems after curing due to large 
clay amounts (Figure 2). These effects on the mechanical performance of  adobe have been interpreted by 
the authors as the consequence of  a loss of  cohesion in the meso-structure of  the soil mixture after fibers 
insertion. Particles can be separated by fibers and interaction between clay floccules to bind the cohesion 
less fraction of  the mixture is less effective [21]. This particularly happens for fiber amounts above 10% 
b.w. However, also cases in which fibers strengthen the soil mixture can be encountered in literature 
[28], [29]. This happens because cohesion of  the brick’s macro-structure results from the mineralogical 
properties and relative proportions of  the soil and by the material, quality and quantity of  the added fibers, 
including their mutual interactions with clay binders at the meso-scale. This interpretation suggests that an 
optimum mixture of  fiber and soil elements capable of  reducing shrinkage and enhancing the mechanical 
performance exists. However, only a few codes currently prescribe cohesion tests for characterization 
purposes and they all require them to be performed only on the soil before fiber mixing [12]. Laboratory 
tests are recommended only in very few standard [9], [12]. In most of  the cases, they imply the evaluation 
of  Attemberg limits but only few quantitative indications are found, despite in broad ranges (16-30 for 
the plastic index and 30-50 for the liquid index) [12]. Quantitative evaluations inherent to soil plasticity as 
indication of  soil consistency (without fibers) in standard are instead more commonly related to simple in 
field tests such as the Ribbon test, with an acceptance rate of  60-120mm for the broken pieces [12].



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

310

IC
SBM

 2019
ID

 115

 
Figure 2: Experimental stress-strain curves of  two adobe bricks  containing about the same fiber 
content (≅30%b.w.) and different percentages in clay (≅ 20% and ≅ 45%) and one brick containing 
only clay (22%) tested statically (rate of  1mm/min) in compression at laboratory conditions [20].

2.2 Material Testing
As emerged in the material selection phase, test methods and requirements inherent to the 

characterization of  adobe components are not comprehensively neither consistently registered among 
the available codes [9]-[15]. A representative list of  characterization tests required according to three 
different normative bodies on adobe is provided in Table 1. In adobe building codes, in-field tests are 
still considered as acceptable alternatives to more rigorous laboratory test methods. In-field tests are 
recommended provided the presence of  the persons responsible for final construction, despite most 

of  earthen dwellings in the world are still designed and fabricated by owners themselves, often without 
the necessary specialist technical competences [30]. Also the level of  sophistication of  the testing 

procedures and requirements rely on the user judgement on the importance of  the building project 
[11]. Some characterization tests in codes are even fully sensorial, such as the smell test to verify the 
presence of  organic matter in soil mixtures [12]. The most widely used test to determine the grading 
of  a soil mixture is the sedimentation bottle test, in which the shaking of  a jar containing loose soil is 
aimed at ascertaining approximate fine and sand particles [12]. Instead, sieving and hydrometer tests 
are strictly recommended only in few norms [9]. In 2017, granulometry tests were performed by the 
authors using the BS 1377-2 norm for classification methods on soils for civil engineering purposes 
(Figure 3a-b) [31].  In fact, this code also includes the preliminary treatment of  soil mixtures with 

natural fibers. Tests were performed starting from cured bricks of  several mineralogical compositions. 

                                 (a)           (b)         (c)
Figure 3: Sieving (a) and hydrometer (b) test, with preliminary chemical treatment of  fibers (c) in 
[20]

This implied the preliminary desegregation of  the product into its original soil mixture. Later, organic 
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content was excluded using mechanical and chemical treatments (Figure 3c). Dissolution was accomplished 
using hydrogen peroxide. In case of  soil mixed with significant amounts and large sized fibers, this process 
required more cycles of  chemical treatment.

Also the mechanical characterization of  adobe  is not solely prescribed according to laboratory standards but 
in-field compressive and flexural tests are often possible and still preferred [11]–[14]. However, mechanical 
properties can be rigorously derived from the standard commonly used for modern materials such as 
concrete. Compression tests on adobe samples were performed in [20] using UNI EN 772-1 for modern 
masonry materials [32]. Required levels of  plane parallelisms for testing purposes were achieved using 
mechanical rectification procedures which did not cause visible damage and achieved precisions included 
in standard tolerance (Figure 4 a-b). The interposition of  layers of  materials of  significantly different 
properties like cement mortar is not recommended for plane parallelism purposes for adobe.

                   (a)              (b)                           (c)

Figure 4: Sanding paper (a) and machine (b) used for rectification purposes and wooden strip 
interposition between steel rolls in a three point bending test (c) [20], [21]

Static three point bending tests were performed by the authors according to UNI EN 12390-5 [33]. In this 
case, no indentation occurred when wooden stripes between adobe surfaces and steel rolls were interposed 
(Figure 4c). Literature studies and norms for adobe indicate that applied deformation rates above 5 mm/
min may be not adequate for testing soft earthen materials. This limit is generally respected in literature 
studies and suggested by the authors.  Displacement controlled tests at velocities of  1-2 mm/min are 
suggested especially for soft adobe tested in compression and tension [20]. Higher values are discouraged 
also because the mechanical properties of  adobe have been recently found to be sensitive to the applied 
loading rate [21]. 

Table 1: List of  main tests required for the characterization of  adobe components according to 
the Australian (HB), New Zealand (NZS) and Mexico (NMX) codes, distinguishing in-field test ( in 
italic) from laboratory tests and denoting with * tests without quantitative requirement limits

Property HB NZS NMX

Grading Bottle test
Sieving/sedimentation * *

Organic content Smell test* * *

Plasticity
Casagrande test

Ribbon test
Touch test

* *

Durability&Erosion
Water retention test*

Water absorption test*
Spray test*

Wet/dry test*
Spray test* Water retention test*

Shrinkage Box test Box test* *
Density Oven drying* *

Compression Uniaxial test
Drop test

Uniaxial test
Drop test Uniaxial test

Tension Bending test
Flexure test Flexure test* Flexure test*

If  methods of  investigation are uncertain, material performance requirements in codes are controversial 
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as well. As shown in Table 1, prescribed values for important physical and mechanical properties are often 
lacking or incomplete. Not strictly quantitative recommendations that rely on the arbitrary judgment of  the 
user according to the specific need and destination of  the product are often encountered in codes for the 
assessment of  many parameters [11], [12]. This is the case for instance for the smell or the wet/dry in-field 
tests. When not lacking, test limits are often not uniform among different sources. Most of  the quantitative 
requirements normed in codes for adobe nowadays focus on the assessment of  minimum strength values in 
compression and tension. However, there is often no agreement about the minimum required performance 
and the assessment of  other important mechanical parameters for masonry design is missing.

2.3 Material Performance

2.3.1 Physical Properties
Mixtures of  adobe are casted in moulds and dried under the sun for a minimum of  28 days in an exterior 
environment before testing [11], [12].  Both literature references and current standard for adobe recommend 
to protect bricks from wind and rain during drying [11]. It is known that natural fibers explicate their role 
during this phase. They fasten this process facilitating draining through cavities and prevent the formation 
of  severe shrinkage cracks [34]. Shrinkage is abundant during drying of  earthen materials and is allowed 
also according to codes, provided that shrinkage cracks do not jeopardize the material properties of  the 
product [11], [13]. Caution is recommended in [11] if  short fine cracks spread randomly at the surface of  
the brick are observed. In [12], it is preferred to exclude products with crack lengths above 7 cm. Only [10] 
recommends quantitative limits of  2% for the property of  linear shrinkage. Shrinkage cracks represent 
a significant issue especially in case of  high amounts of  expandable clays in soil mixtures or in absence 
of  fibers. Therefore, it can represent a threat especially for mud mortar. Characterization of  mud mortar 
receives very little attention in codes and it is treated only in [9], [11]. Despite its importance on the overall 
performance of  adobe walls is recognized in literature, physical tests on mortar are usually prescribed only 
if  different soil materials than for the bricks is used. This implies neglecting the influence of  fibers during 
production of  material and life cycle of  the structure. Different shrinkage rates between bricks and mortar 
can be responsible for initial loss of  adherence and de-cohesion issues which may soon affect structural 
integrity. Unfortunately, also scientific studies on the material characterization of  adobe mortar are lacking 
and only two references concerning the physical mechanical assessment of  mud mortar have been found 
in literature [20], [35]. In [20] physical tests for the determination of  density and moisture content were 
performed on various types of  bricks and mortar for the same curing conditions. They confirmed that 
mortar is denser and characterized by higher shrinkage rates than fibrous bricks (Figure 5).

                                 (a)                                  (b)
Figure 5: Picture of  mortar just casted(a) and after five days since pouring(b): volumetric shrinkage 
of  about 18%[22]

Even if  the same soil is used for bricks and mortar, also the corresponding values for the property of  
density are different after 28 days of  curing. Density in adobe is significantly influenced by fiber addition 
and its inclusion in the mixture significantly reduces the density of  the resulting brick. This is a common 
trend observed in literature and quantified in [21]. Density was determined on two types of  bricks with the 
same mineralogical composition but with only one mixed with 18%b.w. of  fibers. Tests showed that average 
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density of  the fibrous samples was more than 30% lower than the fiber free homologous bricks. As a result 
of  different compositions, density values among different bricks also greatly vary in literature. They usually 
range between 800 kg/m3 for fibrous mixtures to 1800 kg/m3 for clayey bricks [20], [21]. This range is close 
to the one recommended in standards for adobe (1200 kg/m3 – 2000 kg/m3 ) [12]. Tested mortar in [20] 
showed a density of  1400 kg/m3 whereas the one in [35] was almost 2000 kg/m3.

In codes, durability performance of  cured adobe is addressed mainly using in-field tests. The most common 
property evaluated (without specific restrictions) is erosion against water simulating raining conditions 
or dry/wet cycles to which adobe walls may be exposed to during its life cycle [11]-[12]. Instead, the 
assessment of  the moisture content at 28 days of  drying before wall fabrication is not required by codes. 
It is generally assumed that water content after curing is lower than 4% [11]. This is not always the case 
and actually depends on the internal composition of  the product. This was inferred in [20] during an 
experimental campaign aimed at testing the mechanical performance of  bricks and mortar made with 
different clay and fiber percentages. Bricks mixed with 30%b.w. of  fiber and containing 45%b.w. of  clay 
contained more than 6% of  water after 28 days of  curing, whereas the same fiber amount in a mixture with 
half  of  the clay almost halved its initial moisture level for the same environmental conditions (Figure 6). 
This suggests that 28 days are not always sufficient to ensure a fully dried product. Furthermore, presence 
of  fibers in the mixture has been found to have a relatively minor influence on the final level of  water 
content at cured conditions of  bricks [21], [23], [36]. In particular, for certain amount of  fibers, it is found 
that water content increases significantly with the increment of  the clay proportion in the mixture. This is 
interpreted as a consequence of  the fact that the areas of  the mixtures surrounding fibers are fully dried 
after 28 days. Thus, the final water content depend on the spatial distribution of  the fibers in the mixture,  
with particular concern to concentrations of  clay. In fact, water can still be retained by floccules of  clay due 
to its affinity toward water: it swells in its presence and it shrinks in its absence [25]. 

Finally, the eco-efficiency of  the material in terms of  physical properties such as thermal resistance are not 
contemplated by codes, with the exception of  [12] where a typical range of  the expected performance is 
included between 0.25-0.6 m2K/W.

 

45% clay 

20% clay 

Figure 6: Water content at 28 days of  curing for four different adobe bricks as a function of  the 
mixing fibers: focus on the moisture content for two bricks with similar amount of  fiber but 
different clay percentages [20].

2.3.2 Mechanical Properties in Compression
For adobe, assessing the interstitial water content of  earthen components prior to construction is of  
paramount importance. Not only it is already known that water affects the durability performance of  the 
structure due to erosion phenomena during the life cycle of  the structure [4] but it also directly influences 
the nominal strength of  the bricks and mortar and thus of  the overall walls. Guidelines consider adobe 
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bricks as fully dried after 28 days of  curing, when the water content is expected to be lower than 4% [11]. 
However, also water levels below 2% are sufficient to determine a significant decrement in the parameters 
in strength, whereas a minor influence is exerted in deformation. This has been experimentally found 
testing different types of  adobe bricks at different induced moisture levels (including oven drying the 
samples) [20], [21]. Tests revealed an increment in strength for progressively lower water contents in the 
bricks. This trend has been observed for all the tests performed, both in static and dynamic regimes and 
also when mixtures contain fibers (Figure 7).

 

                                  (a)                              (b)
Figure 7: Stress-Strain curves in compression for fiber free adobe bricks (a) and fibrous bricks 
(b) air dried at laboratory conditions (w≅2%) and dried in the oven (reduction of  about 20% in 
strength)[21] 

However, the rate of  decay of  the strength of  adobe due to interstitial water has been quantified in [20] as a 
function of  the mineralogical composition of  the mixture. By testing samples with different clay and fibers 
at certain drying conditions, it was revealed that the mineralogical composition of  adobe can accelerate or 
decrease the loss of  the mechanical property. In particular, statistical regression of  experimental data on 
adobe resulted in the law of  eq.1 for the prediction of  strength at a given humidity as a function of  its 
internal composition, namely fiber, clay and water contents [16]:

             (1)

Where w stands for water and all variables are expressed in volumetric percentages. Examples of  these laws 
are shown in Figure 8 for one type of  brick and mortar experimentally tested. The shape of  the law in eq. 1 
recalls the trend previously derived for baked clay bricks in [3], where the rate of  decay increased for higher 
clay contents. As expected from the formulation in eq.1, the rate of  strength decay experimentally derived 
for adobe mortar (with low or no fiber content) is in general higher than for adobe bricks and it is found to 
be similar to one of  the slopes determined in [3] for only clay bricks. 

The mechanical testing procedures and prescribed values in compression of  the brick after curing are 
covered the best by current standards. Table 2 summarises the quantitative requirements in strength 
prescribed by four different codes for adobe. Recommendations in the different sources are not fully 
consistent in the prescribed test setup as well as in the required performance levels. However, the minimum 
values for strength prescribed by codes after aspect ratio correction are in average consistent with the values 
usually found for adobe bricks and mortar in literature, although lower values than prescribed requirements 
can also be encountered in the field [6]. Figure 9a shows the nominal strength distribution for adobe after 
elaboration of  a database collecting more than 150 static characterization tests in literature supplemented 
with authors data [20]. Most common values for adobe range between 0.8MPa and 2MPa. The average 
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value of  strength is found to be about 1.28 MPa, with 0.95 percentile of  about 0.29 MPa.

Figure 8: Compressive strength law for adobe dependent on water content. Examples of  predicted 
trends for one type of  adobe brick and one type of  adobe mortar using eq.1, compared with  law 
derived in [3] for clay bricks 

On the other hand, in almost 40% of  the test cases, strength of  adobe bricks was lower than 1 MPa. 
The unconfined values of  strength are usually determined in literature using the aspect correlation factors 
commonly prescribed for concrete [37]. Instead, codes in [12] and [11] prescribe a more conservative law 
for adobe and recommend slenderness’s of  3-5 as representative of  the unconfined strength (Figure 10).  
Applying this law to the available tests in the database, the average strength is equal to 1.19 MPa, with 0.95 
fractile of  about 0.2 MPa.  

Table 2: Prescribed strengths (and additional indications) for four building codes on adobe 

Standard Requirement Indication
NZS Minimum> 0.9 MPa after aspect ratio correction (Figure 10)
NTE 80% fractile > 0.85 Mpa after aspect ratio correction
NMX Average> 2 MPa on flat direction/no geometry info
HB Average> 1 MPa after aspect ratio correction (Figure 10)

                                                                               (a)
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                                                                            (b)
Figure 9: Relative frequency (histogram) and cumulative frequency (line) for the unconfined strength 
of  adobe in literature (including data from authors) considering all data (a) or disaggregating data 
according to fiber ratios in the mixtures (b) 

Figure 10: Aspect ratio correction law in strength for concrete compared with the laws proposed in 
the Australian and New Zealand code for adobe

Despite the specific shape of  the curves in Figure 9, there are almost no systematic studies publicly available 
in literature on the size and shape dependencies of  adobe [38]. Preliminary size dependence studies by the 
authors reveal a significant sensitivity to sample dimensions in the response in strength and deformation 
(Figure 11a). However, derived values for nominal strength are consistent with the aspect ratio laws depicted 
for adobe in Figure 10. 

                                               (a)                     (b)
Figure 11: Stress - strain curves and unconfined strength values after aspect ratio correction in HB 
(Figure 10) for two adobe cylinders with same soil and fiber compositions but different slenderness 
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(a) or with the same geometry but different fiber percentages (b) tested in uniaxial compression at 
laboratory conditions in [21]

As for shape dependence, in [38] a correlation between tests on cylinders and cubes was found with a 
slope of  0.94. Furthermore, aside the role of  water content, the mechanical characterization of  adobe in 
standards does not address the influence of  fiber content on strength, despite that most common trends 
in literature relate fiber in soil mixtures to a decay of  the mechanical parameters of  the material (Par. 
2.1). However, recognizing this role is not always easy in literature. In Figure 9b, the same data plotted in 
Figure 9a are disaggregated according to the relative presence of  fibers in the mixture, organized in three 
categories: fiber free (<2 b.w.%), low fiber ratio (<10%b.w.) and high fiber ratios (>10 % b.w.). From Figure 
9b, fiber free samples do not possess strength values lower than 1 MPa, whereas fibrous bricks have a 
significant statistical incidence in the 0.5-1MPa and 1.0-1.5 MPa ranges. However, fibers can confer to the 
brick also values of  strength above 3MPa. As explained in Par. 2.1. the outcome of  fiber inclusion depends 
also on the specific characteristics of  the applied soil. However, there are only few systematic studies aimed 
at quantitatively addressing the role of  fibers in adobe bricks [39]. Tests by the authors [21] showed that 
parameters in strength and stiffness are significantly affected by fibers whereas their inclusion is always 
accompanied by an enhanced ductility and retarded failure (Figure 11b). The major contribution associated 
to the presence of  fibres in the mixture on the mechanical performance of  adobe is  indeed related to the 
material ductility. Fibers allow the bridging of  the stress through cracks, limiting their entity and holding 
together the vital cores of  the matrix until large deformation stages.

Indications on the elastic stiffness of  adobe bricks are not provided in standards. Data in literature reveal 
a significant scatter in values, with ranges between 10 MPa and 2500 MPa. However, most common values 
lie between 50 MPa and 200 MPa (Figure 12). The only reference to this parameter in standards relates to 
the stiffness of  the adobe wall, which should be designed as 300 times the corresponding strength in [11]. 
Calculating E as a ratio of  the strength reduces the scatter in value associated to stiffness, since strength 
and stiffness are found to react is a similar manner to clay, fiber and water contents in the mixture [21].  
However the recommended value in standards is lower than the ratios commonly encountered for adobe 
bricks. Considering only data set in [20], E=60-80fb, whereas considering data in literature E=120-180fb 
[40]. 

Figure 12: Relative frequency (histogram) and cumulative frequency (line) of  the elastic stiffness 
of  adobe

Besides the assessment of  the mechanical parameters in compression, the definition of  the entire curve in 
compression is of  paramount importance for masonry materials. In fact, deformation curves can be used 
to develop constitutive models for non linear analyses [41]. Research has revealed that constitutive models 
originally developed for concrete can be used to address the curve of  response of  bricks and mortar of  
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adobe. In [21] a constitutive model has been developed to assess the stress-strain plots of  adobe bricks 
made of  different mineralogical composition and water content and subjected to various loading rates, 
from statics to dynamic impact (Figure 13a). The law recalled in eq. 2 takes roots from the Popovics’ model 
developed for cement geo-pastes in statics [42]. It properly addresses the typical non linearity observed in 
the curves of  response of  adobe in compression, characterized by micro-cracking processes starting in the 
pre-peak phase of  the curve and in the final quasi-brittle softening behaviour [18], [43]. Parameter n in eq. 2 
controls the amount of  non linearity in the uniaxial response and calibration with experimental data in [17] 
makes the parameter a function of  fiber content (n ranges between about 1.5 and 3.5 in adobe and decreases 
with increasing fiber amounts). Furthermore, the model in eq. 2 modifies the original formulation in [42] 
implementing rate dependent functions of  logarithmic shape f(DIF) for the uniaxial assessment of  adobe 
in dynamics [21] (Figure 13b). 

                                                           (2)

In fact, the response of  adobe at high strain rate loadings has been recently experimentally assessed [21]. 
Strain rates in the order of  120 s-1 were achieved using Hopkinson bar tests. Tests revealed that adobe is 
a material sensitive to the deformation rate. The dynamic increase factor of  the mechanical property of  
strength for adobe lies in the lower boundary of  the cloud of  data usually associated to concrete (Figure 
13b) [44]. From the same Figure it is shown that if  soil mixtures are provided with fibers, rate sensitivity 
of  adobe decays. This is consistent with interpreting a reduction of  cohesion after fiber inclusion. Instead 
water content in the mixture enhances sensitivity to the deformation rate for a physical principle of  viscosity 
called Stefan effect (Figure 13b) [21].

The scarcity of  constitutive models describing the non linear response in compression up to failure for 
adobe is reflected in the lack of  numerical models for the material simulation of  bricks and mortar [45]. 
Constitutive models as in eq. 2 can be implemented in numerical frameworks, together with the definition 
of   damage or plasticity surfaces. In [22], a smoothed Mohr Coloumb damage surface implemented in a 
finite element isotropic damage model with exponential softening damage evolution laws was suitable for 
interpreting the damage process of  soil based masonry materials loaded in compression. This constitutive 
law has been validated against a wide range of  loading conditions, including impact penetration tests on 
adobe walls [23].

                                                                                   (a)
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                                                                                   (b)
Figure 13: Experimental-numerical stress strain curves in compression for a fibrous adobe (n=1.7) 
compressed at three different loading rates from statics to high velocity impacts using eq. 2 (a) 
equipped with dynamic increase factor functions (DIF) experimentally derived in [21] (b)

2.3.3 Mechanical Properties in Tension
As for many quasi brittle materials used in masonry, correctly addressing the response of  adobe in tension 
is very important. The mechanical characterization of  adobe in tension in current codes mainly concerns 
the evaluation of  its strength parameter. Quantitative values are evaluated mainly from flexural tests, despite 
literature studies suggest that splitting tests better reproduce the uniaxial tensile state [38]. Experimental 
data available for adobe in tension in literature and including tests in [20] is shown in Figure 14 similarly 
to Par. 2.3.1. Averages and 0.95 percentile values respectively are about 0.4 MPa and 0.15 MPa. According 
to codes, average values for strength of  0.34 MPa is prescribed in [13], while a minimum of  0.25 MPa 
is requested in [9]-[11]. This requirement is met by 65% of  the experimental data for adobe in tension 
available in literature (Figure 14).

Figure 14: Relative frequency (histogram) and cumulative frequency (line) for the tensile strength 
for adobe using data in literature (including authors’)

Disaggregating data in tension according to the possible presence of  fibers in the mixture as in Par. 2.3.1., 
also in tension mixing soil with fibers statistically results to a lower strength performance in average (Figure 
15a). In [45], bending tests at the same laboratory conditions have revealed an enhancement of  ductility in 
the response of  adobe when fibers are added to the mixture (Figure 15b) . With a value of  0.7 MPa, adobe 
mortar (fiber free) tested in [20] possesses one of  the highest values of  tensile strength encountered in 
literature for adobe.

DIF = 
0.7+0.02log(ε) 
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                                                  (a)          (b)
Figure 15: Relative frequency for the tensile strength of  adobe bricks disaggregated for fiber free 
and fibrous adobe samples (a) and Force – displacement plots in bending tests in [16] on two adobe 
bricks with different fiber proportion ratios (b). 

Tensile strength relates to the parameter in compression in ranges between 0.18fb [6] and 0.4fb [28]. In [16], 
this ratio ranges between 0.3fb and 0.7fb, with a median equal to 0.57fb. These values are in general higher 
than the minimum levels suggested in [11],  included between 10% and 20% of  the compressive strength 
[11]. The failure process of  adobe in tension is typically more brittle than in compression. A localized failure 
has characterized bricks and mortar subjected to bending tests in [20], independently from water content 
and fiber inclusion in the mixture. Typical curves of  response are characterized by an elastic phase followed 
by softening with exponential shape (Figure 15b). In [22],  numerical simulations of  bending tests on adobe 
using a local damage finite element model recently developed for the simulation of  bricks and mortar at 
various loading conditions showed that a constitutive law in RILEM TC 162 [46] originally prescribed for 
steel fiber reinforced concrete is suitable to numerically assess the localized damage failure experimentally 
observed in adobe in flexure (Figure 16). The adopted constitutive model in tension is linear elastic with an 
elastic modulus being the same as in compression until the attainment of  the stress level associated to the 
first crack in bending, which anticipates softening.

Figure 16: Experimental crack and numerical damage (using RILEM TC) localized in the middle of  
a brick subjected to bending test using the adobe delta damage model in [22], a finite element model 
for the simulation of  adobe bricks
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3. Final Recommendations and Conclusions

A review of  the codes currently available for the material characterization of  adobe bricks and mortar is 
reported in this study. The prescriptions provided by the normative bodies for adobe around the world 
related to test methods, soil selection and material properties have been critically addressed. They have 
been compared with the most recent scientific findings produced for adobe regarding the assessment 
and interpretation of  its physical-mechanical properties. To this end, the experimental data, theoretical 
interpretations and numerical elaborations produced by the authors over the last years on adobe have been 
used as main reference.  From the analysis, lack of  knowledge, consistency and completeness in the current 
normative body stand out and a normative and knowledge update is needed. Among others, two areas of  
improvement are deemed as priority: 

• Definition of  a shared set of  identifying properties for the physical-mechanical performance of  adobe 
components, both bricks and mortar. The assessment of  the drying conditions preliminary to tests 
on samples is a priority and the set of  maximum moisture levels before mechanical characterization 
is necessary. The influence of  moisture on the mechanical performance must be integrated both at 
an experimental characterization and at a material design level. Moisture content dependent strength 
laws should be considered when designing for the life cycle of  the structure. Required properties 
should not solely relate to the characterization of  the mechanical parameters of  the resulting brick 
but rather to the evaluation of  its original soil. If  the minimum requirements in strengths by codes are 
generally consistent with mean experimental values found in literature, soil particle distributions tests 
are not sufficient to certify suitability of  adobe as a building material. Assessment of  fiber properties 
and amounts in the brick before mechanical characterization in codes is necessary. A comprehensive 
physical study on the mixture is needed, with particular reference to the plasticity and cohesive property 
assessment. These must not only be determined on the raw soil, but also directly on the final mixture 
used to produce the brick, namely including the assessment of  fiber-soil mixtures properties. At a 
research level, the identification of  the materials, quantity and orientation of  mixing fibers which 
ensures durability, ductility and strength to bricks and mortar of  given mineralogical compositions is a 
priority task.

• Homogenization of  test procedures, methods and requirements for each targeted property. Simplistic 
identification tests in the field must be preferably substituted by laboratory tests because they are 
often not sufficient to determine exhaustive information of  fundamental properties for adobe. 
Standard methods can be adapted from codes for modern building materials for masonry applications. 
Furthermore, for each property, acceptable ranges of  values or minimum requirements should be 
carefully defined to ensure prescribed levels of  safety. These values should concern the properties 
in strength and deformation of  the brick as well as the physical properties of  the mixture. Given 
the site dependency inherent to soil selection, prescriptions are expected in terms of  ranges for the 
soil distribution properties and in terms of  strict minimum requirements for cohesion, durability and 
plasticity properties. At a research level, new building production and construction processes capable of  
removing randomness in the manual production of  adobe bricks can help to ensure safety in contexts 
of  scarcity.
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Abstract 

Blended cement pastes are usually reported to carbonate faster than ordinary Portland cement (OPC) 
pastes due to the reduced portlandite content caused by the pozzolanic action. Moreover, the effect of  
carbonation on the pore structure of  hydrated cement paste may be variable depending on the binder. On 
the one hand, calcium carbonate precipitates and clogs the pore network. On the other hand, decalcification 
of  C-S-H may cause shrinkage, and potentially microcracking that increases pore connectivity. When fly ash 
is included in the system, the situation becomes quite different from ordinary Portland cement paste. As 
the pozzolanic reaction consumes portlandite, carbonation is more likely to progress by decalcifying C-S-H. 
Blended cement pastes are therefore more susceptible to microstructural changes due to carbonation. In 
this paper, we assessed the overall effect of  carbonation on the porosity of  well-cured fly ash blended 
cement paste by dynamic vapour sorption (DVS). This technique allows determining the pore structure 
from the quantification of  water uptake by condensation of  water vapour at different relative humidities. 
The Barrett, Joyner and Halenda (BJH) method, based on the Kelvin model, was applied for computing the 
volume of  mesopores (0.002-0.05 µm). The Dubinin–Radushkevich (DR) equation was used to calculate 
the volume of  micropores (<0.002 µm). Samples with 20, 30, and 40% replacement ratios of  OPC by fly 
ash were prepared and cured for one year before carbonating them in an accelerated chamber with 1% 
CO2. Despite the advanced age of  the pastes, considerable reductions due to carbonation in the volume of  
mesopores and micropores were registered.

Keywords: fly ash, carbonation, porosity, DVS

1. Introduction

The dynamic vapour sorption (DVS) test helps in the description of  the pore structure of  cementitious 
materials by measuring the equilibrium between the mass water content of  the sample and the relative 
humidity (RH), at a constant temperature. Water molecules are relatively smaller than those of  gases CO2 
or N2 [1], and this advantage allows water molecules to penetrate smaller pores and ink-bottle pores as 
well. Also, it is very convenient that no degassing process of  the sample prior to the measurements is 
necessary, hence possible microstructural damage is avoided. Furthermore, the test can be performed at 
room temperature, which is a practical and realistic approach for most applications. The sorption isotherms 
obtained from the test are used afterwards to calculate specific surface area and pore size distributions 
(PSDs) of  samples.
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The most applied theories of  adsorption that mathematically describe the results are the Barrett, Joyner and 
Halenda (BJH) method [2] for the calculation of  the pore size distribution in the mesopore range, and the 
Dubinin–Radushkevich (DR) equation [3] for the calculation of  the pore size distribution in the micropore 
range. These models include a number of  simplifications that should be considered. For instance, for the 
computation of  the specific surface, a monolayer of  adsorbate is assumed to be uniformly distributed on 
pore walls, but this surface is never completely covered until the saturated vapour pressure is reached [4]. 
Another important aspect is that calculations of  the pore size distribution consider cylindrical pore shapes 
for the distribution [2].

Changes in pore structure of  carbonating blended cementitious mixes occur over time and in relation to 
the reaction degree of  the supplementary cementitious material and the affectation of  hydration products 
by their reaction with carbon dioxide. Even developing at a relatively slow pace, when fly ash is added to 
concrete there is normally an improvement in durability-related properties of  the cementitious material [5-
8]. Nevertheless, the carbonation of  fly ash blended mixes has particular implications. The consumption of  
calcium hydroxide by the pozzolanic reaction of  the fly ash and the dilution effect of  the portland cement 
reduce the alkaline reserve of  the material that offers resistance to carbonation. As a result, the carbonation 
front progresses more rapidly than in unblended mixes with the same porosity. Moreover, the relative 
amounts of  calcium hydroxide and C-S-H suffering carbonation are modified with the inclusion of  fly ash 
[9-10], and the effect of  carbonation on porosity differs from the case of  plain Portland cement pastes. 
Whereas carbonation of  calcium hydroxide partially contributes in clogging the pore structure, carbonation 
of  C-S-H causes the opposite effect when increasing porosity.

Previous studies have dealt with the effect of  carbonation on the pore structure of  fly ash blended cement 
pastes. Techniques such as mercury intrusion porosimetry, scanning electron microscopy and the X-ray 
attenuation method have been applied for describing the changes in the microstructure. These techniques 
are effective in describing the total porosity, but they are imperfect for connecting these changes to different 
pore size ranges due to the potential affectation of  the microstructure caused by the procedure or the 
preconditioning required. Results from DVS tests can complement previous descriptions of  carbonated fly 
ash blended paste, in relation to the particular capabilities of  the method, which requires no preconditioning. 

2. Methodology

2.1 Materials
The mineralogical and chemical compositions, and particle size distribution of  the Class F fly ash and 
ordinary Portland cement (OPC, CEM I, 42.5 N) used in this study are presented in Tables 1, 2 and 3, 
respectively. The mineralogical compositions were determined by Rietveld analysis of  the X-ray diffraction 
patterns. These analyses were performed by adding 10% w/w of  internal standard (zincite) to apply the 
PONKCS method and determine the content of  amorphous phases as well. The particle size distributions 
were measured by laser diffractometry. The values of  the refractive/absorption indexes considered in this 
analysis were 1.73/0.1 and 1.56/1 for the OPC and fly ash, respectively. 

Pastes were prepared with 20, 30, and 40 % w/w replacement ratios of  OPC by fly ash. The water to binder 
was 0.40 in all cases. These samples were cured in a conditioned room at (20 ± 2) °C and (95 ± 5) % RH 
for 360 days for assuring nearly the maximum possible reaction degree of  the fly ash.
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Table 1. Mineralogical composition of  the f ly ash and OPC, determined by XRD/Rietveld analysis 
(and PONKCS method for the amorphous content) (%).

Material C3S C2S C3A C4AF Gypsum Quartz Magnetite Calcite Amorphous
OPC 60.2 22.0 10.8 2.7 4.2 nd nd 0.04 nd

Fly ash nd nd nd nd nd 5.9 1.2 nd 91.9

nd = not determined

Table 2. XRF chemical compositions of  raw materials (%).

Material Na2O MgO Al2O3 SiO2 SO3 K2O CaO Fe2O3 Free CaO
OPC 0.27 0.95 4.91 20.74 2.96 0.77 64.67 1.52 0.2

Fly ash 1.08 1.92 23.50 54.19 0.94 3.38 3.02 7.92 0.1

Table 3. Particle size distribution of  OPC and f ly ash (µm).

Material d10 d50 d90

OPC 3.1 16.3 57.9

Fly ash 2.1 15.0 89.3

2.2 Methods
After the curing period, samples were ground and sieved between 500–1000 μm. This range of  particle size 
for the samples was considered as a good compromise between DVS test duration and practicality [11]. 
Portions of  the samples were immediately conditioned by removing free water by solvent exchange with 
isopropanol for 15 min and dried under vacuum afterwards. Then, approximately 5 mg was tested for DVS. 
The device was set at 20 °C, with a dm/dt < 0.002 wt.%/min as a detection limit to continue to the following 
RH level. The RH levels at which samples were subsequently equilibrated included 5-10-20-30-40-50-60-
70-80-90-98 % RH. Since these samples were predried under vacuum, they were first increasingly tested 
for adsorption up to 98 % RH and then a complete desorption process was performed. Other portions 
of  the samples were put in a carbonation chamber (60 % RH, 1 % CO2) for six weeks to allow them to 
carbonate. Afterwards, small fractions of  the samples were crushed and sprayed with phenolphthalein 
solution to confirm full carbonation by no colour change. Then, portions of  the samples were conditioned 
and tested for DVS with the previously described set-up. Each DVS test demanded approximately 7 days 
to be completed.  

The BJH method [2] was used for the calculation of  the pore size distribution in the mesopore range 
(0.002-0.05 µm [12]). This method, based on the Kelvin model, considers that capillary and adsorbed 
water phases exist in cylindrical pores and calculations of  the pore size distribution are made by step-by-
step iterative calculations [1]. The DR equation [3] was used to calculate the pore size distribution in the 
micropore range (<0.002µm). The method is based on the assumptions of  a change in potential energy 
between the gas and adsorbed phases.

3. Results and discussion

Figure 1 presents the DVS isotherms. Carbonated pastes are drawn with dashed lines, and uncarbonated 
pastes are drawn with continuous lines. Small increases in the mass water contents for each RH are noted 
as the content of  fly ash increases. This effect of  fly ash is showing an increased overall porosity due to a 
dilution effect of  the OPC [5]. An exception should be made for 20 and 30 % uncarbonated samples, as 
between these two the paste with the 30 % fly ash content showed the lowest water content. However, the 
difference between these two series is very small, and it can be therefore considered within the variability of  
the test. In general, a significant variation in the desorption branches between 40 and 30 % RH is observed. 
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This change is produced near the RH generally considered key for separating free water from interlayer 
water [1]. The device required a much more extended stabilization period during the step from 40 to 30 % 
RH, and a steeper desorption curve is presented in this particular range. Further analyses for this situation 
are possible, but they have no implications for the comparative study aimed in this work. More significant 
hysteresis is also noted for uncarbonated samples. Hysteresis commonly points at the presence of  ink-
bottle effects, and the observed attenuation suggests a reduction in the tortuosity caused by an increased 
accesibility of  all pores when samples are carbonated.
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Figure 1: Sorption isotherms of  the samples. 

Figure 2 presents the pore volume and pore specific surface area of  samples calculated from the DVS 
isotherms data. The replacement ratio of  OPC by fly ash did not cause significant differences in the micro 
and meso pore volumes or the specific surface area of  the pore structure. The long curing period promoted 
a reaction degree very close to the maximum possible in the mixes, and compared to the 20% paste, the 
higher dilution effect in the 40% paste seems to be compensated by the reaction of  the fly ash. In this case, 
uncarbonated 40% paste must have had a significantly lower content of  calcium hydroxide than the the 30 
and 20% pastes, and this is certainly defining the effect of  carbonation on the pore structure depending on 
the replacement ratio. Accelerated carbonation produced a notorious decrease in the volume of  micro and 
meso pores in the mixtures. The decrease is smaller with a higher replacement ratio, showing the connection 
between the pore volume reduction due to carbonation and the initial  content of  calcium hydroxyde in 
the samples. Several authors [13-16] have indicated that carbonation of  calcium hydroxyde contributes to 
the clogging of  the pore structure, whereas carbonation of  C-S-H produces a detrimental effect instead. 
In relative terms, similar reductions due to carbonation were found for the mesopore and micropore size 
ranges. Accelerated carbonation also caused the specific surface to decrease. The relative reduction due to 
carbonation in the specific surface area is greater than the reduction in pore volume. However the number 
of  tests is insufficient and this outcome requires to be confirmed by additional testing, this indication is also 
in agreement with the reduced hysteresis. When the comparative analysis is made on the basis of  the same 
porosity, a slight coarsening of  the pore structure caused by carbonation is suggested by the decreased pore 
specific surface area. Overall, the relative pore size distribution seems to remain the same, so the effect of  
carbonation would be homogeneous over the whole pore size range. The suggested coarsening might be 
explained by microcracking, which typically has a totally different structure than innate porosity. As during 
carbonation the previous consumption of  portlandite by the fly ash promotes decalcification of  C-S-H, 
the microcracking may be associated to ‘carbonation shrinkage’. Additional results from other experimental 
techniques would be valuable for assessing the complete pore size range in the pastes (i.e. covering also 
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larger pores) and confirming this hypothesis. 
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 Figure 2: Computed pore volume and specific surface area. 

The results in the present study differ from the findings from Wu and Ye [9], where increased porosity in 
fly ash blended pastes was registered by mercury intrusion porosimetry, and Cui et al [17], where similar 
results were found by the extended X-ray attenuation method (XRAM), for fly ash contents of  30, 50 % 
or higher. These studies attributed the increase in porosity to carbonation of  C-S-H, which is probably 
enhanced when they apply accelerated carbonation at 3 % CO2. In agreement, a previous study considering 
accelerated carbonation at 10 % CO2 [18] also found a decrease in capillary porosity due to carbonation 
with 35 and 50 % fly ash, whereas an increase in capillary porosity was detected for 67 % fly ash. In the 
present study the CO2 concentration was only one-third and one-tenth of  the values in previous works 
(i.e., a closer value to natural exposure), and clogging of  the pore structure seems to be the main effect. 
Moreover, no high fly ash contents were included in the present study, so our analysis is limited to 40 % 
fly ash at the most, and it is possible that the situation is different for higher fly ash contents. For example, 
Shah et al [19] suggest that reductions in porosity are to be expected whenever high replacement ratios, 
with a consequent full consumption of  portlandite, are applied. Conversely, with replacement ratios of  up 
to 40 %, Chindaprasirt and Rukzon [20] found similar results to those presented in the present work. It is 
therefore clear that significant attention should be put on the replacement ratio and the CO2 concentration 
when assessing the impact of  carbonation on fly ash blended paste. 

4. Conclusions

• A small increase in porosity was measured in fly ash blended pastes, in connection with a dilution effect 
due to a limited reactivity of  the fly ash, even after 1 year of  curing.

• Significant reductions in the volumes of  micro and mesopores due to accelerated carbonation (1 % 
CO2) of  fly ash blended cement pastes were detected by dynamic vapour sorption tests. This reduction 
was registered for replacement ratios between 20 and 40 % w/w of  OPC by fly ash.

• The reduction in the pore specific surface area of  fly ash blended pastes due to the carbonation seems 
more significant in relative terms than the reduction in pore volume. The contrast between both 
parameters can be intepreted as a suggestion of  a slight coarsening of  the meso/micro pore structure 
due to carbonation, probably due to the development of  carbonation shrinkage caused by the reduced 
portlandite content as a result of  the pozzolanic reaction. This hypothesis is supported by a concurrent 
reduction in the tortuosity of  pastes due to carbonation. Confrmation studies including tests with other 
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techniques that assess larger pores are necessary.
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Abstract - Alkali-activated slag/fly ash (AASF), as an environmental-friendly binder system for construction 
materials, has recently attracted great attention from both academic and industrial communities. Towards 
its wider engineering application, it is crucial to have a better understanding of  the temperature induced 
effects by different curing regimes and the temperature sensitivity on the thermal properties of  this system, 
for instance the apparent activation energy. However, the available information on the apparent activation 
energy of  AASF system is still quite limited. 

The present study is aimed at investigating the role of  alkali activator (AA) chemistry on the reaction 
kinetics of  AASF at early age. The binder is made of  50 wt.% blast furnace slag and 50 wt.% fly ash. Four 
AA moduli (SiO2/Na2O ratio = 0.8, 1.0, 1.2 and 1.5) were used for the mixture preparation. The effect 
of  AA modulus on the heat evolution was studied by performing isothermal calorimetry test up to 160 h 
at ambient temperature. The total heat release was studied through curve fitting using exponential model 
Furthermore, the apparent activation energy of  AASF pastes was determined using incremental methods 
and its variation over wide range of  early age reaction was studied. It was found that the AA modulus 
evidently influences the heat evolution of  AASF. The cumulative heat release reached the maximum value 
at AA modulus of  1.0, followed by at 0.8, 1.2 and 1.5. This trend is well in line with the changes of  the 
apparent activation energy of  AASF mixtures. In addition, it was confirmed that the apparent activation 
energy of  AASF was not only related to the chemistry of  reactants but also reaction-stage dependent. 
Particularly it varied significantly at the very early age of  reaction.

Keywords:Activation energy;  alkali-activation;  isothermal calorimetry;  Slag;  Fly ash

1. General introductions 

Alkali activated materials (AAMs), derived by the reaction of  an alkali metal source (solid or dissolved)  
with a solid (alumino)silicate powder [1, 2], are considered as an environmental friendly binder and one of  
the best alternatives for ordinary Portland cement (OPC). These materials show comparable or even better 
performances and less energy consumption at the same time when compared to the traditional cementitious 
binders. Furthermore, concrete made of  alkali activated materials also provide added advantage regarding 
the greenhouse gas emission, i.e. an reduction of  up to 80% compared with concrete made of  OPC [3]. 
Up till now, the most intensively studied system of AAMs is based on blast furnace slag and class 
F fly ash. This is mainly due to their large quantity of annual production as well as their relatively 
stable chemical composition. Previous studies on AASF have focused on microstructure development, 
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nature of reaction products and mechanical properties [4-6]. However, few studies have paid attention to 
the heat evolution related properties especially the apparent activation energy of  AASF. As an important 
parameter for engineering predictions and applications of AASF with regards to different temperature 
curing regime, the knowledge of  the apparent activation energy of  AASF binder system is crucial .

Compared to that within traditional cementitious systems, the data concerning the apparent activation 
energy of  AASF is currently still scarce. Most previous results were related to alkali-activated slag (AAS). 
For instance, Fernandez et al [7] determined apparent activation energy to be 57.6 kJ/mol in AAS system 
activated by sodium hydroxide and sodium silicate. Zhou [8] studied the kinetics of  hydration of  AAS and 
the apparent activation energy was determined to be 53.63 kJ/mol. Only one work related to apparent 
activation energy in AASF was found [9] and the value calculated was 53.1 kJ/mol.

Therefore, this work aims to further investigate the influence of  mixture parameters, especially the AA 
modulus, on the heat evolution and to determine the apparent activation energy of  AASF systems by 
isothermal calorimetry testing. 

2. Experimental program

2.1 Materials and mix design
The solid precursors used in this study were ground granulated blast furnace slag (GGBS) and Class F fly 
ash (FA) according to ASTM 618. Material density is 2890 kg/m3 for slag and 2440 kg/m3 for fly ash. The 
d50 particle size is 17.88 μm for slag and 33.19 μm for fly ash. The chemical compositions deduced from 
X-ray Fluorescence along with other properties of  the precursors (including LOI at 950 °C and fineness 
passing 45 μm) are shown in Table 1.

Table 1. Chemical compositions and properties of  raw materials

Oxide (wt %) SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI Fineness, % passing 45μm

Slag 32.91 11.84 0.46 40.96 9.23 1.60 - 0.33 1.15 95

Fly ash 52.90 26.96 6.60 4.36 1.50 0.73 0.17 - 3.37 81

As reported previously by the authors [10], the major crystalline phases in fly ash are quartz, mullite and 
hematite, while the blast furnace slag contains mainly amorphous phases. The reactivity of  slag could be 
indicatd by its abundant amorphous content (over 98%). On the other hand, the reactivity of  fly ash is 
reflected by its reactive silica content of  43.04% and reactive alumina content of  15.51%. Sound mechanical 
properties have been achieved using both solid precursors.

To study the heat evolution of  AASF, three levels of  alkali activator (AA) moduli (ratio of  SiO2 wt.%/
Na2O wt.% within AA) were considered for preparation of  AASF pastes with fixed binder combination of  
50 wt.% blast furnace slag and 50 wt.% Class F fly ash. The detailed mixture designs are shown in Table 2. 
Na2O wt.% content (in alkali activator with respect to total binder mass) was kept constant to be 4 wt. %. 
In addition, the water to binder (w/b) ratio was chosen to be 0.32 to maintain adequate workability for all 
the paste mixtures. The mixtures were named M0.8, M1.0, M1.2 and M1.5 accordingly, with the number 
representing the AA modulus.



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

334

IC
SBM

 2019
ID

 122

Table 2 Mixture design of  AASF

Mixture Slag (wt.%) Fly ash (wt.%) w/b ratio Na2O (wt.%) Modulus

M0.8

50 50 0.32 4.0

0.8

M1.0 1.0

M1.2 1.2

M1.5 1.5

The alkaline activator was prepared by dissolving NaOH pellets (analytical grade, purity≥98%) and sodium 
silicate (Na2O: 8.25 wt.%, SiO2: 27.50 wt.%) in distilled water. The activator was cooled down to room 
temperature prior to mixture preparation.

2.2 Isothermal calorimetry
Isothermal calorimetry was conducted using a TAM-Air-314 isothermal conduction calorimeter. Calibration 
of  the heat flow channels was carried out prior to measurements. The solid precursors were firstly hand 
mixed for 5 min. Afterwards, the alkaline activator solution was added and the batches were mixed for 
additional 2 min using a head-mixer with speed of  1600 rpm. Approximately 5g of  freshly mixed paste 
was introduced into a small glass ampoule and was immediately loaded into the heat flow channels along 
with the reference ampoule. Two replicates for each mixture were measured. Heat release was recorded 
for a period of  160 h. For the tests carried out at 40 °C, the solid precursors, alkali activator and reference 
ampoules were stored in 40 °C oven before the tests. Extra caution has been paid to minimize the decrease 
of  temperature during mixing and sample transfer. 

2.3 Ultimate total heat and global reaction degree through curve fitting
The global reaction degree of  AASF is also calculated using cumulative heat release data by the aid of  curve 
fitting using exponential model shown in Equation 5. 

(5)

where Qmax corresponds to the ultimate total heat at completion of  reaction; τ and β are parameters 
associated with time and shape in the exponential model. This model along with Knudsen linear dispersion 
model, have been proven somewhat adequate for Qmax prediction and has been previously used in alkali-
activated systems [11, 12], especially when the data before the induction period is neglected. Finally, the 
reaction degree α(t) could be then calculated by Equation 6

(6)

where α(t) was determined for all AASF mixtures reacted under 20 °C and 40 °C for later calculation of  
apparent activation energy using incremental method.

2.4 Apparent activation energy determination
Arrhenius’s theory as shown in Equation 1 has been proven to be an effective tool to study the temperature 
related effects and combined rate sensitivity of  hydration reactions in cementitious systems. The Arrhenius 
equation is written as:

(1)

where k is the temperature sensitivity rate constant, T is the absolute temperature (K). A is a constant (pre-
exponential factor that varies for different chemical reaction), Ea is the activation energy (kJ/mol), R is the 
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universal gas constant (J/(mol.K)).

Arrhenius equation could be rewritten using two sets of  rates constants at different temperature:

(2)

This study used the incremental method or ‘rates’ method to determine the apparent activation energy 
Ea of  AASF as has been previously used for OPC pastes [13, 14]. Assuming the calorimeter is calibrated 
properly, the rate constant k equals to the power of  heat flow measured for a given reaction degree α and 
reaction temperature T:

(3)
Therefore, in order to calculate Ea, two sets of  heat flow data were used which enables calculation of  Ea as 
a function of  reaction degree α continuously.

(4)

It is worth noting that a huge simplification is made here to use Ea for the entire alkali activation and 
geopolymerization processes. Evidently, Ea is also sensitive to different reaction stages as the microstructure 
changes with elapse of  time. However, considering the great difficulties to distinguish the different individual 
reactions within geopolymerization, Ea acquired in this way can still give further insights on temperature 
dependent reaction kinetics of  the global reaction. 

3. Results and discussions

3.1 Heat evolution and reaction degree
The heat flow curves of  mixture M0.8-M1.5 under the temperature of  20 °C and 40 °C are shown in Figure 
1. In general, the heat flow curve is characterized by two calorimetric peaks, The first peak is due to the 
wetting and dissolution of  precursors particles and the second broader peak corresponds to the formation 
of  reaction products. Compared to the heat flow at 20 °C, an evident increase of  heat flow intensity could 
be found at 40 °C. In addition, the intensity and the time of  appearance of  the second peak are positively 
correlated and both of  them change with increasing AA modulus. More specifically, with increasing AA 
modulus, both the intensity and time of  appearance of  the second peak first increase and then decline 
after reaching the maximum when AA modulus is 1.2. This trend indicates AA modulus has a significant 
influence over the early age of  heat evolution, and therefore the early age reaction kinetics of  AASF. It is 
commonly acknowledged that the early age reaction kinetics of  AASF is dominated by two processes, i.e. 
the dissolution of  Ca, Si, Al species from the solid precursor and Si oligomer dissociation presented in AA, 
and the geopolymerization of  useful?? species to form various reaction products. Previous studies by 29Si 
NMR and FTIR proved that higher amount of  silica species with low polymerization degree (monomers) 
is favoured at lower AA modulus [15, 16], A lower polymerization degree of  silica species can promote 
the gel formation. However, by lowering the AA modulus, the total amount of  available species within 
AA is also reduced, which might have negative impact over the very early geopolymerization process.  The 
experimental data and corresponding curve fitting using exponential model were presented in Figure 2 (a) 
and (b). For the calculation of  total reaction heat, it is worth noting that the initial data related to the heat 
flow of  first peak was not taken into consideration. The reason is to avoid the testing error induced during 
the mixing and transferring of  the AASF mixtures. This is in accord with previous studies [7, 17, 18]. 
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                  a)                       
b)

Figure 1 Heat f low of  AASF mixtures at different temperature: (a) 20°C; (b) 40°C.

As expected, the cumulative heat for AASF at 40 °C were evidently higher than that at 20 °C due to 
the facilitating effect on reaction kinetics induced by a higher temperature. At 7d, M1.0 has the highest 
cumulative heat release followed by M0.8, M1.2 and M1.5. This trend is not consistent with the trend of  
the heat flow of  the main reaction peak, which reached maximum when AA is 1.0. Therefore, it seems that 
a faster early age reaction is neither necessary nor sufficient for a higher reaction cumulative heat of  AASF. 
In this study, the higher cumulative heat release of  certain AA modulus could be related to the early age 
dissolution of  species and the following-up geopolymerization process. With increasing AA modulus, the 
pH of  AA drops [16]. Although in this way the early age dissolution is slowed down, higher AA modulus 
also increase the total amount of  available species for geopolymerization in the liquids. Hence, an optimum 
activating conditions for overall reaction would exist which is favoured by its higher total heat release and 
higher amount of  main reaction products.

 

Figure 2 Cumulative heat release of  AASF mixtures and curve fitting using the exponential model: 
(a) 20°C; (b) 40°C

The fitted parameters of  exponential model for Qmax are presented in Table 3. As could be seen in Table 
3, the accuracy of  fitting (Adjusted R-Square) is rather satisfactory, implying the effectiveness of  using 
exponential model for total heat fitting in AASF. In addition, the Qmax obtained exhibit identical trend with 
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increasing AA modulus when comparing with corresponding total heat release Q160h of  AASF up to 160h. 

Table 3 Fitted parameters of  exponential model for maximum total heat

Mixture
M0.8 M1.0 M1.2 M1.5

20 °C 40 °C 20 °C 40 °C 20 °C 40 °C 20 °C 40 °C

Total heat at 160h Q160h 92.8 105.1 93.6 108.5 85.7 99.8 73.1 89.9

Fitting parameters

Qmax 103.55 106.65 107.46 114.95 103.30 106.80 94.47 97.24

τ 33.33 8.03 28.49 6.73 27.53 5.27 31.70 5.79

β 1.41 1.22 1.14 0.86 0.95 0.73 0.84 0.78

Adjusted R-Square r2 0.998 0.996 0.999 0.996 0.998 0.996 0.997 0.997

Figure 3 Apparent activation energy Ea as a function of  reaction degree

According to previous studies of  Ea of  alkali-activated systems, comparison of  related results is made 
and is shown in Table 4. It could be found that Ea determined in AASF is in general lower than those 
determined in AAS systems and close to the value determined in AASF systems. However, it is crucial 
to notice that by changing AA modulus, the global chemical reaction is already changed. Ea as one of  its 
reflections, therefore, cannot be directly used to compare the chemical nature and ultimate total heat release 
of  different AASF systems.

Table 4 Apparent activation energy Ea for different alkali-activated systems

Ea Solid precursor Activator (Liquids) Reference

57.6 GGBS NaOH+Na2SiO3 (Na20% = 4%) Fernandez et al [7]. 

53.6 GGBS NaOH+Na2SiO3 Zhou et al [8].

48.2 ± 2.9 GGBS 9M NaOH Sun & Vollpracht [20]

48.2 ± 5.9 80%GGBS+20%FA 8M NaOH+Na2SiO3 Joseph et al [9].

24.6 ~ 46.4 50%GGBS+50%FA NaOH+Na2SiO3 (Na20% = 4%) Present study

4. Conclusions

The present study is aimed at investigating the role of  alkali activator (AA) chemistry on the early age 
reaction kinetics of  AASF made of  50 wt.% blast furnace slag and 50 wt.% fly ash. The effect of  AA 
modulus on the heat evolution and cumulative reaction heat release was studied. Additionally, the apparent 
activation energy was determined using the incremental method and its variation over wide range of  early 
age reaction was studied.

It was found that the AA modulus evidently influences the heat evolution of  AASF. The cumulative heat 
release at 160h reached the maximum value at AA modulus of  1.0, followed by at 0.8, 1.2 and 1.5. This trend 
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is inversely related to the changes of  the apparent activation energy Ea of  AASF mixtures. Disagreement 
of  the trend of  early age heat flow and that of  total reaction heat implies that a faster early age reaction 
does not necessarily result in a higher reaction total heat of  AASF. The calculated Ea varies from 24.6 to 
46.4 kJ/mol, which is in generally close to the values reported for GGBS based alkali activated systems. 
Furthermore, this study confirmed that the apparent activation energy of  AASF was not only related to 
the chemistry of  reactants but also reaction-stage dependent. Particularly it varied significantly at the very 
early age of  reaction. 
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Abstract 

Early studies suggested that fly ash has low volcanic ash activity and is an inert material in the early stage 
of  hydration. It only acts as a filling agent and does not react with other substances. In fact, the activity of  
volcanic ash depends on factors such as the volcanic ash activity of  the fly ash and the maintenance system. 
In addition to its pozzolanic activity, fly ash can also act as a micro-aggregate in the slurry to improve the 
microstructure and macroscopic properties of  UHPC. To study the influence of  different curing conditions 
on the mechanical properties of  UHPC replacing parts of  cement with fly ash, the current work replaced 
20% of  the cement content for fly ash to obtain a UHPC sample. The compressive strength, flexural 
strength and pore structure of   Ultra High Performance Concrete under  steam curing and hot water curing 
conditions were studied. The results of  strength test reveal that the compressive strength can be improved 
by heated curing, especially hot water curing, which allowed the highest strength to reach 139 MPa after 48 
hours. The results of  the pore structure indicate that the cumulative pore volume of  UHPC decreases with 
increasing curing time. And the cumulative pore size of  hot water curing is lower than that of  steam curing.

Keywords: Ultra-High Performance Concrete(UHPC), Fly ash, Curing system, pore structure

1. Introduction

In 1994, Larrard applied the concept of  high packing density to concrete technology and first proposed the 
concept of  Ultra-high Performance Concrete (UHPC) [1]. UHPC is defined as a cementitious composite 
with a compressive strength of  more than 150 MPa and good ductility and durability[2, 3]. Typical UHPC 
includes very high levels of  cement, silica fume, quartz powder, quartz sand, steel fibers and superplasticizers 
[4].UHPC is characterized by extremely low porosity and extremely high bulk density. It is because UHPC 
contains a great quantity of  particles with low diameter and extremely low W/B[5]. Due to the addition of  
fibers, UHPC has a flexural strength of  15 MPa and an elastic modulus of  45 GPa [6]. At the International 
Conference on Ultra-High Performance Fiber Reinforced Concrete (UHPFRC) held in Marseille, France in 
2009, the experts hold that UHPFRC is low-carbon, environmentally friendly and has excellent performance. 
It can be used to build low-carbon concretes  structures and will be developed in the future.

As various mineral admixtures are increasingly used in cement-based materials, fly ash has also begun to be 
used in the preparation of  UHPC. Ultra-high performance concrete with different content of  fly ash has 
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different degrees of  mechanical strength improvement, and reduces the porosity of  UHPC samples and 
the content of  calcium hydroxide in uhpc samples[7]. Therefore, the use of  cement-fly ash-silica ash as a 
cementitious material for the preparation of  UHPC has become more common.

The macro performance and microstructure of  UHPC are closely related to the maintenance system. The 
best curing technique for UHPC was found to be heat curing[8]. Thermal curing can significantly promote 
cement hydration and pozzolanic reactions, thereby improving the mechanical properties of  UHPC. 
Different curing conditions and curing time will also affect the performance of  UHPC[9].

Based on this, the mechanical properties of  UHPC for 95C steam curing and 95C hot water curing were 
studied. First, the modified Andersen & Andreasen model [10, 11]was used to obtain a densely packed 
concrete skeleton. Then, the properties of  the UHPC cured at different systems are evaluated.

2. Methodology

2.1 Materials
In this study, the cementitious materials are Portland cement type 2 (52.5), fly ash and silica fume, and their 
chemical compositions are evaluated by X-ray fluorescence (XRF)as shown in Table 1. Fine aggregates are 
natural river sand with particle size of  0-0.6mm and apparent density of  2.6g/cm3. A polycarboxylic ether-
based superplasticizer is used to adjust the workability of  the UHPC.

Table 1:The chemical composition of  cementitious materials(%)

Compound Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3 LOI

Cement 0.09 1.61 4.18 19.2 0.09 3.35 0.78 64.93 3.32 2.49

SF 0.13 0.47 0.25 94.65 0.17 0.69 0.84 0.36 0.15 2.29

FA 0.33 0.23 38.01 46.44 0.06 0.69 0.88 7.5 3.12 2.79

2.2 Methods

2.2.1 Mix design of  UHPC
In this study, the modified Andreasen and Andersen model[10, 11] is used to design a dense particle 
packing skeleton, to improving the overall performance of  the UHPC.  The modified A & A model acts 
as a target function, as show in Eq.(1)

Where P(D) represents the percentage of  particles smaller than size D to the total, D is the particle size 
(μm), Dmax means the maximum particle size(μm); Dmin means the minimum particle size(μm) and q is 
dispersion coefficient. In this study, the q value is fixed at 0.23. 
By adjusting the composition of  the raw materials, the optimized grading curve is approximated to the 
target curve calculated by the modified A & A model. In addition, the recipe of  designed UHPC is shown 
in Table 2 and the particle size distributions of  the ingredients, target and optimized grading curves of  
UHPC mixtures are shown in Figure 1.
Table 2:Recipe of  the designed UHPC (kg/m3).

C FA SF Sand Water Sp

UHPC 660 200 188 990 195 34

(C: Cement, FA: Fly Ash, SF: Silica Fume, Sand: φ:0-0.6 mm; Sp: superplasticizer, solid content=18.2%).

2.2.2 Casting and Curing
First, add powder materials such as cement, silica fume, fly ash and sand to the mixer for 1 min. Second, 
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mix 90% of  the water and superplasticizer and add to the mixer to stir at low speed until it is slurried. 
Third, add the remaining water and stir at high speed for 2 minutes to mix well. Last, Stir at low speed for 
1 min to make the bubbles slowly dispatched. The fresh UHPC was cast in the moulds with the size of  
40mm*40mm*160mm and were vibrated on the shaking table for 4 min[12].

Figure 1: Particle size distributions of  the ingredients, target and optimized grading curves of  
UHPC mixtures.

After 20 hours of  standard curing in the curing room, the moulds were removed for hot water curing and 
steam curing respectively. The curing box heats up at a rate of  10℃ per hour. When temperature reaches 
95℃, the timing starts. 

2.2.3 Mechanical properties
After high temperature for 6, 12, 18, 24, 48, 72, 96 and 120 hours, the compressive strength of  the specimens 
are tested according to Chinese standards GB17671-1999. At least three specimens are tested for each 
batch.

2.2.4 Pore structure analysis
The pore structure (total porosity and pore size distribution) of  the UHPC is measured by a micromeritics 
mercury porosimeter (named AutoPore IV-9500, pore size range: 3 nm-360 μm). Specimen is soaked in 
acetone firstly, and then dried in a vacuum atmosphere at 65 ± 2 °C for 4 h[13].

2.2.5 Hydration heat test
The hydration heat test was carried out using a TAM Air eight-channel isothermal microcalorimeter. The 
hydration heat test was carried out using a mortar having the same water-cement ratio (water-cement ratio 
= 0.21) as the concrete, and the quality of  the test sample was determined according to the same total 
specific heat capacity as the inert reference sample. In this test, water was used as a reference sample, and 
the specific heat capacity of  water was 4.2×103 J/(kg·°C).

3. Results and discussion

3.1 Mechanical properties
Figure 2 and figure 3 shows the test results of  UHPC compressive and flexible strength under different 
curing systems and different time. As can be seen from the figure, after steam curing at 95 ℃ or hot 
water curing at 95 ℃ for 48h, the compressive strength reaches 136MPa and 139MPa respectively. The 
flexible strength reached the highest after 18h of  curing. We can also find that whether cured at steam 
or cured at hot water 24 h can be considered to be a stage boundary. In the earlier stage(0-24h), the 
compressive strength and flexible strength of  UHPC is growing quickly. In the later stage(24-120h), there 
was no significant increase of  the strength of  UHPC. The strength of  hot water curing is slightly higher 
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than that of  steam curing.

The above phenomenon may be caused by changes in the microstructure of  the concrete. In the earlier 
stage, as the hydration reaction proceeds rapidly, the hydration products continue to increase, the capillary 
pores continue to decrease, and the compressive strength and flexural strength increase rapidly. In the later 
stage, as the hydration proceeds further, the newly formed hydration product exceeds the volume of  the 
capillary pores, and the micro-cracks in the concrete continuously generate and disappear. The strength is 
generally unchanged, but exhibits fluctuations[14-16]. The strength of  the test piece for hot water curing 
is slightly higher than that of  the same age test piece for steam curing[8, 17, 18]. This may be due to the 
difference between steaming and hot water curing heat transfer media, which are condensed water and hot 
water, respectively.

 

Figure 2: Compressive strength of  UHPC cured at different systems (Steam curing, Hot water 
curing)

Figure 3: Flexible strength of  UHPC cured at different systems (Steam curing, Hot water curing)

At the beginning of  the heating, the steaming mainly passes steam and radiates heat. When steam first 
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meets the surface of  a cold concrete, it immediately condenses into water, releasing a large amount of  
heat. Because the temperature gradient is too large, the thermal conductivity of  concrete is small, resulting 
in large temperature stress, which has a great destructive effect on the concrete structure. In contrast, the 
heat transfer rate of  hot water curing is relatively constant, because the concrete is immersed in water, and 
the water temperature rises slowly, and the damage to the concrete structure is small. During the constant 
temperature, due to the hydration reaction, the internal temperature of  the concrete is higher than the 
external temperature, and the external heat is radiated, and the internal moisture is evaporated outward. 
While curing at steam, the moisture in the UHPC is easily vaporized, transferred, and forms a directional 
channel that affects UHPC strength[19].

3.2 Effect of  curing condition on UHPC pore structure
The pore size distribution and cumulative pore volume of  UHPC with different curing systems curing for 
18h, 48, 120h are illustrated in Figs.4. 

Figure 4: Pore size distributions of  UHPC with different curing systems curing for 18h,  48h, 120h

It can be seen that as the curing time is extended, the cumulative pore volume of  the UHPC is continuously 
reduced. And the cumulative pore size of  hot water curing is lower than that of  steam curing. This also 



ICSBM 2019
2nd International Conference of  Sustainable Building Materials

345

IC
SB

M
 2

01
9

ID
 1

34

confirms the assumption that steam curing will form a directional channel inside the UHPC. 

It can be seen from Figure 4 that most of  the pore diameter is less than 30 nm, and it is known that pores 
within 30 nm are harmless or less harmful[20]. This means that this part of  the pores has little negative 
impact on UHPC properties, while those close to 100 nm can significantly reduce concrete performance. It 
can also be found that as the curing time increases, the large pores are constantly changing into small holes. 
This is consistent with the findings of  other researchers[21-23].

3.3 Hydration heat test
Fig.5 is the hydration exotherm of  the slurry of  the UHPC at room temperature. The hydration heat release 
curve can be divided into three stages. The first stage: slow hydration stage, the cumulative heat release of  
cement is less, the chemical reaction is slow, and the time of  this stage is prolonged due to the addition 
of  fly ash. In the second stage, the hydration heat is rapidly accumulating, and a severe hydration reaction 
occurs at this stage, releasing a large amount of  heat, and the hydration heat curve is suddenly increased. 
In the third stage, the slow hydration stage, in which the hydration heat release rate is slowed down and the 
hydration heat release is less. 

In the slow hydration stage (0-6h), the hydration heat release is only 6.4% of  the final hydration heat release, 
the degree of  reaction of  the cement is still very low, and the concrete strength is at a lower level. In the 
second stage (6-48h), the hydration heat release is 80.3% of  the final hydration heat release. With the rapid 
progress of  hydration, the mechanical properties of  concrete also increase rapidly. In the slow hydration 
stage, the hydration heat release is about 13.3% of  the final hydration heat release, and the concrete strength 
does not increase significantly at this stage, but the internal structure is improved.

Figure 5: Hydration heat emission of  cement pastes

4. Conclusions

This study explored the effects of  curing systems on the development of  mechanical strength and 
microstructure of  concrete. According to the experimental results, the following conclusions can be drawn:

1. At the same temperature, the hot water curing strength is slightly higher than the steam curing. This is 
due to the difference in heat transfer medium. Due to the small thermal conductivity of  concrete, the 
instability of  steam heat transfer leads to large temperature stress inside the concrete, which has a great 
destructive effect on the concrete microstructure.
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2. Under high temperature curing conditions, concrete strength rises rapidly in the early stage, and high 
temperature curing after peaking causes fluctuations in strength. This is because high temperature 
promotes hydration to generate more hydration products and microcracks are continuously generated 
and repaired.
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Abstract

Steel-tube-confined concrete (STCC) targets have excellent anti-penetration performance as a result of  the 
confinement effect of  steel tube to in-filled concrete. Therefore, establishing engineering models to predict 
depth of  penetration (DOP) of  STCC targets has application value for the potential application of  STCC 
in protective structures. When the STCC targets are impacted by rigid sharp-nosed projectiles, dynamic 
cylindrical cavity-expansion model is used to get the approximate solutions of  pressure at cavity wall with 
the inclusion of  confinement effect and establish the formulas of  DOP for STCC targets in this paper. 
Firstly, several assumptions including Heok-Brown criterion describing concrete in comminuted region, 
confinement effect of  steel tube to in-filled concrete and incompressibility of  concrete etc., are made 
to establish the basic equations of  dynamic cylindrical cavity-expansion model. And then, approximate 
solutions of  pressure at cavity wall are gained under the possible response modes including “elastic-cracked-
comminuted”, “cracked-comminuted” and “full-comminuted”. Moreover, the scope of  application and 
procedure of  numerical solution are also derived. Lastly, on the basis of  approximate solutions of  pressure 
at cavity wall, an engineering model is proposed to predict the DOP of  STCC targets normally penetrated 
by rigid sharp-nosed projectiles, and the existing tests of  STCC targets normally penetrated by armor 
piecing projectile (APP) are used to validate the DOP formulas. The comparison results show that the 
engineering model in this paper is in good agreement with the results of  penetration experiments, which 
further reveals that the engineering model is applicable to the calculation of  DOP of  the STCC targets 
normally penetrated by the rigid sharp-nosed projectiles with an impact velocity less than 830 m/s.

Keywords: Penetration mechanics, depth of  penetration (DOP), dynamic cylindrical cavity-expansion; 
steel-tube-confined concrete (STCC), finite targets.

1. Introduction

With the rapid development of  weapons and ammunition, a variety of  concrete structures and protective 
facilities are facing more and more serious threat of  projectile impact, such as the concrete protective walls 
of  nuclear power plant and concrete shelters of  protective engineering [1, 2]. As concrete is easy to crack or 
fracture under projectile impact, it has been a critical issue to improve the strength, ductility and toughness 
of  concrete under impact loading [3], in which steel-tube-confined concrete (STCC) is one of  the effective 
ways [4, 5]. STCC targets have excellent penetration resistance in comparisons with unconfined concrete 
targets. The penetration tests performed by Wan et al. [4] revealed that steel tube could restrict the radial 
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displacement of  the in-filled concrete and development of  radial cracks, and the damage was restrained 
within the element of  STCC targets when impacted by projectiles; the depth of  penetration (DOP) of  
STCC targets can be reduced by 10%－20% than that of  semi-infinite targets. Therefore, proposing an 
appropriate DOP model for STCC targets is of  significant importance to conveniently and efficiently 
expand the application of  STCC to protective structures.

DOP models based on spherical or cylindrical cavity-expansion approximation have been extensively 
used [6, 7]. The spherical cavity-expansion (SCE) approximation model is shown to be suitable to deep 
penetration problems of  semi-infinite targets impacted by ogival nose rigid projectiles [8, 9], while the 
cylindrical cavity-expansion (CCE) approximation model is more applicable to perforation problems with 
ductile hole-growth and deep penetration problems of  semi-infinite targets impacted by rigid conical or 
other sharp-nosed projectiles or [10-12]. The CCE approximation model has been employed to solve the 
penetration problems of  dry porous rock [13, 14], soil [15] and concrete [16, 17] targets. Mastilovic and 
Krajcinovic [18] proposed CCE approximation model for semi-infinite targets on the assumption that the 
target is divided into elastic, process (damaged), crushed (comminuted) and cavity zones, and material in 
crushed (comminuted) zone yields according to the Mohr–Coulomb (M–C) criterion. Forrestal and Tzou 
[19] also used M–C criterion to capture the mechanical performance of  concrete in the comminuted zone.

Macek and Duffey [20] regarded the targets as incompressible materials, and proposed a finite SCE 
approximation model for the analysis of  rigid ogival-nose projectiles obliquely penetrating into geological 
medium to consider the effect of  free surface at the initial stage. On the basis of  incompressible M–C 
material and the SCE approximation model for semi-infinite targets proposed by Forrestal and Tzou [19], 
Warren et al. [21, 22] proposed a dynamic finite spherical cavity-expansion (FSCE) approximation model 
for the targets obliquely impacted by projectiles. With targets treated as incompressible M–C material, Fang 
et al. [23] constructed a decay function to include the free-surface effect for geological targets by assuming 
that plastic-cracked-elastic response region exists during the cavity-expansion process. Chen et al. [24] 
proposed a fast algorithm to predict penetration trajectory in simulation of  a rigid steel projectile obliquely 
penetrating into a limestone target and the effect of  cratering and free surface, and separation-reattachment 
phenomenon were involved. However, the models mentioned above do not include the influence of  lateral 
free boundary and also do not account for the confinement effect of  restraints imposed on the target material. 
Zhen et al. [25] established a finite cylindrical cavity-expansion (FCCE) approximation model for perfect 
elastic-plastic compressible and incompressible materials with the inclusion of  the influence of  the lateral 
free boundary. On the basis of  assumptions of  incompressible material and the Modified-Griffith (M–G) 
criterion [26, 27], which shows the same form with Hoek–Brown (H–B) criterion [28, 29], Meng et al. [30] 
proposed a dynamic FSCE approximation model and DOP model for confined concrete targets normally 
impacted by rigid projectile. The results showed that under high confinement, the empirical constant m in 
the M–G criterion was recommended to be above 15 on the basis of  triaxial experiments. However, in the 
practical application to calculation of  DOP for armor piercing projectile (APP) with conical core normally 
penetrating into STCC targets in Ref. [4], the calculated results with m ranged between 6 and 8 agree well 
with the test results, i.e., the value of  m in Ref. [30] is lower than the recommended values. The reason is 
that under conditions that there is no coarse aggregate within concrete of  the targets in Ref. [4] and the 
penetration resistance is overestimated by the FSCE approximation model. Moreover, the geometric shape 
of  an STCC target with finite lateral dimensions and tunneling cavity response is approximately cylindrical 
when the STCC target is normally penetrated by rigid conical or other sharp-nosed projectiles, which is 
close to the FCCE models.

On the basis of  the above backgrounds and problems, a dynamic FCCE approximation model is proposed 
to analyze the stress distribution during the penetration process and predict the DOP of  STCC targets 
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normally impacted by rigid conical or other sharp-nosed projectiles. Firstly, a dynamic FCCE approximation 
model is established for STCC targets with the H–B criterion and incompressible material, and the equations 
of  stresses and displacements in STCC targets are proposed. Moreover, formula of  the DOP for STCC 
targets based on the dynamic FCCE approximation model is developed and then the relevant penetration 
tests of  STCC targets are employed to validate the DOP model.

2. Dynamic FCCE model for STCC targets

2.1 Simplification of  penetration problems
On the basis of  the above backgrounds and problems, a dynamic FCCE approximation model is proposed 
to analyze the stress distribution during the penetration process and predict the DOP of  STCC targets 
normally impacted by rigid conical or other sharp-nosed projectiles. Firstly, a dynamic FCCE approximation 
model is established for STCC targets with the H–B criterion and incompressible material, and the equations 
of  stresses and displacements in STCC targets are proposed. Moreover, the key parameters on cavity-
expansion process, radial stress at cavity wall and critical cavity radii are also analyzed. Lastly, formula of  
the DOP for STCC targets based on the dynamic FCCE approximation model is developed and then the 
relevant penetration tests of  STCC targets are employed to validate the DOP model.

The penetration process of  projectiles into STCC targets includes the cratering and tunneling stages [4], as 
shown in Fig. 1 (a). Generally, the DOP in the cratering stage (H1) is based on empirical formula according 
to experimental results, while the DOP in the tunneling stage (H2) is usually calculated by analytical models 
based on cavity-expansion approximation models. Like the results of  cavity-expansion approximation 
model for semi-infinite targets [8–12], FCCE approximation model is expected to be more applicable to 
analyze the penetration problem of  STCC targets normally penetrated by rigid conical or other sharp-nosed 
projectiles.

For FCCE approximation model, the STCC targets can be idealized as infinitely thin layers normal to the 
impacting direction and particles of  the target material move in a radial direction during the penetration 
process shown in Fig. 1 (a). And then the penetration analysis can be simplified to one dimensional problem, 
as shown in Fig. 1 (b).

Radial 
springs  

Cavity 

 

Concrete 

rc r r 

Tunnel cavity

H1 

Concrete 

 

z

rc dz 

2r0 

Steel tube 

  

Projectile 

Funneled
crater 

d 

H2 

dw 

 1a) Penetration process of  STCC target  1b) Diagram for process of  cavity expansion

Figure 1: Schematic diagram for FCCE models.

Like the dynamic FSCE approximation model for confined concrete targets proposed by Meng et al. [30], 
some assumptions are further employed to establish the dynamic FCCE approximation model for STCC 
targets.
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(1) Target concrete is a fully incompressible material with Poisson’s ratio υ=0.5. By ignoring the 
compressibility and strain-softening of  concrete, the cavity-expansion pressure would be overestimated; and 
if  shear dilatancy, strain-rate, strain-hardening of  concrete are not included, the cavity-expansion pressure 
would be underestimated. Therefore, under low and medium penetration velocity, the above effects of  
concrete material generally offset each other, which indicates the incompressible material assumption of  
target concrete is reasonable [30–32]. Additionally, incompressible material assumption excludes the effect 
of  stress wave and thus greatly simplifies the problem with possible analytical solutions.

(2) Confinement effect of  steel tube to concrete is equivalent to a series of  linear radial springs with 
stiffness (K) shown in Fig. 1 (b). As for the circular STCC targets, the equivalent confining stiffness (K) is 
shown in Eq. (1) [4].

2
0

sEK
r
δ

=                                                                                                                                                   (1)

Where Es, δ and 0r  are the elastic modulus, thickness and internal radius of  steel tube, respectively.

(3) Finite cavity-expansion is assumed as a concentric cylindrical cavity expanding at a constant velocity 

cr  from initial radius zero to the radius of  r0. Under low and medium penetration velocity, elastic, cracked 
and comminuted regions generally appear in the STCC targets [30]. A typical finite cavity-expansion 
process includes three phases, i.e., “elastic-cracked-comminuted” “cracked- comminuted” and “completely 
comminuted” phases, as shown in Fig. 2. In Fig. 2, rc, rcr and rp are the cavity radius, radius of  the interface 
between the elastic and cracked zones and radius of  the interface between the cracked and comminuted 
zones, respectively.

        2a) 
Elastic-cracked-comminuted                                  2b) Cracked-comminuted

2c) Completely comminuted
Figure 2: Schematic diagram of  a typical cavity-expansion process.

For “elastic-cracked-comminuted” phase shown in Fig. 2 (a), the elastic zone is surrounded by the radius 
r0 of  core concrete as the outer boundary. When the cracked zone expands to the outer boundary of  core 
concrete (rcr=r0), the elastic zone disappears; and the first phase comes to end (rc=rc1, rc1 is a critical cavity 
radius). 

For “cracked-comminuted” phase shown in Fig. 2 (b), the cracked zone takes the radius r0 of  core concrete 
as the outer boundary, i.e., rcr≡r0; when the comminuted zone reaches the outer boundary of  the core 

N
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concrete, the cracked zone disappears, then the second phase ends (rp=r0, rc=rc2, rc2 is another critical cavity 
radius and larger than rc1).

For “completely comminuted” phase shown in Fig. 2 (c), the external radius of  the comminuted zone is r0, 
i.e., rp≡r0; and the third phase ends when the elastic constraint fails.

Moreover, in cracked zone, the radial stress of  the incompressible target concrete is continuous with the 
circumferential stress σθ=0, and the radial stress gets to equal the uniaxial compressive strength (σu) at the 
interface between the comminuted and cracked zones. In elastic zone, the circumferential stress is equal to 
the uniaxial tensile strength (σt) at the elastic-cracked interface.

(4) As strength performance of  confined concrete is similar to that of  the surrounding rock, the nonlinear 
H–B criterion is used to describe the confined concrete in comminuted region under triaxial compression 
[30]. The equation of  H–B criterion is Eq. (2) for intact rock [28, 29].

3 31 1
u u u

mσ σσ
σ σ σ

= + +                                                                                                                                        (2)

Where, σu, σ1 and σ3 are the uniaxial compressive strength, first and third principal stresses respectively, 
measured positive in compression; and m is an empirical constant.

For cylindrical coordinate system, equilibrium equation of  axial stress (σz) is shown in Eq. (3) and further 
simplified according to assumption (1) (υ=0.5).

( ) ( )1õ
2z r r r,θ θ θσ σ σ σ σ σ σ= + = + >

                                                                                                     
(3)

Where σz, σr and σθ are the axial, radial and circumferential stresses, respectively, and taken positive in 
compression. 

Generally, the three principal stresses in cylindrical coordinate system meet relationship of  Eq. (4).

σ1=σr, σ2=σz, σ3=σθ                                                                                                                                                                                                                 (4)

Transforming Eq. (2) into the function of  σr can give Eq. (5).

nmm
u

r

u

r

u

+−+=
σ
σ

σ
σ

σ
σθ

2
                                                                                                                           (5)

Where n=m2/4+1.

2.2 Basic equations
For solutions of  FCCE approximation model, as the density of  concrete keeps constant according to 
assumption (1), the equations of  momentum and mass conservation and the relations between particle 
velocity and displacement in the cylindrical coordinates are as follows [12].

                                                                                                              (6)

( ) r
r
ur 2

2

=
∂
−∂

                                                                                                                                        (7)
Where u and v are displacement and velocity of  particle, respectively, with outward motion considered 
positive; ρ is the density of  material.

rr v vv
r r t r

θσ σσ ρ−∂ ∂ ∂ + = − + ∂ ∂ ∂ 
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The particle velocity can be obtained by time derivative of  the particle displacement.

r
uv

t
uv

∂
∂

+
∂
∂

=
                                                                                                                                             

(8)

At cavity wall (r=rc), the particle displacement (u) is equal to the cavity radius (r=rc), and integral of  Eq. (7) 
would get

( )2 2 2
cr u r r− = −                                                                                                                                      

(9)

Derivation of  time from Eq. (9) gets

c
c

rv r
r

=                                                                                                                                                     (10)

At the interface between concrete and steel tube ( 0r r= ), the boundary conditions can be expressed as

( ) ( ) 2 2
0 0 0 0 0 0r cr r Ku , u u r r r r rσ = = = = = − −                                                                                              

(11)

According to assumption (3) about the elastic-cracked and cracked-comminuted interfaces, the stresses at 
the interfaces are

( ) tcrrr σσθ −== +

                                                                                                                                       
(12)

( ) upr rr σσ == −

                                                                                                                                         
(13)

On the basis of  assumption (3) with a constant cavity-expansion velocity ( cr ), integrating Eq. (10) with 
Eq. (6) obtains









−−=

−
+ 3

2
2 21

r
r

r
r

rdr
d c

c
rr ρσσσ θ                                                                                                                    

(14)

Furthermore, when compressibility of  concrete is ignored according to assumption (1), the continuous 
conditions at interface are obtained as follows [19].

2 1 2 1 2 1r ru u , v v ,σ σ= = =                                                                                                                            (15)

Where figure subscripts (1 and 2 ) represent the front and rear of  the interfaces, respectively.

2.3 Solutions of  concrete responses

2.3.1  Elastic-cracked-comminuted phase (rc<rc1)
In the elastic region (rcr≤r≤r0, rc<<r), relationships between strain and displacement can be described with 
Eq. (16) under the conditions of  small deformation.

r
u

r ∂
∂

−=ε , 
r
u

−=θε                                                                                                                                    (16)

Derivative of  r for Eq. (9) and in combination with Eq. (16) could gain the relationship between strain and 
displacement.

1
2 2 2

21c c
r

r ru u
r r r rθε ε

−
 ∂   − = − − = −    ∂     
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(17)

Using the Hooke law with assumption (1) (υ=0.5) and ignoring the high-order terms of  Eq. (17) get

2

3
2







=−

r
rE c

r θσσ
                                                                                                                                

    
(18)

At the elastic-cracked interface (r=rcr), substituting Eq. (12) into Eq. (18) gets

t
cr

c
r r

rE σσ −= 2

2

3
2                                                                                                                                    (19)

Combining Eq.(14) with Eq. (18) can obtain
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(20)

Integral of  Eq. (20) with the boundary conditions of  Eq. (11) gains the radial stress (σr).

























−−+








−+−








−=

2
1

2
0

2

02
0

2

2

2

0

2
2

0

2

2

2

11ln
3 r

rKr
r
r

r
r

r
rr

r
r

r
rE ccc

c
cc

r ρσ

                                                            
(21)

The circumferential stress (σθ) in elastic region is gotten by combining Eq. (21) and Eq. (18).

























−−+








−+−








+−=

2
1

2
0

2

02
0

2

2

2

0

2
2

0

2

2

2

11ln
3 r

rKr
r
r

r
r

r
rr

r
r

r
rE ccc

c
cc ρσθ

                                                     
(22)

Combining Eq. (21) with Eq. (19) can gain the equation of  interface radius (rcr).
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(23)

The critical cavity radius rc1 is gained by definition of  rcr=r0 in Eq. (23). The “elastic-cracked-comminuted” 
phase would come to end if  rcr=r0, and then Eq. (23) can be further simplified as 
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−−

                                                                                                              
(24)

It can be seen from Eq. (24) that rc1/r0 is only related to the parameters of  the targets (Kr0/σu, |σt|/σu and 
E/σu) but independent of  the cavity-expansion velocity.

In the cracked region (rp≤r≤rcr), according to assumption (3), there is no circumferential stress, i.e., σθ=0, 
and then integral of  Eq. (14) gains
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Where, C is the integral constant.

Moreover, on the basis of  the continuous conditions of  the radial stress (σr) related to Eq. (15), substituting 
Eq. (19) into Eq. (25) can provide C as
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The integral constant (C) can be further simplified by substituting Eq. (13) in to Eq. (25).
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(27)

Integration of  Eqs. (26) and (27) gains the relationship between rp and rcr, as shown in Eq. (28).

2 2 2
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2 1 2 1 2
3

c c c
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 − + + = + +                 

 

                                                         (28)

Interface radii rcr and rp can be solved by combining Eq. (23) and Eq. (28).

If  the cracked zone is absent during the FCCE process, by definition of  rcr=rp in Eq. (28), it gets

( )
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==                                                                                                                                (29)

Integration of  Eqs. (23) and (29) can gain the cavity-expansion velocity ( c ,maxr ) for response mode 
exchange, i.e., c ,maxr  is the maximum cavity-expansion velocity for the “elastic-cracked- comminuted” 
phase during the FCCE process; and there is no cracked zone in targets at initial expansion if  
cavity-expansion velocity exceeds c ,maxr , which belongs to hypervelocity penetration problems.
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It can be seen from Eq. (30) that c ,maxr  is related to the geometric and mechanical parameters of  the targets.

Then, combining Eq. (25) with Eq. (26) gets
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In the comminuted region (rc≤r≤rp), transformation of  Eq. (5) gives
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Combining Eq. (32) with Eq. (14) provides
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Eq. (33) is a nonlinear ordinary differential equation, and could be solved by Runge-Kutta method with the 
boundary conditions of  Eq. (13).

2.3.2  Cracked-comminuted phase (rc1≤rc<rc2)
In the cracked region (rp≤r≤r0), radial stress (σr) can still be obtained by Eqs. (25) and (27). The equation of  
boundary conditions is still Eq. (11) at r=r0, and then the integral constant C in Eq. (25) can be gained by 
combination of  Eqs. (25) and (11).
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(34)

The radial stress (σr) can be gained by substituting Eq. (34) into Eq. (25). 
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In the comminuted region (rc≤r≤rp), the solution procedure of  the control equation Eq. (33) with the 
boundary conditions of  Eq. (13) is similar to that in the “elastic-cracked-comminuted” phase.

At the cracked-comminuted interface, the Eq. (36) is gotten by integrating Eqs. (27) with (34).
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(36)

When the “cracked-comminuted” phase ends, the comminuted region has just reached the outer boundary 
of  the targets. Therefore, the critical cavity radius (rc2) is obtained by definition of  rp=r0, and then Eq. (36) 
can be transformed into
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It is shown in Eq. (37) that rc2/r0 is correlated closely with dimensionless confinement stiffness Kr0/σu, 
which can reflect the confinement effect of  the outer tube to concrete to a certain degree. The applicable 
maximum confinement (Kr0)max can be obtained by the substitution of  the critical condition rc1=rc2 into Eqs. 
(24) and (37).

( )
( )

EKr
tuu

2
3

11
max0

σσσ +
−−=                                                                                                                           (38)

There will be no “cracked-comminuted” phase if  Kr0>(Kr0)max, and the cavity-expansion process just 
includes “elastic-cracked-comminuted” and “completely comminuted” phases.

2.3.3 Completely comminuted phase (rc≥rc2)

In the completely comminuted phase, the comminuted zone has reached the outer boundary of  the targets, 
i.e., rp≡r0. The boundary conditions and control equation would be Eqs. (11) and (33), respectively, and the 
solution procedure of  radial stress σr is also similar to the “elastic-cracked-comminuted” phase.

As equations of  stresses for the three possible phases of  FCCE models are complex, numerical solutions 
of  the radial stress and circumferential stress at the cavity wall can be solved by Runge-Kutta method 
according to a standardized and classified procedure shown in Fig. 3, which is similar to the procedure for 
FSCE models reported by Meng et al. [30]. The procedure generally includes five steps: (1) Collecting and 
defining the initial conditions; (2) Discussing the applicability of  the dynamic FCCE model; (3) Calculating 
the two critical cavity radii; (4) Determination of  the response phases; (5) Solving the stresses at cavity wall 
at different phases, as shown in Fig. 3.
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Figure 3: Flowchart and steps for calculation of  pressure at cavity wall.
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3. DOP model for STCC targets based on the FCCE model

3.1 DOP formula of  STCC targets
The penetration process of  the STCC targets normally penetrated by rigid projectiles includes the cratering 
and tunneling stages [4] and the formula of  total DOP (H) is

21 HHH +=                                                                                                                                                 (39)

Where H1 is the DOP of  the cratering stage with H1=kd, k is an empirical constant and d is the diameter 
of  projectile; H2 is the DOP of  the tunneling stage obtained by the FCCE model. 

For the confined concrete targets, the tunneling stage DOP (H2) can be calculated by Eq. (40) according 
to Ref. [30]

uA
VNB

NBd
MH , 

NBdkM
dAkMVV u  

                                                                               (40)

Where, N is the shape factor of  the projectile nose [34, 35]; V1 is the velocity of  projectile at beginning of  
the tunneling stage, which can be equal to the impact velocity of  projectile (V0) for APP [30]; A and B are 
constants, obtained by curve-fitting of  the numerical solutions of  the dynamic FCCE governing equations 
with Eq. (41) between a series of  σrc and the given cr .
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Where σrc is calculated with the FCCE model described above. Therefore, the total DOP (H) is the sum of  
H1 and H2.
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3.2 Validation of  the DOP model
Penetration tests of  STCC targets in Ref. [36] were selected to validate the DOP model in the Section 3.1. 
In Ref. [36], 9 specimens were designed, as shown in Table 1. All the tubes of  the targets had the same 
dimension and the diameter, wall thickness and length of  the tubes were 140 mm, 3.5 mm and 350 mm, 
respectively. Self-compacting concrete was filled in the steel tube and the unconfined compressive strength 
and splitting tensile strength of  the standard specimens at the time of  test (age 35 d) were 56.3 MPa and 
5.66 MPa, respectively. 

The test set-ups, procedures and methods were also the same as those in Ref. [4]. The damage parameters 
of  the STCC targets were are summarized in Table 1. Where, Δd is the distance from the center of  ballistic 
crater to the center of  target, r0 is the radius of  confined concrete, as shown in Fig. 1; VL is the volume 
of  the crater volume, which is measured by sand-filling method; H is the total DOP; H1 is the depth of  
the funneled crater and correlated with the diameter of  projectile. Based on the tested H1, the empirical 
constant k is deduced by rounding the numbers of  the averaged values according to the designed penetration 
velocity range. The results show that for the 12.7 mm APP, k is related closely to the impact velocity V0, 
approximately, k=4 for V0= 820 m/s–830 m/s, k=3 for V0= 700 m/s–710 m/s and k=2 for V0=600 
m/s–610 m/s. 
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Table 1: Damage parameters of  targets in Ref. [36].

Specimens
number

Diameter/
thickness of  steel 

tube (mm)

V0
(m/s)

Δd
(mm)

Δd/r0
(%)

VL
(mL)

H1=kd
(mm)

H
(mm)

Average 
value 
of  k

Notes

C140-1 140/3.5 - - - - - 142*

4

Perforation of  
steel tube 

C140-2 140/3.5 820.7 6.4 9.1 270 42.0 173.0

C140-3 140/3.5 829.9 13.0 18.6 252 45.5 181.0

C140-8 140/3.5 - 3.0 4.3 290 45.0 172.1* Unmeasured 
velocity

C140-6 140/3.5 703.0 4.0 5.7 235 40.0 126.8
3

C140-7 140/3.5 710.5 3.0 4.3 190 34.0 129.2

C140-4 140/3.5 603.0 0 0 195 36.0 92.0

2C140-5 140/3.5 599.3 4.0 5.7 84 29.0 80.6* Unseperated 
steel sleeve

C140-9 140/3.5 611.8 2.0 2.9 172 26 93.5
Notes: “-” denotes the unmeasured data; “*” signifies the perforation or the abnormal cases of  the 
concrete or projectiles, which would be considered as invalid during the penetration-depth analysis.

The hard core of  12.7 mm APP can be considered to be rigid during the penetration process and the 
velocity loss of  hard core during the cratering stage can be neglected [4, 36]. Therefore, the parameters of  
projectile of  the DOP model can be replaced by those of  the hard core during the tunneling stage, i.e., d=dw 
and V1=V0 in Eq. (40), where dw is the diameter of  hard core. The relevant parameters of  the 12.7 mm APP 
and STCC targets in Ref. [36] are as follows: 712 .d =  mm, 57.dw =  mm, 819 .M =  g, 260.N = ; 198=sE  GPa; 

1920 =uKr σ , 53.=δ  mm, r0=66.5 mm, rc=dw/2=3.75 mm, 3.54=uσ  MPa, 66.5=tσ  MPa, 
uE σ×= 3375

=24869.9 MPa, 2420=ρ  kg/m3; the constant of  k is valued according to the deduced results in Table 1. 

As m between 8 and 26 is recommended in Ref. [30], m=10, 15, 20 and 25 are tentatively selected and the 
corresponding constant coefficients A and B were fitted with Eq. (41) as described in Section 3.1. One 
of  the fitted results for m=25 is shown in Fig. 4, and the fitted parameters A and B are 4.96 and 9.44, 
respectively, with the correlation coefficient (R2) 0.998. And then, the tested DOP (the DOP and impact 
velocity are averaged for the specimens with valid measured results) and calculated DOP are compared as 
shown in Table 2. 

y = 9.44x + 4.96
R2 = 0.998

Calculated
Fitted

n/
u

Figure 4: Curve-fitting of  coefficients A and B (m=25).
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The results in Table 2 show that the relative error decreases with the increasing values of  m, and the optimal 
values are gained with m=25 where the relative error is about 8% except that of  the targets with the impact 
velocity about 600 m/s (The possible reason is that the projectiles do not completely normally impact the 
STCC targets under the lower impact velocity [36]).

Table 2: Resistance coefficient and DOP of  FCCE model for STCC targets.

r0/δ

(mm)

σu

(MPa)
rc/r0 Kr0/σu m A B

k

V0

(m/s)

Tested

 DOP

(mm)

Calculated

 DOP

(mm)

Relative 

error

(%)

66.5/3.5 54.3 0.056 192

10 4.53 7.21
4 825.4 177.0 188.6 6.6
3 706.7 128.0 160.5 25.4
2 607.4 92.8 133.2 43.6

15 4.75 8.18
4 825.4 177.0 175.9 -0.6
3 706.7 128.0 149.4 16.7
2 607.4 92.8 123.7 33.4

20 4.88 8.89
4 825.4 177.0 168.2 -4.9
3 706.7 128.0 142.8 11.5
2 607.4 92.8 118.1 27.3

25 4.96 9.44

4 825.4 177.0 163.1 -7.9
3 706.7 128.0 138.3 8.1

2 607.4 92.8 114.2 23.1

The comparisons of  several DOP models for STCC targets including Li–Chen model [34, 35], FSCE 
model [30] and FCCE model in this paper, are shown in Fig. 5. As for Li–Chen model, in cratering stage, 
H1=2d, and d is replaced with dw in tunneling stage; H2 is calculated by Eq. (40) with V1=V0, B=1, σu=fc, 
A=S and S=72fc

-0.5. For FSCE model and FCCE model, m=25 is selected.

V

H

Tested [36] 
Li-Chen model [35] 
FCCE model 
FSCE model [30] 

Figure 5: Comparison between the predicted models and tested results in Ref. [36].

As shown in Fig. 5, the results of  DOP calculated by Li–Chen model are much larger than those of  tests 
with the relative error as high as 23.7%–57.5%, while the results of  DOP calculated by FSCE model are 
smaller than those of  tests with the relative error of  5.9%–25.1%. However, the relative error between the 
results calculated by Eq. (42) in this paper and the tested data is less than 8 % except that the targets with 
the impact velocity about 600 m/s. Generally, it is shown that the DOP of  STCC targets calculated by 
engineering model based on H–B criterion and FCCE model is obviously superior to that of  the Li–Chen 
model. It is because that the constraint effect of  the steel tube on concrete is not considered in Li–Chen 
model. It should point out that all the DOP of  the engineering models are discrete with the impact velocity 
about 600 m/s, which may be due to the oblique penetration of  the projectiles [36]. 
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In order to further testify the applicability of  the DOP model in this paper, Table 3 presents the comparison 
between the DOP model based on FCCE model and the tests in Ref. [4]. The parameters of  penetrators, 
i.e., 12.7 mm APP, are identical to Ref. [36]. The parameters of  STCC targets in Ref. [4] are as follows: 

8.35=uσ  MPa, 9.5=tσ  MPa, 198=sE  GPa, 5.3=δ  mm (4.5 mm) and r0=53.5 mm (52.5 mm). Since the 
in-filled concrete of  targets was designed without coarse aggregate, the value of  m should be smaller than 
that of  concrete with coarse aggregate in Ref. [36]. Therefore, m (10, 15 and 20) is tentatively selected for 
that concrete without coarse aggregate in Ref. [4]. The tested (the DOP and impact velocity are averaged 
for the specimens with valid measured results) and calculated DOP data are compared as shown in Table 3.

Table 3: Resistance coefficients and DOP for STCC targets in Ref. [4].

r0/δ

(mm)

σu

(MPa)
rc/r0 Kr0/σu A B m

k

V0

(m/s)

Tested

 DOP

(mm)

Calculated

 DOP

(mm)

Relative

 error

(%)

53.5/3.5

35.8

0.070 362

8.07 4.78 10

4

825.9 197.4

216.4 9.6

8.81 5.44 15 199.0 0.8

9.33 5.94 20 188.3 -4.6

52.5/4.5 0.071 474

9.69 4.43 10

820.7 189.8

208.9 10.0

10.74 5.02 15 191.7 1.0

11.48 5.49 20 181.1 -4.6

66.5/3.5 0.056 291

6.15 6.32 10

819.0 211.1

206.0 -2.4

6.56 7.23 15 190.0 -10.0

6.87 7.92 20 179.9 -14.8

It can be seen from Table 3 that when m=15, the calculated results of  the FCCE model are generally 
consistent with the experimental data in Ref. [4], with the maximum disparity of  10.0 %. And the comparison 
results further shows that the DOP model based on the dynamic FCCE models can predict the DOP of  
the STCC targets normally impacted by rigid conical nosed projectile.

Furthermore, the comparisons of  DOP models based on the dynamic FSCE model [30] and FCCE model 
(m=15) for STCC targets with r0=53.5 mm and δ=3.5 mm in Ref. [4] normally impacted by 12.7 mm APP 
ranging from 600 m/s to 830 m/s are shown in Fig. 6. 

V

H

FSCE model [30] 

FCCE model 

Tested [4]

Figure 6: Comparison of  the predicted models with tested results in Ref. [4].

It is shown that the DOP obtained by FCCE model are 26%–29% higher than that obtained by FSCE 
model with impact velocity ranging from 600 m/s to 830 m/s. Especially, for the tested STCC targets (D6#, 
D7#) in Ref. [4] normally impacted by 12.7 mm APP ranging from 822.7 m/s to 829.1 m/s, the DOP 
obtained by FCCE model agrees well with tested results with the maximum relative error about 1%, while 
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the relative error between tested results and the DOP obtained by FSCE model is about -25%. Therefore, 
the DOP model based the dynamic FCCE model is more applicable to predict the DOP of  STCC targets 
penetrated by rigid conical projectiles with a proper value of  m.

4. Conclusions

Based on the assumptions of  incompressibility and H-B criterion, a dynamic FCCE model has been 
developed to analyze the penetrating process and stresses at cavity wall of  the STCC targets, followed 
by a DOP model of  STCC targets normally penetrated by rigid sharp-nosed projectiles. And the relevant 
penetration tests of  STCC targets by 12.7 mm APP were used to testify the DOP model based on the 
FCCE model. The results of  DOP for the STCC targets based on the dynamic FCCE model have the 
optimal consistence with those of  the relevant penetration experiments in comparisons with the results 
based on the dynamic FSCE and Li–Chen models, which shows that under the conditions of  a proper 
m, the DOP model based on the dynamic FCCE model is more applicable to predict the DOP of  STCC 
targets penetrated by rigid conical or other sharp-nosed projectiles with an impact velocity below 830 m/s.
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Abstract 

The security problem of  protective infrastructures is a critical consideration. Ultra-High Performance 
Fibre Reinforced Concrete (UHPFRC) is a newly-developed material with superior mechanical properties, 
and excellent damage tolerance. These characteristics make UHPFRC a potential solution for increasing 
the resistant capacities of  the infrastructures subjected to impacts. In this study, a series of  high-velocity 
bullet impact tests are conducted to investigate the ballistic performances of  UHPFRC targets consisting 
of  one to three layers, and the influences of  the fibre re-arrangement in the layered structure on the 
ballistic properties are analysed. The in-service 7.62 mm bullets are used in the experiments and the impact 
velocity is around 830 m/s. The diameter and thickness of  the UHPFRC targets are 275 mm and 90 mm, 
respectively. The tested UHPFRC targets have an identical total fibre content, but different fibre amounts 
in the individual layers. The experimental results present that steel fibres play a significant role in prohibiting 
the development of  cracks under bullet impact, thus reducing the damage area in the front and back 
faces of  the target. Moreover, the UHPFRC targets with two and three layers show smaller penetration 
depths than their single-layered counterpart, which indicates the positive effects of  the layered structure on 
enhancing the impact resistance. 

Keywords: Ultra-high performance concrete, Layered structure, High-velocity bullet impact

1. Introduction

Ensuring the security of  protective infrastructures against weapons is a critical consideration in both civil 
and military fields. These infrastructures have a high risk of  being exposed to bullet impacts generated in 
terrorist attacks or military activities. To improve the impact resistance of  these infrastructures, utilizing 
Ultra-High Performance Fibre Reinforced Concrete (UHPFRC) is one of  the solutions considering its ultra-
high strength and outstanding damage tolerance [1–3]. Increasing attentions have been paid to study the 
response of  UHPFRC under penetration. For example, Yu et al. [4] investigated the ballistic performances 
of  UHPFRC targets against 7.62 mm bullets and confirmed the advantageous resistance of  UHPFRC 
material. Sovják et al. [5,6]transportation hubs, protective or defence structures are at exposure risk to 
extreme load event such as blast loading or direct armed attack. This kind of  loading is typical by its rapid 
increase in release of  energy in a very short time. It is believed that emerging cementitious materials such 
as Engineered Cementitious Composite (ECC and Máca et al. [7] experimentally evaluated the behaviour 
of  UHPFRC under bullet penetration and obtained that the optimal resistance can be achieved by the 
UHPFRC reinforced with 2% fibres. 

When a concrete target is under impact, there are generally three regions in the target, as shown in Figure 1. 

(1) The impact region is crushed by the bullet and a crater is generated; the stress waves after many times 
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of  reflections inside the target result in cracks around the crater. 

(2) The middle tunnel region is mainly under compression with confining pressure, and a tunnel is formed 
as the bullet passes by. 

(3) At the rear region of  the target, the compressive waves reflect to be tensile ones, causing the cracking 
and scabbing in the rear surface. 

Previous studies suggest that adding steel fibres to Ultra-High Performance Concrete (UHPC) matrix can 
result in a prominent improvement of  its tensile strength [8]; however, fibres contribution to the compressive 
strength of  UHPFRC is relatively limited [9,10]limited data is available on the influence of  the steel fiber 
length and dosage on UHPC mechanical and durability performance. Therefore, in this study, a number 
of  UHPC mixtures with varying steel fiber lengths (8 mm (0.31 in. Considering the above two points, i.e. 
the stress distribution in the concrete target and the effects of  fibre on the UHPFRC properties, one can 
suppose that fibres are not fully utilized when they are distributed in the whole volume of  a UHPFRC target. 
Designing layered target with different fibre amounts at different regions can be one of  the approaches 
to increase the fibre efficiency. Due to the complexity of  the casting process, few studies can be found 
concerning layered concrete target. Among the limited studies, Quek et al. [11] developed a cementitious 
target containing four layers: the impact and the rear layers are reinforced with hybrid fibres, the second 
layer is composed of  tough aggregates, and the third layer is plain mortar. Their penetration tests presented 
that the developed layered target has superior ballistic resistance than the plain mortar. With regards to 
UHPFRC, very few investigation on the penetration resistance of  layered UHPFRC targets can be found 
in the literature. The previous study [12] conducted by the authors confirms the advantages of  applying 
layered structure to UHPPFRC under the static bending, however, the dynamic penetration response of  
layered UHPFRC is not addressed. Lai et al. [13] designed a double-layered UHPFRC composite with an 
anti-penetration layer (without fibres) and a crack resistance layer (with fibres), the investigation showed 
that the designed layered composite has an improved impact resistance. But the composite in their study 
is filled with a large amount of  aggregates or fibres in the two layers respectively, i.e. it is not a UHPFRC 
composite in the strict meaning. 

This paper presents the ballistic performances of  the layered UHPFRC targets against the in-service 7.62 
mm bullet. The penetration depth in UHPFRC targets with one to three layers incorporating different 
amounts of  steel fibres are compared. The results from this paper can promote a better understanding 
about the effects of  fibres and the layered structure on the penetration resistant capacity of  UHPFRC. 

 

Impact region 

 

Tunnel region 

 

Rear region 

Tensile cracking and scabbing

Cracking   Crush Crater  

Figure 1: Illustration of  a concrete target under penetration.

2. Methodology

2.1 Target design
Cylinder targets with the diameter of  275 mm and thickness of  90 mm were casted. Parameters of  the 
designed targets are listed in Table 1, in which U0 is the plain UHPC target without fibres, UF1-3 are the 
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layered UHPFRC targets with one to three layers, respectively. Note that UF1-3 have the same total fibre 
amount, i.e. the equivalent fibre volume fraction for the three targets is 1%. 

Table 1: Designed targets in the study.

Target  Layer thickness Fibre dosage
Impact 

layer
Middle 

layer
Rear 
layer

Impact 
layer

Middle 
layer

Rear 
layer

mm %

U0 90 - - 0 - -
UF1 90 - - 1 - -
UF2 45 - 45 2 - 0
UF3 30 30 30 1.5 0 1.5

The raw materials and the recipe used for the UHPFRC target are given in Table 2. The fractions of  the 
materials were calculated applying the Brouwers mix design method [14,15]the features of  \”Japanese and 
Chinese Methods\” are discussed, in which the packing of  sand and gravel plays a major role. Here, the 
grading and packing of  all solids in the concrete mix serves as a basis for the development of  new concrete 
mixes. Mixes, consisting of  slag blended cement, gravel (4-16 mm. Two groups of  coarse basalt aggregates 
were used in the target with size fractions of  2-5 mm and 5-8 mm. The straight steel fibre in the UHPFRC 
has a length of  13 mm and a diameter of  0.2 mm. The amounts of  water and superplasticizer adding into 
the UHPFRC mixtures are adjusted with the fibre amount to achieve a satisfying flowability.

Table 2 Recipes of  the UHP(FR)C: CEM = Portland cement I 52.5 R, LP = limestone powder, mS 
= micro-sil ica, S = sand, BA = basalt aggregate, W = water, SF = steel fiber, SP = superplasticizer.

Materials CEM LP mS S BA 2-5 BA 5-8 W SP SF

kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 %

Vf  = 0%

588 156.8 39.2 839.9 413.2 232.3

149 9.4 0
Vf  = 1.0% 157 8.5 1.0
Vf  = 1.5% 157 12.5 1.5
Vf  = 2.0% 157 16.5 2.0

2.2 Mixing and casting
The mixing and casting of  the UHP(FR)C were conducted at room temperature (20 ± 1 ℃). The mixing 
procedure of  the UHPC and the UHPFRC is given below: dry mixing of  all powders and sand for 2 minutes; 
adding 75% of  the water while mixing; after 2 minutes, adding the superplasticizer and the remaining water; 
mixing for 4 minutes and adding the steel fibres (for UHPFRC); mixing until the mixture is slurred; then 
adding the basalt aggregates and mixing for 3 minutes. 

Cylindrical moulds with a diameter of  approximately 275 mm were used for casting the targets. For the 
layered UHPFRC targets, the time interval between casting each layer is about 45 min, which is determined 
by considering both the experimental operability and the interfacial bond strength. More information about 
the casting method can be found in  [12]. The cast targets were covered with plastic sheet and demoulded 
after 24 hours. Then the samples are curing in water at room temperature until the day of  testing.

2.3 Testing methods
The experimental set-up and the 7.62 mm armour-piercing incendiary bullet utilized for the penetration 
tests are shown in Figure 2. The bullet was launched by the system given in Figure 2a and the impact 
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velocity around is 830 m/s. The target was held by a specially designed fixing frame that constrains the 
movement of  the target, as presented in Figure 2b. 

The damage level of  the target is assessed by the penetration depth, which is measured as the distance from 
the impact surface to the deepest point in the target. In order to obtain the accurate penetration depth, the 
targets were cut along the axial direction by a saw cutting machine after the penetration tests.

               

(a) Launch system              (b) Fixing frame            (c) 7.62 mm Bullet
Figure 2: Penetration test set-up and the bullet.

3. Results and discussion

3.1 Penetration depth
The compressive strengths of  the UHPC and the UHPFRC with 1 to 2% of  fibres at the day of  the 
penetration tests are within the range of  149 to 159 MPa, and the difference on the strength is too small to 
cause significant influences on the impact resistance. The penetration depths of  the UHPFRC targets are 
plotted in Table 3. Note that no penetration depth is collected for U0 as the bullet went through the target, 
i.e. perforation occurred in the case of  U0. 

Table 3 Penetration depth.

Target Velocity  Penetration 
depth Note

m/s mm

U0 838.9 - perforation
UF1 838.5 62 penetration
UF2 838.0 59 penetration
UF3 836.0 54 penetration

As summarized in Table 3, the multi-layered UHPFRC target can provide a superior impact resistance and 
therefore results in a reduced penetration depth. To be precise, the penetration depths in UF2 and UF3 
are 15% and 5% smaller than that in UF1, respectively. These reductions of  the penetration depth can 
be attributed to the re-arrangement of  the fibres in the target by the layered structure. Among the tested 
samples, UF3 with fibres purposefully reinforced in the impact and the rear layers archives the smallest 
penetration depth. In the impact region of  UF3 the concentrated steel fibres, on the one hand, provide a 
better control of  the tensile cracks in the surface and increase the tensile strength of  the target; on the other 
hand, they work as a mesh wire to trap the travelling bullet and slow down its velocity. Moreover, fibres in 
the rear region of  UF3 can contribute to the reduction of  the cracking area caused by the tensile waves, 
as well as help to keep the rear surface remaining intact, which creates an additional restraint to the bullet. 
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3.2 Failure pattern
The failure pattern of  the targets are given in Figures 3 - 6. As can be observed in Figure 3, U0 disintegrated 
into pieces due to the lack of  fibres and the bullet perforated the target with a residual speed. The rear 
region of  U0 is more seriously damaged than the impact region, indicating the stronger reflected tensile 
waves at the rear surface and a dampened tensile wave at the impact surface. The targets reinforced with 
steel fibres, viz. UF1-3, remained intact after the penetrations and the bullets were stopped inside the 
targets. Few cracks are observed in the impact and rear surfaces of  UF1 and UF3 thanks to the application 
of  fibres which inhibit the propagation of  cracks. The rear surface of  UF2 (Figure 5b) has some large 
cracks as no fibre is added in its rear layer. However, the rear layer of  UF2 did not break into several pieces 
as U0 did, which is attributed to the reduced velocity of  the bullet when it arrived at the rear layer and the 
constraint effects provided by the impact layer on the rear layer. 

An important feature shown in Figures 5 and 6 is that cracking exhibited in the side surface of  the layered 
targets along the interface and the crack is more obvious in the double-layered target (UF2) than in its triple-
layered counterpart (UF3). As suggested by the previous study [12], the layer interface is the weakest part in 
the layered composite that the bond strength usually tends to be smaller than the tensile strength of  the layer 
material. When the reflected tensile waves reach to the layer interface, cracking can occur if  the amplitude 
of  the tensile wave is higher than the bond strength. Although cracks are observed in the interface, no layer 
delamination occurs during the penetration tests, reflecting the rationality of  the casting method. Moreover, 
the interface cracking process of  the layered target can also promote the energy absorption of  the target 
through the networks of  micro-cracks [11], and thus contributes to the reduction of  the penetration depth. 

            

(a) Impact surface                          (b) Rear surface

Figure 3: Failure pattern of  U0.

          

(a) Impact surface                   (b) Rear surface               (c) Side surface

Figure 4: Failure pattern of  UF1.
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(a) Impact surface                   (b) Rear surface               (c) Side surface

Figure 5: Failure pattern of  UF2.

          

(a) Impact surface                   (b) Rear surface               (c) Side surface

Figure 6: Failure pattern of  UF3.

4. Conclusions

This study investigates the ballistic performances of  layered UHPFRC targets against 7.62 mm bullet 
impacting at around 830 m/s. The tested UHPFRC targets have an identical total fibre content, but different 
fibre amounts in the individual layers. The penetration depth and the failure pattern of  the tested targets are 
analysed in the study. The experimental results show that the UHPC target without fibres disintegrated into 
several pieces under the impact while the UHPFRC targets remained intact, which indicates the significance 
of  adding fibres in the target. Moreover, the layered structure benefits the impact resistance of  the UHPFRC 
targets, and the penetration depth in the double and triple-layered UHPFRC targets are approximately 
13.8% and 8.3% smaller than its single-layered counterpart. This study promotes a better understanding 
about the fibres effects on the ballistic performance of  UHPFRC, benefits the more efficient utilization of  
steel fibres in UHPFRC target, and contributes to the design of  UHPFRC protective structures for both 
civil and military fields.
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Abstract

Layered double hydroxides (LDHs) are the major secondary reaction products of  alkali activated slag. 
The formation and absorptive performance of  LDHs can be affected by factors such as the amount of  
magnesium oxide (MgO) and the structure of  LDHs, making it possible to absorb the chloride ions  
in alkali activated materials (AAMs). Meanwhile, Calcined layered double hydroxides (CLDHs) have the 
potential to act as a more effective chloride adsorbent than the original LDHs because of  the reconstruction 
of  LDH-like structure in AAMs matrix. The effects of  MgO, LDHs-NO3 and CLDHs on mitigating the 
chloride penetration in alkali activated fly ash and slag blends (AAFS) were investigated in terms of  the 
chloride ingress in AAMs matrix. The objective is to explore the mechanism of  LDHs formation with 
MgO, LDHs and CLDHs addition in alkali-activated materials. In this research, nitrate intercalated Mg–
Al layered double hydroxide (Mg-Al-LDH-NO3) was successfully synthesized with the co-precipitation 
method followed by subsequent washing and aging treatment. Calcined Mg–Al layered double hydroxide 
was obtained by thermal treatment of  MgAl-LDH-NO3 at 500 ℃ for 3 hours. The results of  the rapid 
chloride migration test (RCM) revealed the ability of  the CLDH, LDH and MgO to absorb the chloride 
ion in mortars. Furthermore, the microstructure of  nitrate intercalated LDH and CLDH materials were 
analyzed by scanning electron microscopy (SEM).

Keywords: Alkali activated materials, LDH, MgO, Chloride penetration, RCM.

1. Introduction

Corrosion of  steels by chloride attack plagues the durability of  steel reinforced concrete, which often 
occurs in reinforced concrete structures built in the marine environment and saline regions. Large amounts 
of  military and civil structures are exposed to the marine environment, and the main cause of  corrosion 
in these concrete structures is the chloride ingress [1]. Severe corrosion, which often occurs in reinforced 
concrete structures, can be due to penetration of  chloride ions, causing local destruction of  the passive 
layer and leading to localized corrosion. Consequently, the usability and load bearing capacity are decreased, 
even leading to the failure of  the structure. As a result, approximately 3.4% of  the global GDP ($2.5 
Trillion USD) is spent each year to prevent and repair the infrastructure damage caused by chloride-induced 
corrosion [2]. 

To address this issue, many protecting methods to prevent chloride ingress have been discussed [3,4], for 
instance, adding new chemical inhibitors and applied on the surface of  reinforcing bars. Layered double 
hydroxides (LDHs) are the typical reaction product of  alkali activated slags [5], and the structure of  LDHs 
makes it possible to adsorb the  in AAMs. MgO can promote the formation of  LDHs in AAMs matrix, 
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which results in a higher chloride binding capacity of  AAMs [6]. A higher MgO dosage (8%) leads to more 
hydrotalcite-like phase to form [7]. Consequently, the binding ability of  chloride ion in AAMs is increased. 
However, one issue when using MgO in AAMs causes concerns because the hydration product of  LDHs 
is controlled by many factors, e.g.  ratio [8], thus it is not easy to control the LDHs content in 
AAMs by simply adding MgO. The most common type of  LDHs in nature is the mineral hydrotalcite that 
is a Mg–Al type LDHs intercalated with carbonate ions. The interlayer anions can be exchanged with other 
anions and the affinity order of  anion is demonstrated by Costa et al. [9] as:

       (1)

Thus, Mg-Al-NO3 show better chloride binding ability in Ordinary Portland Cement (OPC) due to the 
higher affinity of  chloride than nitrate [10,11]. The Mg-Al-NO3 LDH was synthesized by Xu et al. [10], 
which could later exchange  with , therefore immobilizing chloride ion as an adsorbent. Furthermore, 
several methods, using LDH-like chemical products, have been developed in cement concrete structure 
[12]. For instance, the thermal treatment of  Mg-Al-CO3 LDH at 500 ℃ had been operated by Sato et 
al. [13]. The calcined layered double hydroxide (CLDH) shows the increased binding capacity of  anions 
because of  the reconstruction of  LDH-like structure in cementitious matrix, which is shown in Fig. 1 [12]. 

Figure 1 Schematic i l lustration of  reforming layered structure of  CLDH by adsorbing anions[12].

Yoon et al. [12] simulated the behavior of  CLDHs in hardened Portland cement paste by utilizing the 
Langmuir’s equation and Freundlich’s equation. The analytic results showed the CLDHs rebuild the layered 
structure in a cementitious environment, thereby demonstrating the feasibility of  applying CLDHs in 
concrete. Ke et al. [14,15] reported that the binding ability of  CLDHs in sodium carbonate-activated slag 
pastes and mortars also showed the decreased porosity with the incorporation of  5 wt. % CLDHs, and the 
lower chloride migration coefficient than the samples without CLDH. In this article, the MgO, synthetic 
nitrate intercalated LDH and calcined LDH were utilized to replace the mass content of  the AAFS binder 
(defined as FA + GGBS) to investigate their effects on the chloride penetration resistance of  the AAFS 
mortars. The X-ray diffraction was applied to detect the crystalline phases of  the AAFS samples. The 
chloride resistance was revealed by the RCM test, besides, the effects of  the dosages of  these materials in 
AAFS samples were discussed.

2. Experimental program

2.1 Materials
Class F fly ash, and ground granulated blast-furnace slag (GGBS) were utilized in this research. The chemical 
composition of  the fly ash and GGBS were measured by X-ray fluorescence (XRF) and are shown in Table 
1.

https://en.wikipedia.org/wiki/Ground_granulated_blast-furnace_slag
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Table 1: Chemical composition of  the f ly ash and GGBS

Compound MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Fe2O3 Cl LOI*℃%℃

Fly Ash 1.137 25.576 53.892 2.905 1.601 5.441 1.503 7.883 0.062 3.79

GGBS 9.023 13.093 31.246 5.15 0.299 39.067 1.4 0.679 0.043 1

*LOI = loss on ignition at 1000℃

Table 2: Composition of  the water glass

SiO2 Na2O H2O

Wt. % 27.69% 8.39% 63.92%

The activator used in this research was prepared by mixing NaOH solution and sodium silicate solution, 
and the SiO2/ Na2O molar ratio is 1.5. The composition of  the water glass is shown in Table 2. MgO (96% 
purity) was added to replace the AAMs binder at different mass percentage (2 wt. % and 4 wt. %) 

Mg-Al-NO3 LDH was prepared by a co-precipitation method [10]. Solution A containing Mg (NO3)2·6H2O 
and Al(NO3)3·9H2O with Mg/Al molar ratio of  3.0 (M[Mg2+] + M [Al3+] = 1.0 mol/L) and solution B 
containing 1.75 mol/L NaOH and 0.75 mol/L NaNO3 were simultaneously dripped into 50 ml deionized 
water in a 500 mL container with magnetic stirring under N2 atmosphere. The pH value of  the mixture was 
maintained at 10.0±0.5. After this, the resulting suspension was aged at 65 °C for 24 h in a thermostatic 
bath. The final precipitate was filtered, washed thoroughly, and dried in vacuum at 90 °C for 24 h.

Calcined layered double hydroxide (CLDH) was prepared from the synthesized nitrite intercalated LDH 
using a heating rate of  5°C /min till 500°C and then kept constant for 3h. Afterwards the material was 
cooled down naturally in the furnace to 105°C before it was moved to a sealed centrifuge tube and kept in 
a desiccator under vacuum [14].

2.2 Sample preparation
The alkali activated samples were consisting of  GGBS and fly ash, and the MgO, LDH and CLDH replaced 
2 wt. % and 4 wt. % by mass of  the alkali activated binder. GGBS / FA mass ratio was 7:3 (See the sample 
ID in Table 3). All the mortar samples were casted in the Ø 100 mm × 200 mm cylindrical moulds.

Table 3: Mix design of  the mortars using different additions

Sample ID
Binder (g)

Sand (g) Na2O/Precursor W/B*

Slag Fly Ash MgO LDHs(NO3) CLDHs

A0 70 30 - - - 300 7% 0.4

M2 68.6 29.4 2 - - 300 7% 0.4

M4 67.2 28.8 4 - - 300 7% 0.4

L2 68.6 29.4 - 2 - 300 7% 0.4

L4 67.2 28.8 - 4 - 300 7% 0.4

C2 68.6 29.4 - - 2 300 7% 0.4

C4 67.2 28.8 - - 4 300 7% 0.4
* W/B = Water/Binder mass ratio (where binder is defined as FA + GGBS) 
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2.3 Test methods

2.3.1 Scanning electron microscopy
The samples were selected from the synthetic LDH and CLDH powder. The microscopic analysis was 
performed using a JSM-IT100 InTouchScopeTM Scanning Electron Microscope (SEM).

2.3.2 X-ray diffractometry
X-ray diffractometry (XRD) analysis was performed by using a Co tube (40kV, 30mA) with a scanning 
range from 5° to 90° 2θ, applying a step 0.01° and 1 s/step measuring process. The qualitative analysis was 
carried out by the Highscore Plus and the PDF database of  ICDD.

2.3.3 Non-steady-state migration experiments
The Ø 100×100 mm cast cylinder mortars were used and cut into 50 ± 2 mm thick slice from the central 
portion. After sawing, brushing and washing away any burrs from the surfaces of  the samples, and wiping 
off  the excess water from the surfaces, the cylinder samples were put in the vacuum container for vacuum 
treatment for 3 hours with the pressure in the range of  10-50 mbar (1-5 kPa), and then immersed in the 
saturated Ca(OH)2 solution for 18±2 hours. Subsequently, the non-steady-state migration experiments were 
tested according to the NT Build 492 [16]. 

The samples subjected to the accelerated NT Build 492 procedure, AgNO3 solution was used to reveal the 
chloride penetration depths. 

The non-steady-state migration coefficient is calculated from Equation (2):

          (2)

Where:

: non-steady-state migration coefficient, ×10-12 m2/s;

:    absolute value of  the applied voltage, V;

:    average value of  the initial and final temperatures in the anolyte solution, ℃;

:    thickness of  the specimen, mm;

:   average value of  the penetration depths, mm;

:     test duration, hour.

The RCM test set-up was shown in Fig. 2.
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Figure 1: RCM test set-up

3. Results and discussion

3.1 Characterization of  the synthetic LDH and CLDH
The X-ray diffraction patterns of  the synthetic LDH and CLDH are presented in Fig. 3. Most peaks were 
consistent with the typical XRD patterns of  Mg6Al2(OH)16(NO3)2·4H2O, corresponding to hydrotalcite-like 
phase (PDF 00-089-0460). The characteristic peak of  Mg-Al-LDHs was observed at 13.6°, corresponding 
to crystal plane [003]. Cavani et al. [17] investigated the crystal phase of  different anion intercalated 
hydrotalcite, which exhibited the same XRD pattern. Meanwhile, the characteristic peaks of  Mg-Al-CLDH 
were detected at 41.2°, 51.3° and 75.6°, which were similar with the experimental results reported by 
Kanezaki et al. [18]. 

(a) LDH- (b) CLDH 
Figure 2: X-ray diffractogram and structure of  LDH and CLDH

The layered structure of  the LDHs and CLDHs were shown in Fig. 4. The size of  the layered products LDH 
(Fig. 4(a)) is about 1 µm in length, which is in agreement with the previously reported SEM micrographs 
[19]. The micrographs of  CLDH (Fig. 4(b)) showed the layered structure without rules. And the raw CLDH 
in Fig. 4 (b) has plate-like particles with sharp edges [12]. Due to the non-homogeneity of  the CLDHs, 
the formed LDH particles from reconstruction of  CLDHs may not be homogeneous for all particles [12].

3.2 Hydration products of  AAFS
The XRD patterns of  the samples showed that the primary hydration products of  C-S-H, hydrotalcite 
and Mullite were identified in all AAFS samples. 
The main characteristic peak of  hydrotalcite was identified at 13.6°. However, Ke et al. [20] reported the 
main peak of  XRD pattern for similar hydrotalcite-like phase after filtration was centered at 11.6°. The shift 
in the hydrotalcite-like peak is attributed to the partly carbonation of  the LDH. As we can see in Fig. 5, the 
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crystalline phases in the AAFS samples exhibited the same reaction products.

(a) Synthesized Mg-Al-LDH- (b) Synthesized CLDH

Figure 3: SEM micrographs of  LDH and CLDH

Figure 4: X-ray diffractogram of  samples at 28-day curing age

Periclase was identified in specimens prepared with MgO addition (M2 and M4), which indicated that 
the MgO was not fully reacted with slag to form LDH [6]. However, according to previous study [7], the 
content of  LDH formed from MgO in AAFS environment had the potential to grow over time, due to the 
solid phase reaction of  MgO in alkali-activated cement.

The XRD patterns of  L2, L4, C2 and C4 demonstrated almost the same intensity of  hydrotalcite. The 
CLDH phase was not found in the XRD patterns while the emerged peak of  hydrotalcite-like phase 
appeared, which proved that the CLDH completed the reconstruction process in AAFS to form the LDH 
[21]. 

3.3 Chloride resistance of  AAFS
The penetration depths of  the chloride in the AAFS samples confirmed a low degree of  the chloride attack 
(shown in Fig. 6). All the ternary AAFS (M2, M4, L2, L4, C2 and C4) exhibited better chloride penetration 
resistances than the reference sample A0, reflected by the lower chloride diffusion coefficients of  ternary 
AAFS samples than that of  reference sample A0.
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The chloride diffusion coefficients of  all samples were listed in Table 4 and the chloride penetration depths 
were marked with the black lines in Fig. 6, where chloride penetration started in each sample from bottom 
to top. Moreover, the chloride diffusion coefficients (shown in Table 4) of  C2 and C4 were 4.11 and 2.88 
×10-12 m2/s, respectively, much lower compared to other samples. The experimental results were in line with 
the previous study [12], which demonstrated the CLDH in hardened AAFS paste can reduce the chloride 
content. 

The coefficients of  M2 and M4 were 4.68×10-12 m2/s and 4.55 ×10-12 m2/s, respectively. And the coefficients 
of  L2 and L4 were 6.91 ×10-12 m2/s and 4.49×10-12 m2/s, respectively. It showed that the chloride banding 
capacity was increased with the increase of  the MgO and LDH dosage. Meanwhile, the coefficient of  M2 
was lower than the L2 at 47.6% while M4 was higher than L4 at 1.3%, which showed that the content of  
LDH had an obvious influence on chloride resistance in AAFS system. 

Combined with XRD results and chloride diffusion coefficients, the M2 and M4 samples had the same level 
of  the chloride resistance with L2 and L4 at 28 days, but the MgO in M2 and M4 would continue forming 
the LDHs-like phase to absorb the chloride ion. The addition of  CLDH in hardened AAFS could mitigate 
more chloride penetration than the addition of  LDH and MgO.

Table 4: Chloride diffusion coefficients calculated from the RCM test in mortar cured for 28 days. 

Sample ID A0 M2 M4 L2 L4 C2 C4

Chloride diffusion coefficient (×10-12 m2/s) 5.42 4.68 4.55 6.91 4.49 4.11 2.88

A0 M2 M4

L2 L4

C2 C4

Figure 5: Boundary of  chloride penetration in 28-day curing age
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4. Conclusions

The effects of  MgO, LDH and CLDH additions on the chloride resistance in AAMs were examined by the 
XRD, SEM and RCM tests. The experimental data indicated that the ternary AAFS could resist the chloride 
ingress better than the slag/fly ash blends mortars.

The CLDH could reconstruct the LDH in AAFS system, however the MgO was not fully reacted in AAFS 
at the age of  28 days and still had potential to form more LDH in AAFS. Based on the results of  this study, 
the MgO and CLDH have potential in preventing the chloride ingress in the AAFS.
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Abstract - Ultra-high performance concrete (UHPC) is a relatively new building material with a relatively 
high consumption of  cement compared to the conventional concrete, which causes the economic and 
environmental burdens. This paper aims to review the recently reported methods on developing sustainable 
UHPC with low cement consumption. The hybrid replacement by supplementary cementitious materials 
(SCMs), high-volume substitution by filler powders, inclusion of  coarse aggregate, and two-stage casting 
method have been summarized. Furthermore, the thermal and chemical activation on SCMs, and the mineral 
plasticization effect of  substitute material are discussed. Lastly, further research trends are identified. 

Keywords: ultra-high performance concrete, sustainable, low cement, SCMs.

1. Introduction

Ultra-high performance concrete (UHPC) is a relatively novel cementitious construction material with 
excellent mechanical properties, durability and impact resistance [1]. During the past few decades, it has 
drawn great attention from both researchers and engineers. Richard et al. developed the reactive powder 
concrete (RPC) in 1993, which was characterized by a large amount of  reactive powder, fine quartz powder 
without any coarse aggregate, very low water content and high superplasticizer dosage, utilization of  steel 
fibre, special treatment (pre-setting pressurization and heat-treating) [2]. RPC showed a dense microstructure, 
excellent toughness and ultra-high strength over 150 MPa. A few years later, De Larrard proposed the 
term of  ‘ultra-high performance concrete’ with high packing density [3]. Although, the special mix design 
methods of  UHPC are beneficial for the excellent performance that allows to design thin and light concrete 
structures with long service life. They also cause problem of  high binder or cement consumption, usually 
more than 900 kg/m2 that is about 3 times more than that in conventional concrete. The large amount 
of  cement utilization results in a high energy consumption and increased costs of  UHPC material and 
structure, consequently limiting the engineering applications. Therefore, designing sustainable UHPC with 
relatively low cement consumption has been attempted by more and more researchers nowadays.

Currently, substitution of  partial cement by cheaper and sustainable supplementary cementitious materials 
(SCMs) has been investigated to develop sustainable UHPC [4], including such as ground granulated blast 
slag (GGBS), fly ash, bottom ash, silica fume, glass powder etc. Yu et al. developed eco-friendly UHPC with 
different mineral admixtures uses, which showed better properties than the reference mixture [5]. Kang et 
al. used 16.5% of  rice husk ash as pozzolanic admixture and internal curing agent in UHPC [6]. However, 
cement reduction by the traditional replacement methods is usually very limited, mostly less than 30%, 
to avoid sacrifice of  too much properties of  UHPC due to dilution effect. More efficient measures are 
needed to achieve much low-cost and eco-friendly UHPC with low cement content, but meanwhile without 
decreasing too much or even improving the performance of  UHPC.
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The aim of  this review is to summarize the current novel methods to develop the sustainable UHPC with 
low cement consumption, including using ternary or quaternary SCMs, adding minerals with plasticization 
effect, activating weak-active binder by thermal and chemical methods, introducing coarse aggregate, casting 
UHPC by two-stage method. Furthermore, research needs are identified and suggestions are given. 

2. Hybrid utilization of  SCMs

To develop more sustainable UHPC, higher contents of  cheap and eco-friendly substitution materials are 
desired to be utilized in UHPC system. To overcome or partly compensate the negative effect (e.g. dilution 
effect of  cement) of   SCM on the properties of  UHPC, hybrid utilization of  SCMs is probably a good 
method rather than blending a single SCM. Kang et al. found that UHPC with ternary binder (63% cement 
+ 17% rice husk ash + 20% GGBS) even showed slightly better properties compared to the binary blends 
(83% cement + 17% rice husk ash), especially under the thermal curing conditions [6]. As shown in Figure 
1, the workability, 28d strength and volume stability were much better, except for the slightly lower early age 
strength. The positive combination of  GGBS and RHA was probably due to the mesoporous amorphous 
structure of  RHA, which absorbed aqueous water at early age and thereafter provided water for further 
hydration for the GGBS at the later stage. Shi et al. designed UHPC with cement-silica fume-slag binder 
considering the hydration and microstructure [7]. It revealed that there existed optimum hybrid blending 
proportions between those three raw materials for the best flowability or compressive strength, as illustrated 
in Figure 2. They indicated that hybrid utilization of  SCMs had some certain positive synergistic effects on 
hydration and thus improved the performance of  UHPC system.
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Figure 1: Properties between ternary (PC+RHA+GGBS) and binary (PC+RHA) blends [6].

   

Figure 2: (a) f lowability and (b) 56d compressive strength of  UHPC with cement-sil ica fume-slag 
binder [7].

Arora et al. reported binder phase selection for UHPC from commonly available cement replacement and 
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fine filler, namely fly ash (F), slag (S), microsilica (M), metakaolin (K) and limestone (L) [8]. The strategies to 
select optimum binders were mainly based on packing and rheology. As shown in Figures 3, the ternary and 
quaternary blends, with a total cement replacement of  30%, were selected and suggested for sustainable 
application, which had better packing densities and rheological properties than pure cement or binary 
blends. After the optimization, UHPC mixtures with ternary or quaternary binders showed lower cement 
consumption, but only slightly lower or even higher compressive strength, as shown in Figure 4.

Figure 3: UHPC matrix selection based on packing and rheology. The subscript numbers represent 
the % by mass of  SCMs replacing cement [8].

Figure 4: Compressive strength of  UHPC with ternary and quaternary blends [8].

To further prove the hybrid benefit of  SCMs, our study proposed to evaluate the synergy of  quaternary 
blends (cement-slag-silica-limestone) compared to binary (cement-slag) and ternary binders (cement-silica-
limestone),

                               (1)
where X represents the properties of  UHPC pastes, and subscripts represent the mixtures with reference 
cement (ref), binary (B), ternary (T) and quaternary (Q) binders. A positive synergy (>0) indicates that 
quaternary blends have less adverse influence than binary and ternary blends. Normally, positive values of  
synergy in terms of  28d compressive strength, fibre-to-matrix bond and total free shrinkage were observed 
in the sustainable UHPC pastes with quaternary binders, as shown in Figure 5. The positive synergy was 
probably attributed to optimized total particle size distribution and reasonable mineral composition, e.g. 
Ca/Si ratio. 
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Figure 5: Synergy of  quaternary binders compared to binary and ternary ones (S = slag, mS = 
micro-sil ica, nS = nano-sil ica, L = limestone, the number in mixture name means % by mass of  
SCMs replacing cement) .

To sum up, hybrid utilization of  SCMs such as ternary and quaternary binders is more appropriate to 
design sustainable UHPC instead of  simple binary blends, due to the positive synergetic effect on hydration 
kinetics, optimization of  mineral composition, whole packing density, rheology behaviour and even internal 
curing.

3. Mineral additions with plasticization effect

UHPC is characterized as relatively high superplasticizer dosages, in order to decrease the low water amount 
and the porosity, thus increase the packing density, microstructure and mechanical properties. Therefore, it 
is potentially desirable to use some mineral additions that possess plasticization effect to replace cement in 
sustainable UHPC, in order to decrease the water demand and compensate the probable negative dilution 
effect. Some carbonate fillers, e.g. limestone powder, show good plasticization effect, which can greatly 
enhance the workability of  concrete [9,10]. Even though, limestone powder has negative dilution effect on 
cement because of  its limited solubility and reactivity, the function as a mineral plasticizer can reduce the 
water demand to obtain a desirable flow ability. A less water utilization tends to a better compactness, which 
can overcome or partly compensate the negative dilution effect.
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Figure 6: Spread f low of  cement-limestone pastes (water = 200 kg/m3).

Figure 6 shows the spread flow of  cement-limestone paste with a fixed water content (200 kg/m3). Replacing 
cement by high-volume limestone fillers, e.g. 60 vol.%, the mini-slump flow was significantly enhanced. In 
addition, the saturation dosage of  superplasticizer was greatly decreased from about 2.3% to 0.7% by the 
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mass of  powder. In other words, high-volume limestone powder substitution could not only decrease 
the cement consumption, but also improve the compactness by largely reducing both water content and 
superplasticizer dosage. Furthermore, a lot of  cement grains were not completely hydrated due to the very 
low water-to-cement ratio. Limestone powder addition could increase the hydration degree of  cement 
because of  the increased water-to-cement ratio, as proven in Figure 7(a) [11]. The improved compactness 
and hydration degree contributed to higher compressive strength with 34% and 54% limestone powder, 
while a slightly lower strength with a further higher amount of  limestone powder, e.g. 74%, as shown in 
Figure 7(b) [11]. It can be concluded that some minimal additions with good plasticization effect can be 
used to replace high volume of  cement in sustainable UHPC.

 

Figure 7: (a) hydration degree and (b) compressive strength of  UHPC with limestone powder [11].

4. Thermal and chemical activation

If  too much SCM is used, the performance usually tends to decrease. Abdulkareem et al. used GGBS 
to replace cement with 30%, 50% and 80% by the volume [12,13]. As shown in Figure 8, 50% and 80% 
volume-substitution rates caused a considerable reduction on compressive strength development. The 
negative influence was mainly attributed to the dilution of  the more reactive cement and alkali environment. 
Hence, activations on the hydration of  SCM and cement by increased thermal and alkaline environments 
are probably efficient solutions. 

Figure 8: Compressive strength of  UHPC with different contents of  GGBS, the volume-subsitution 
rates of  cement by GGBS are 0, 30%, 50%, 80% for UHPC1, UHPC2, UHPC3 and UHPC4, 
respectively [13].

When different contents of  alkalis (e.g. KOH) were added in UHPC with large amounts of  slag, the 
compressive strength could be improved, especially at early ages, as shown in Figure 9. Slag particles 
reacted rapidly and promoted the formation of  hydrates. More hydration products were generated to fill the 
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porosity and improve the strength in alkali-activated UHPC. In addition, relatively low content of  KOH, 
namely 3.39 kg/m3, seemed to be enough to activate the combined binders. And further higher contents 
only showed effect on 3 days strength instead of  later strength development.

Figure 9: Compressive strength of  UHPC with chemical activation, the used concentrations are 3.39 
kg/m3, 6.78 kg/m3 and 10.17 kg/m3 for [KOH]1, [KOH]1 and [KOH]1, respectively [13].

The sustainable UHPC incorporating high content of  GGBS can also be activated by high temperatures 
curing. Figure 10 shows the 90 days compressive strength of  sustainable UHPC with GGBS, by using a 
thermal curing with 90 °C from 48 h to 72 h after mixing. Compared to the results in Figure 8, the thermal 
activation significantly enhanced the compressive strength, attributed to the faster hydration reaction rate 
of  both cement and slag under higher temperatures. Furthermore, the thermal-activated UHPC with a high 
content of  GGBS could even acquire a higher mechanical strength than the reference without any GGBS.

Figure 10: 90 days compressive strength of  UHPC with thermal activation, a temperature of  90 °C 
is applied from 48 h to 72 h after mixing [13].

5. Introducing coarse aggregates

The aggregate-to-powder ratio is another key factor to determine the cement consumption. Traditional 
UHPC is usually developed without utilizing any coarse aggregate. Recently, coarse aggregates are attempted 
to be introduced into UHPC system, in order to reduce the powder content, as well as strengthen the 
impact resistance [14,15] and volume stability [16]. Liu et al. investigated the content effect of  coarse 
aggregate with the particle size between 8 mm to 20 mm on tensile behaviour of  UHPC, as shown in Figure 
11 [17]. With the increase of  coarse aggregate content up to 40%, both first-crack and maximum tensile 
strength tended to have a decrease. But considering the benefits of  coarse aggregate on powder reduction, 
the strength decrease was tolerable.
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Figure 11: Tensile properties of  UHPC on coarse aggregate content [17].

Our previous study investigated the size effect of  coarse aggregate on properties of  UHPC [18]. The 
basalt aggregates were selected to match the high-strength of  UHPC matrix. As illustrated in Figure 12, 
the optimum powder content was diminished from 800 kg/m3 to 700 kg/m3, when the maximum basalt 
aggregates size increased from 8 mm to 16 mm. It revealed that less powder/cement content was demanded 
for UHPC incorporating coarser aggregates. Although the powder consumption was reduced (Figure 
12(b)), the compressive strength was still comparable to the mixture with more powder content and finer 
aggregates in Figure 12(a). With the inclusion of  coarse aggregates, the optimal particle size distribution 
and compactness could be changed, resulting in less powder demand but comparable strength [18].
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Figure 12: strength of  UHPC with different powder contents [18].

6. Two-stage casting method

As analysed above, utilization of  coarse aggregates is an efficient way to design sustainable UHPC with low 
cement consumption. However, the aggregates normally occupy rather limited volume, around 36% of  
total UHPC mixture [19]. How to increase the granular skeleton volume and decrease the powder content 
is still an issue in UHPC system. Two-stage concrete (TSC) is a type of  concrete that makes full potential 
to enlarge the volume of  aggregate [20]. The coarse aggregates are firstly pre-placed in the concrete mould, 
then grout is injected into the voids between the aggregates by gravity pressure, as illustrated in Figure 
13 [21]. The volume of  coarse aggregate skeleton could easily achieve 55% based on the drying packing 
density of  coarse aggregates themselves, which is much higher than that in the conventional UHPC.

Thus, it is of  great interest to develop low-cement UHPC by the two-stage casting method. To meet the 
requirement of  high strength in two-stage UHPC, high strength coarse and ultra-high performance grout 
are needed. Our research showed that the concept of  two-stage UHPC was successfully designed with 
very low cement consumption between 340 kg/m3 and 450 kg/m3, and compressive strength between 
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120 MPa-150 MPa. Figure 14 shows the binder (mainly cement) efficiency of  TS-UHPC that was defined 
as compressive strength normalized by binder amount. The designed TS-UHPC achieved the advantages 
of  both UHPC (high strength) and TSC (low binder consumption), resulting in a relatively high binder 
efficiency between 0.19 MPa/(kg/m3) and 0.42 MPa/(kg/m3).
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    Figure 13: Casting procedure of  two-stage concrete [21].     Figure 14: Binder efficiency of  TS- 
        UHPC.

7. Conclusions and recommendations

Based on the reviews and discussions above, the following conclusions can be drawn:

1. Appropriate ternary and quaternary blends with SCMs have positive synergistic effect on both fresh and 
hardened properties of  UHPC with low cement, due to improved particle packing, mineral proportion, 
hydration production and microstructure.

2. Certain minerals possessing plasticization effect, e.g. limestone powder, can be used to replace cement 
in sustainable UHPC without sacrificing properties, attributed to the less water and superplasticizer 
demands.

3. Thermal curing and alkalis addition are efficient to activate the hydration and then compensate the 
negative dilution effect, when a high volume of  SCMs is used to partly substitute cement in UHPC.

4. Introducing coarse aggregates in UHPC is an efficient attempt to reduce the powder demand. Although 
coarser aggregates tend to decrease the mechanical strength of  UHPC, appropriate contents and 
particles sizes would limit the negative influences. 

5. The concept of  two-stage UHPC is successfully designed with very low cement consumption between 
340 kg/m3 and 450 kg/m3, and compressive strength between 120 MPa-150 MPa.

Based on the previous studies, the following researches need to be further investigated to develop sustainable 
UHPC with low cement consumption:

1. More ternary and quaternary binders for UHPC are needed to be developed for sustainable UHPC, 
considering not only mechanical strength but also durability.

2. More raw materials possessing mineral plasticization effect should be investigated, under the condition 
of  lower water amount and superplasticizer.

3. The thermal and chemical activations adversely increase the cost and energy consumption. Hence, 
efficient thermal curing regimes and optimum alkalis contents should be proposed by considering both 
cost and performance of  UHPC, in the cases of  different SCMs conditions. And the compatibility 
between superplasticizer and chemical activation also should be carefully researched.
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4. More possible materials for granular skeleton in TS-UHPC need to be researched, such as ceramic or 
metal to improve some special properties, e.g. impact resistance.
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Abstract 

Alkali activated cementitious materials (AACM) concrete is a sustainable alternative to Portland cement PC 
concrete by reducing CO2 emitted during the production of  PC by 60%. Fundamental investigations on 
alkali activated concrete (AACM) has been on their engineering properties with less emphasis on the service 
life and durability properties. The carbonation effect on concrete is crucial for its service life prediction. 
This paper investigates the suitability of  phenolphthalein indicator method to determine the carbonation 
front in AACM. The geopolymerisation products of  AACM are different from the hydration products 
of  PC concrete and consequently, the carbonation process of  these two types of  concrete is expected to 
be different. Three mixes of  AACM 1, 2, 3 and control PC concrete were produced and cured in water 
(20 ± 20C) for 27days and then in laboratory air (20 ± 20C, 65% R.H) for 42days. A total of  twenty-four 
cylindrical specimens with 50mm diameter X 60mm depth were produced. All the specimens were exposed 
to 5% CO2 inside a carbonation chamber at 20 ± 20C and 65% R.H for 327days. Carbonation depths were 
determined by phenolphthalein indicator method on twelve specimens. Powder samples were obtained 
from the carbonated and non-carbonated zones of  the other twelve specimens to measure the pH of  the 
carbonated concrete and powder. Results show that the pH of  the carbonation in AACM concrete and 
mortar are above threshold 9 while it was below 9 in PC concrete. This suggests that phenolphthalein 
indicator method is inappropriate to determine the carbonation of  alkali activated cementitious materials 
(AACM) concrete

Keywords: Alkali activated cementitious materials (AACM) concrete, carbonation depths, phenolphthalein 
indicator method, carbonated and non-carbonated zones.

1. Introduction

Research findings show attractive attributes of  alkali activated cementitious materials (AACM) concrete as a 
construction material over Portland cement (PC) concrete. These attributes include low CO2 emission and 
energy demand during its production [1, 2], superior strength and pore properties [3], lower bound chloride 
ingress [4]. However, limited knowledge on the durability properties and in-service performance of  AACM 
exists in literature. Field applications of  AACM are restricted due to the limited knowledge of  its structural 
behaviour when subjected to exposure to corrosion initiators such as carbonation.

Carbonation in PC concrete reduces the pH of  its pore solution to below 9 [5, 6]. This occurs when 
atmospheric carbon dioxide, CO2, dissolves in the concrete pore solution to form carbonic acid HCO3 
which then reacts with the main hydration products of  concrete, Ca(OH)2 and C-S-H, to form calcium 
carbonate CaCO3 [7, 8]. The hydroxyl ion (OH)2 within the pore solution is displaced by this reaction thereby 
depleting the protective passive film around the reinforcing steel in concrete. The progression of  these 
reactions results in carbonation induced corrosion of  reinforcement in the presence of  oxygen and water. 
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AACM concrete does not contain calcium hydroxide, Ca(OH)2, which can react with carbonic acid, HCO3, 
to produce calcium carbonate CaCO3, unlike PC concrete which has calcium hydroxide Ca(OH)2 as its 
hydration product. The reaction of  atmospheric CO2 with the geopolymerisation and hydration compounds 
of  AACM and PC concrete respectively is dependent on the amount and type of  these compounds. 

The carbonated zone of  PC concrete is determined by the phenolphthalein indicator test [9]. Spraying 
phenolphthalein solution on carbonated concrete surfaces indicates the depletion of  Ca(OH)2 within the 
concrete matrix, which is not present in AACM concrete. Therefore, the use of  phenolphthalein indicator 
method to determine the carbonation front may not give a true extent of  carbonation in AACM concrete. 
The suitability of  the phenolphthalein indicator method for AACM concrete will be addressed in this study.

The chemistry of  carbonation in PC concrete is fairly well documented while limited knowledge is available 
for AACM concrete [10]. Like other durability properties, the carbonation of  AACM is significantly 
influenced by its pore chemistry which is significantly different from that of  PC concrete. The mechanism 
of  carbonation in PC concrete is represented in equation 1 -3:

(1)

(2)

(3)

Bicarbonate ions are formed when CO2 reacts with water at the carbonated zone (equation 1). These 
bicarbonate ions dissociate near the non-carbonated zone within the PC concrete to form carbonate ions 
due to the high pH of  the pore solution (equation 2). The carbonate ions precipitate as calcium carbonate 
(CaCO3) crystals when they react with the hydration product of  PC concrete (Ca[OH]2) (equation 3). 
These crystals are present in PC concrete in two forms: vaterite and calcite, the metastable vaterite turns to 
calcite over time [11]. This process will continue until all the hydration product, Ca(OH)2, of  PC concrete 
is consumed by the carbonate ions. The pH of  PC concrete drops because of  the low calcium ions present 
in the pore solution due to this process. The phenolphthalein test for PC concrete is suitable for detecting 
these chemical layers in PC concrete. 

The carbonation effect on AACM concrete by using the accelerated testing method may have overestimated 
its actual degradation in service life [12]. A change in AACM pore solution equilibria may induce accelerated 
carbonation compared to under natural carbonation giving a higher apparent carbonation rate  [12]. 
Published results on the carbonation of  AACM concrete are inconsistent in comparison with PC concrete. 
For example, high depths of  carbonation were recorded for silicate-activated blast furnace slag concrete 
compared with PC concrete under accelerated carbonation conditions 10-20% CO2 and 70% R.H. [13, 14]. 
Other studies show that the depth of  carbonation of  alkali activated blast furnace slag concrete and mortar 
is comparable to those of  PC concrete or mortar [15]. The author [15] concluded that the refinement of  
the pore structure of  alkali activated blast furnace slag concrete is responsible for its carbonation resistance, 
however, a high relative humidity of  90% was used for the accelerated carbonation test which would slow 
the diffusion of  CO2 within the concrete matrix and invalidate the author’s results. 

The rate of  carbonation in concrete is a slow process which sometimes takes years to manifest. Concrete 
structures in large cities are susceptible to carbonation due to human activities involving high emissions 
of  CO2, up to 1% by volume of  air [16]. The carbonation chamber used in the laboratory for accelerated 
testing was maintained at 5% CO2 concentration, 65% relative humidity and a temperature of  20 ± 20C 
to achieve the optimum rate of  carbonation in both AACM and the control PC concrete. The diffusion 
parameters of  the concrete pores have considerable influence on the rate of  carbonation. The diffusion 
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rate of  CO2 within a concrete matrix is four orders of  magnitude slower than O2 when its pores are fully 
saturated while its diffusion remains inactive when the concrete pores are insufficiently saturated [16–18]. 

2. Experimental Programme

2.1 Materials and mixes 
Details of  AACM mixes 1, 2 and 3 and the control PC concrete are given in Table 1. AACM and PC 
concrete were produced from ground granulated blast furnace slag (GGBS) and ordinary Portland cement 
CEM 1 of  grade 42.5R [19] respectively. 10 mm uncrushed gravel, 6 mm limestone and a medium grade 
sand of  80% particle size passing 1mm sieve were used as coarse and fine aggregates. The activator dilutions 
of  0%, 3.88% and 7.76% were used to prepare AACM 1, 2 and 3 mixes respectively. Liquid/binder ratio 
0.47 was used for both AACM and PC concrete mixes. AACM mixes contained 2% by binder weight of  
shrinkage reducing admixtures (SRA) made from Alkyl-ether and 0.75% by binder weight of  retarder R42 
made from a blend of  high grade polyhydroxycarboxylic acid derivatives. The shrinkage reducing admixture 
also enhances workability while the retarder reduces the setting time of  AACM concrete.

Table 1: Composition of  AACM 1, 2, 3 and the control PC concrete 

Mix
Binder

Content
(%)

Fine Agg.
(%)

Coarse Agg. (%) Liquid/
Binder
Ratio

Activator 
Dilution 

(%)

R42 SRA

10mm 
Gravel

6mm 
Limestone

(% by weight of  
binder)

AACM 1
AACM 2
AACM 3

Control PC

25
25
25
20

18
18
18
26

29.3
29.3
29.3
28.9

15.7
15.7
15.7
15.5

0.47
0.47
0.47

0.47(w/c)

0
3.88
7.76

-

0.2
0.2
0.2
-

0.5
0.5
0.5
-

*R42 is the retarder; SRA is the shrinkage reducing admixture 

2.2 Specimen preparation
The concrete specimens were cast in a 0.0625m3 (150kg) capacity Cretangle mixer. AACM and PC concrete 
specimens were cast in plastic cylinders of  50mm diameter X 60mm depth as shown in Fig. 1 in two layers 
and compacted on a vibrating table. Self-adhesive bitumen tape was fixed at the bottom of  the plastic 
cylinder moulds before casting to prevent the concrete from pouring out (Fig. 2). The specimens were cured 
in the laboratory air (20 ± 20C, 65% R.H.) for 24hrs while covered with polythene sheets. They were left in 
the moulds to prevent the ingress of  CO2 through the bottom face and circumference of  the specimens. 
The specimens were wet cured for 27days at a temperature of  20 ± 20C followed by dry curing for 42days 
at 65% R.H. and a temperature of  20 ± 20C until the change in their unit weight was less than 0.2% in a 
24-hour period to reduce its moisture content. The specimens were then placed inside the carbonation 
chamber exposed to 5% CO2 concentration at 65% relative humidity and temperature of  500C for 327days. 
After exposure to 5% CO2 concentration for 327days, the specimens were grouped into two batches. The 
first batch of  AACM and PC concrete specimens were used to determine the depth of  carbonation with 
the phenolphthalein test [9]. Powder samples were collected at the carbonated and non-carbonated zones in 
the second batch for pH analysis. A total of  24 specimens were produced for both AACM and the control 
PC concrete, 6 specimens per each mix in Table 1. 
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Fig. 1: Casting concrete specimens in cylindrical 
plastic moulds

Fig. 2: Self-adhesive tape fixed at the bottom 
of  cylindrical moulds

 

2.3 Test Procedure
The cylindrical specimens were removed from the carbonation chamber after 327days exposure. These 
specimens were removed from their plastic moulds (sleeves) and split into halves vertically along their depths 
as shown by section A-A in Fig. 3. The splitting tensile strength procedure was adopted to break the cylinders 
into two longitudinal halves. The depth of  carbonation was determined by spraying phenolphthalein on the 
exposed (split) surface of  one broken half  of  each cylinder according to standard procedure [9]. However, 
phenolphthalein was not applied to the surface of  the second half  of  each cylinder. 

The depth of  carbonation profile obtained from the first half  cylinder was marked on the second half  of  
the cylinder that was not sprayed with phenolphthalein. This was carefully chiselled out to obtain concrete 
chunks of  the carbonated and non-carbonated zones. This procedure was performed on six specimens 
for each AACM and PC concrete to obtain enough concrete chunks for the test. The chunks were ground 
to powder and passed through a 150 µm sieve to obtain concrete powder for the carbonated and non-
carbonated zones (Fig. 4). 

Fi 4 AACM d OPC / d

Section A-A 

Section A-A

N
on-carbonated PC  

Carbonated PC 

PC Specimen AACM Specimen 

Carbonated A
A

CM

N
on-carbonated A

A
CM

 

 Fig. 3: Demoulded cylinders showing the section A-A of  splitting   Fig. 4: AACM and OPC 
concrete/mortar powder stored in air-proof  plastic vials
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A second set of  powder test samples was similarly obtained by removing the coarse aggregate particles 
from the concrete chunks. The concrete pieces were crushed to separate the coarse aggregate particles from 
the matrix and they were removed by sieving. The remaining mortar material was ground to obtain mortar 
powder for the carbonated and non-carbonated zones. pH analysis was performed on these carbonated and 
non-carbonated powder samples. 

2.3.1 pH Analysis
The ex-situ leaching method of  concrete [20] was adopted to obtain the solution used for the pH analysis 
of  the concrete and mortar samples. This was carried out by dissolving 5grams of  the powder sample in 
distilled water at a liquid/solid ratio of  1:1 in an air-tight plastic vial. The solution was shaken thoroughly 
for 2mins to ensure a homogenous mix of  the powder. The powder solution in an air-tight plastic vial was 
left undisturbed for 5hrs to allow for leaching. The concrete powder solution was then filtered to obtain 
a solution that does not contain powder particles. A double junction electrode connected to a benchtop 
meter 3-in-1 was dipped inside the filtered solution to measure its pH. This device measures pH ranging 
from 0.00 to 14.00 and can measure sample volumes as small as 0.2mL with an accuracy of  ± 0.01. 

3. Results and discussion

3.1 Depth of  carbonation
The carbonation depths of  AACM and PC concrete is shown in Fig. 5. The carbonated and non-carbonated 
zones are marked on the broken faces of  both AACM and PC concrete (Fig. 5).

 

 

Fig. 5: showing the carbonation and non-carbonated zones in AACM and PC concrete 

Fig. 5 shows that the depths of  carbonation front which occurred at the two opposite faces exposed to 
CO2 while the other opposite two faces coated with bitumen paint have insignificant carbonation front. 
This shows that the bitumen paint is an effective barrier to CO2 diffusion in concrete. The presence of  
optimum moisture content and CO2 within the concrete matrix resulted in the decalcification of  the Ca-rich 
gel binder within the concrete matrix.

Increase in the depth of  carbonation is observed in AACM concrete than the control PC concrete as shown 
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in Fig. 5. The average carbonation depth in AACM 1, 2 and 3 are 25.19, 26.75 and 29.25mm respectively 
while it is 14.13mm for PC concrete after 327days exposure. 

Increase in the depth of  carbonation was observed for water-glass activated slag mortar [21]. The author 
[21] observed a much deeper and intense carbonation between 28 and 120 days while moderate increase 
in the carbonation depth was observed between 120 and 240 days.  The specimens were cured in a closed 
chamber containing K2CO3 solution, kept at a relative humidity of  43.2%. The chamber was saturated with 
CO2 twice daily with unknown concentration of  the CO2.

3.2 pH of  carbonated zone
The pH of  the powder solutions extracted from AACM and PC concrete and mortar at the carbonated 
zones is shown in Fig. 6. 

Fig. 6: pH of  AACM and PC powder solutions after 327days exposure to 5% CO2.

The pH of  the concrete powder solutions at the carbonated zones of  AACM 1, 2, 3 and PC concrete are 
above the carbonated threshold of  9 as shown in Fig. 6. The pH values are 10.62, 10.46, 10.37, 10.25 and 
9.56 for AACM 1, 2, 3 and PC concrete respectively. The pH of  the mortar solution is also greater than 
the threshold value of  9 for all AACM mixes whereas the PC mortar has a pH value significantly lower 
than the threshold of  9. The high pH exceeding the carbonation threshold in AACM mortar solution is 
an indication that the phenolphthalein indicator method fails to detect carbonation in AACM concrete 
compared with PC concrete having pH of  8.69. The phenolphthalein indicator method produces no colour 
change when the pH of  the pore solution is about 9 for PC concrete at the carbonated zone. However, in 
the case of  AACM the phenolphthalein indicator method show no colour change when the pH of  pore 
solution is above 10 at the carbonated zone (Fig. 6). The colourless change at the carbonated zone indicates 
the absence of  Ca(OH)2 [16]. Since Ca(OH)2 is absent from the AACM pore solution, an alternative method 
besides using the phenolphthalein indicator method for assessing the carbonation in AACM is required. 

The pH of  mortar solutions at the carbonated zones for both AACM and PC are lower than that of  the 
concrete. The pH of  the mortar solutions of  AACM 1, 2, 3 and PC at the carbonated zones are 10.33, 
10.02, 10.1, 10.05 and 8.69 respectively. The difference in their solution pH is due to the release of  alkaline 
content by the aggregate present in the concrete. PC concrete which had the highest aggregate content of  
70.4% compared with 63% for AACM (Table 1) shows the highest pH difference between the solution 
extracted from concrete powder and mortar powder. The differences in pH between concrete and mortar 
for AACM 1, 2, 3 and PC concrete are 4.2%, 2.6%, 1.95% and 9.1% respectively.
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3.3 Activator Dilution

The influence of  activator dilution on the pH of  powder solution from AACM concrete and mortar at the 
carbonated zones is shown in Fig 7.

 

Fig. 7: Inf luence of  activator on the pH of  AACM concrete and mortar solutions at carbonated 
zones

The difference in the pH of  solutions extracted from AACM concrete and mortar powder at the carbonated 
zones is fairly constant at different activator dilution (Fig. 7). This is because the aggregate content of  
63% is constant in AACM 1, 2 and 3 mixes are the same (Table 1). The release of  alkaline content by 
the aggregate present in the AACM 1, 2 and 3 accounts for the increase in the pH of  solutions extracted 
from the AACM mortar. On the other hand, carbonation reacts chemically with AACM mortar while 
the aggregate in the concrete will influence the diffusion rate of  CO2 and moisture due to the interfacial 
transition zones around the aggregate. 

The pH of  solutions extracted from AACM concrete and mortar powders is highest at the lowest activator 
dilution (Fig. 7). The differences in the pH of  AACM concrete and mortar solutions for different activator 
dilution are attributed to their porosity [3] which affected the rate of  carbonation. AACM with 0% activator 
dilution has the lowest porosity of  4.64%, followed by 3.88% activator dilution  which has 6.67% porosity 
while 7.76% activator dilution has the highest porosity of  7.71% under 3days wet curing (20 ± 20C) following 
24days dry curing (20 ± 20C, 65% R.H) [3]. The corresponding pH values of  AACM concrete are 10.46, 
10.3 and 10.25. The other factor influencing the difference in pH in both AACM concrete and mortar 
solutions is the aggregate content. Yinghong [22] studied the leaching of  alkali content of  an open graded 
recycled coarse aggregate and the adverse effect of  carbonation on the pore solution. The author [22] 
observed an increased pH of  the pore solution due to leaching of  alkali content from the recycled coarse 
aggregate. The alkali content of  the recycled coarse aggregate is consumed during carbonation. However 
the release of  pH-dependent constituents that cause the drop in pH is delayed by the dense structure of  
concrete [22]. AACM represented in Fig 7 is denser at 0% activator dilution than at 7.76% activator dilution, 
which is the reason for the differences between the pH of  concrete solution and mortar solution at higher 
and lower activator dilution. 

3.4 Relationship between carbonation depth and porosity
The relationship between carbonation depth at 327days exposure to 5% CO2 and effective porosity of  
AACM 1, 2 and 3 mixes at 28 days is shown in Fig 8.  Details of  the pore properties and the effective 
porosity of  AACM mortar mixes are reported in the authors’ previous publication [3]. The following linear 
relationship is established between the effective porosity and the depth of  carbonation with a correlation 
of  0.98:
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Fig. 8: The relationship between depth of  carbonation dk and effective porosity of  AACM concrete

dk = 0.5929(P) + 1.2806 with R2 = 0.98. 
where; dk is the depth of  carbonation (mm) and P is the effective porosity (%). 

The depth of  carbonation increases with greater porosity. Concrete diffusivity which is a function of  
porosity is a major controlling factor for carbonation [16]. The ingress of  CO2 and moisture from the 
environment into the concrete is inhibited by decreasing porosity. The carbonation process is complicated 
because it involves the transport of  liquid and gas which cannot be represented simply with Fick’s law [23]. 
Lagerblad [11] stated that it is difficult to apply the Fick’s law equation because of  the simultaneous inward 
and outward diffusions involving carbonate and calcium ions. The pore structure is altered during the inward 
and outward diffusions involving carbonate ions and calcium ions by reacting with the concrete matrix. For 
PC concrete, a dense pore structure evolves as the outward diffusion of  CaCO3 forms precipitates that 
block the concrete pores. In the case of  AACM, the calcium ions from the geopolymerization products 
disintegrate by a process termed decalcification and diffuse outward into the environment. Whilst the 
chemical compound (CaCO3) formed during carbonation in PC concrete blocks the pores, the disintegration 
of  calcium ion due to decalcification in AACM concrete enlarges the pores. 

4. Conclusions

This paper investigates the suitability of  using phenolphthalein indicator method to determine carbonation 
front in alkali activated concrete AACM. Twenty-four AACM and PC concrete were produced and cured in 
water (20 ± 20C) for 27days and then in laboratory air (20 ± 20C, 65% R.H) for 42days. These specimens were 
exposed to 5% CO2 inside a carbonation chamber at 20 ± 20C and 65% R.H for 327days. Phenolphthalein 
indicator method was used to determine carbonation front of  the AACM and PC concrete specimens. 
Powder samples were collected from the carbonated zones and their pH was determined. The following 
conclusions can be drawn from the study.

• The pH of  mortar solutions at the carbonated zones for alkali activated cementitious materials (AACM) 
concrete is greater than the threshold of  9 while the corresponding PC mortar is below 9. For example, 
the pH of  mortar solutions of  AACM 1, 2, 3 and PC at the carbonated zones are 10.33, 10.02, 10.1, 
10.05 and 8.69 respectively. This suggests that the application of  phenolphthalein solution on faces of  
AACM produces pH higher than 9. The phenolphthalein method of  determining the carbonation in 
AACM does not give a true representation and may not be an appropriate method for investigating the 
carbonation depth.

• The release of  alkaline content by the coarse aggregate present in the AACM and PC concrete results 
in higher pH in concrete than the mortar excluding the coarse aggregate particles. The difference is 
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greater with increasing coarse aggregate content.

• Activator dilution with water increases the pH of  carbonated AACMs (mortar and concrete). The 
porosity of  AACMs also increases with activator dilution as they both provides a linear relationship 
between the two parameters. For example, AACM with 0% dilution has the lowest porosity of  4.64%, 
followed by 3.88% activator dilution which has 6.67% porosity while 7.76% activator dilution has the 
highest porosity of  7.71% under 3days wet curing (20 ± 20C) and 24days dry curing (20 ± 20C, 65% 
R.H). The corresponding pHs of  AACM are 10.46, 10.3 and 10.25.

• The relationships between porosity and depth of  carbonation in AACM concrete is as follows: 

dk = 0.5929(P) + 1.2806 with R2 = 0.98. 

where; dk is the depth of  carbonation (mm) and P is the effective porosity (%).
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Abstract

The feasibility of  using red mud as alkali source in alkali-activated fly ash and cement based binary binder 
for controlled low strength material (CLSM) is investigated. The red mud contains NaOH and Na2CO3  
that can be used as the alkali source. The incorporation of  red mud increases the pH of  pore solutions 
in the mixtures by the direct dissolution of  NaOH and the reaction of  Na2CO3 with portlandite released 
from the cement hydration. The increased pH accelerates the hydration of  the fly ash cement binary binder, 
contributing to the strength development. The red mud also act as micro-filler that refines the pore structure, 
reducing the amount of  harmful pores. The mechanical performance is promoted after incorporating red 
mud, which is mainly attributed to the accelerated hydration of  the fly ash cement binary binder and the 
refinement of  red mud on the pore structure.

Keywords: Red mud; alkali source; fly ash-cement blends; controlled low strength materials.




