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A B S T R A C T   

Ground granulated blast furnace slag (GGBS) is an important supplementary cementitious material (SCM) for 
producing low carbon and durable concrete. There are however questions around the early age reactivity of 
GGBS and the factors that influence this. To elucidate the fundamental mechanisms controlling the early age 
reactivity and particularly the influence of anionic species, simplified systems comprising GGBS and calcium 
hydroxide were examined in the presence of limestone, anhydrite, or both at 4:1 SCM-to-activator ratio. Lime-
stone and GGBS were considered as SCMs, but calcium hydroxide and anhydrite were considered as activators. 
Multiple techniques, including isothermal calorimetry, thermogravimetry, X-ray diffraction, electron micro-
scopy, mass balance calculation and mercury intrusion porosimetry were used to study hydration and micro-
structure. The results show that GGBS hydration commences immediately in the alkaline media provided by 
calcium hydroxide. Sulphates and limestone influence hydration through reactions with aluminates to form 
ettringite and carboaluminates, but prevalence of macro-capillary pores in sulphate containing binders sustains 
diffusion-controlled hydration. Consequently, optimization of the alumina to sulphate and carbonate ratios is 
essential for exploiting the pore solution and space filling effects in composite cements.   

Introduction 

The reactivity of supplementary cementitious materials e.g., GGBS is 
an important step for optimizing their contribution, as well as predicting 
the evolution of phase assemblages and performance of low carbon ce-
ments. Previous studies [1–3] have reported extensively on the physical 
and chemical factors which influence reactivity of GGBS-based com-
posite cements. In these cements, grinding the clinker or GGBS finer 
helps to improve early-age reactions by increasing the surface area 
available for hydration [4,5]. However, in the long-term the clinker 
fineness seems to have a limited impact [6] whilst GGBS is also harder to 
grind and hence, the associated benefits do not always justify finer 
grinding. Consequently, the mechanical route to improving the reac-
tivity of slag is constrained. 

The reactivity of GGBS strongly depends on its chemical composi-
tion, glassy phase content and conditions of the reacting medium e.g., 

pH, temperature etc. Parametric studies on GGBS/calcium hydroxide 
with or without sulphate systems have shown enhanced GGBS reactivity 
at higher calcium hydroxide (CH) content and further reactivity with 
sulphate [7,8]. Several authors have also studied the impact of chemical 
compositions on the reactivity of slag [9–15]. This is enhanced with 
increasing magnesium oxide [16] and alumina oxide [14,17,18] con-
tents. Meanwhile, in high alumina slag cements, the alumina concen-
tration in the pore solution is increased, which is incorporated into the 
calcium silicate hydrate (C-S-H) and hydrotalcite [14]. However, in the 
presence of secondary anionic species such as sulphates and calcite, 
alumina containing phase assemblages including ettringite and car-
boaluminates are formed instead [10,19], reducing the alumina incor-
poration into the C-S-H. Some studies [12,20] have shown improved 
silicate dissolution, including slag, at lower alumina levels in the pore 
solution, but recent studies have also highlighted the important role of 
calcium activity [13,21]. Therefore, the drivers for the advantageous 
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effects of alumina and magnesium on slag dissolution seem to arise from 
the uptake of alumina into hydrates [19] and the distribution of hydrates 
[10,22], which brings into question the role of anionic species in the 
pore solution. 

GGBS in composite cements generally hydrates at a much slower rate 
compared to cement clinker [23,24]. At early stages of hydration, slag 
exerts a filler effect by providing nucleation sites and increasing the 
effective water available for clinker hydration [3,25]. Not only does the 
accelerated clinker hydration lead to formation of more calcium hy-
droxide and C-S-H, but it also increases the dominance of alkalis in the 
pore solution. This raises the pH and thus provides the alkaline medium 
necessary for slag hydration. It may therefore seem that the limiting step 
for slag hydration is the availability of hydroxyl ions near the reacting 
surface. This hypothesis seems valid as long as kinetics are controlled by 
the GGBS dissolution rate. However, at longer hydration times, where 
kinetics become transport-controlled [21,26], the nature of hydrates 
surrounding the slag particles may play a critical role in controlling 
reactivity. 

Several mechanisms regarding the role of aluminosilicate dissolution 
have been postulated elsewhere [20,27–29]. Oelkers et al. [28] and 
other authors [29,30] have suggested a surface desorption mechanism 
where an alumina deficiency weakens the alumino-silicate structure, 
promoting silicate dissolution. An interface-limited mechanism has also 
been suggested elsewhere [27]. Both mechanisms very much depend on 
the concentration of the dissolved species as well as the nature and 
distribution of the reaction products. For example, Berg and Banwart 
[30] found direct correlation between carbonate ion concentration and 
the rate of aluminium release. A similar effect for sulphate was observed 
in our previous study [31], where the calcium and sulphate concentra-
tions in the pore solution decreased sharply after 24 h while that of 
aluminium increased. However, the reaction products of carbonates and 
sulphates differ in aluminium uptake capacity [32,33] and densities 
[34] and can be modified by anions in the pore solution [12,35–38]. This 
is particularly true of the AFm phases, precipitation of which is required 
to maintain ionic balance in the pore solution, and consequently to 
dissolution of constituents. The objective of the present paper is to 
clarify the mechanism through which anionic species in the pore solu-
tion of composite cements including carbonates, sulphates or their 
combination influence the reaction of GGBS. 

Experimental details 

Materials 

The binders investigated were prepared from commercial grade 
GGBS (supplied by Heidelberg Materials) and calcium hydroxide pow-
der (purchased from Fischer Scientific) mixed with either limestone, 
natural anhydrite, or both. The chemical compositions and specific 
surface areas of the materials, as determined by x-ray fluorescence (XRF) 
and Blaine measurements respectively, are shown in Table 1. The 
mineralogical composition of the materials is shown in Table 2. The 
particle size distributions of the constituent materials, measured by laser 
granulometry, are shown in Fig. 1 and the mix proportions are detailed 
in Table 3. Finally, DTA curves confirming purity of limestone, calcium 
hydroxide and anhydrite used in the present study alongside with 
devitrification of slag at high temperatures, indicative of glassy phase 
transitions are shown in Fig. 2. The soluble anhydrite endotherm at 
130 ◦C, γ-CaSO4 is noteworthy and this will be used to follow its 

consumption as it transitions into β-CaSO4 with increasing temperature 
[39]. In designing the mixes, limestone partly substituted for slag while 
anhydrite partly replaced calcium hydroxide as an activator. Conse-
quently, a constant activator (i.e., calcium hydroxide and anhydrite) to 
SCM ratio (i.e., GGBS, and limestone where applicable) was maintained 
at 1:4. This was chosen to mimic early age composition in blended ce-
ments with up to 50% clinker replacement [40], being consistent with 
those reported elsewhere e.g., [41,42] but lower than for the R3 test 
[43]. 

Methods 

The constituent materials were weighed and homogenized in a lab-
oratory ball mill for at least 3 h using polymer balls to prevent further 
grinding. Paste samples were prepared at 0.5 water/solid (w/s) ratio, 
corresponding to typical water/binder ratios for cement paste, and 
mixing performed on a vortex mixer for 2 min. Isothermal conduction 
calorimetry, x-ray powder diffraction (XRD), thermogravimetric anal-
ysis (TGA), SEM/EDX and MIP were combined to investigate kinetics, 
phase assemblages and the pore structure. 

Isothermal calorimetry was conducted on 9 g paste samples and the 
heat of reaction was continuously measured for 7 days at 20 ◦C using an 
8-channel TAM Air calorimeter. Reference channels were filled with 
ampoules containing 6 g of quartz mixed with 3 g of deionized water. 

Samples for microanalysis were cast into 10 ml plastic vials, sealed 
and rotated for the first 24 h to prevent bleeding. Whilst still under 
sealed conditions, the samples were stored in a water bath until testing. 
XRD scans were performed on freshly ground samples aged 0.5 to 28 
days without hydration stopping after covering with Kapton film to 
prevent drying and carbonation during the data acquisition. For TGA 
and MIP, the specimens were hydration stopped by the double solvent 
change technique [35]. The solvent exchange regime involved grinding 
in IPA for 20 min and filtering off the IPA under gravity in a glovebox 
which was kept free of CO2 by purging with nitrogen gas. The residue 
was rinsed in diethyl ether before drying at 40 ◦C on a pre-heated glass 
plate for 20 min. Following hydration stopping, samples were stored in 
mini-grip bags in a glovebox until analysis. 

XRD data were acquired on a PANalytical MPD Pro-using a CuKα 
anode operating at 40 kV and 40 mA, over a range of 5–80◦2θ. The step 
size was 0.334◦2θ and 0.06 s per step, using the scanning X’Celerator 
detector. Automatic incident divergence and fixed anti-scatter slits were 
used together with a 10 mm incident beam mask. The continuous scan 
mode was adopted for all data acquisition. Following, the data was 
analysed on TOPAS Academic software v4.2. A first order Chebyshev 
polynomial background function was adopted for modelling and cali-
brating the GGBS PONKCS phase. The fundamental parameter approach 
was used to model the slag phase. Details of the calibration of the slag 
phase and validation of the model are described elsewhere [40]. This 
PONKCS phase was subsequently implemented in the Rietveld refine-
ment to determine the residual slag content as well as crystalline hy-
dration products. 

TGA was carried out under nitrogen on 16–18 mg of additionally 
ground powder sample using a Stanton 780 Series Analyser. The heating 
range was 20–1000 ◦C at a rate of 20 ◦C/min. The bound water contents 
were computed as the percentage weight loss between 50 and 400 ◦C 
according to Eq. (1). 

Table 1 
Oxide composition of raw materials (% weight).  

Composition SiO2 Al2O3 MgO CaO K2O Fe2O3 SO3 LOI Blaine (kg/m2) 

Slag [S] 34.87 11.62 5.82 41.82 0.47 0.45 3.13 1.13 454 
Limestone [L] 2.00 0.08 0.64 53.13 0.10 0.32 0.07 42.3 328 
Anhydrite [s] 2.04 0.60 1.45 38.32 0.16 0.23 52.24 3.68 472  
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Wn =
M50 0C − M400 0C

M400 0C
∗ 100 (1)  

where, Wn is bound water content, M50 0C is ignited weight at 50 ⁰C, 
M4000C is ignited weight at 400 ⁰C. 

The range was chosen to exclude the water contained in calcium 
hydroxide, which was a reactant in this case. Calcium hydroxide 
decomposition commenced at 400 ◦C in all the investigated mixes hence 
an upper limit of 400 ◦C for the bound water calculations. This assures 
internal consistency of the systems investigated. Similarly, calcium hy-
droxide consumption was calculated from the residual content using the 
tangent method in the 400 – 500 ⁰C range. 

Samples for SEM were 2 mm thick discs, which were hydration 
stopped by freeze-drying following the protocol in [14]. This comprised 
immersion of specimens in liquid nitrogen before placing in the 
freeze-dryer until constant mass. After hydration stopping, samples were 
resin impregnated and polished down to 0.25 μm using a combination of 
silicon carbide abrasive cloths with diamond paste. Images were ac-
quired in backscattered electron mode using a Zeiss EVO MA15 equip-
ped with an 80 mm detector. The instrument was operated at 15 kV 
accelerating voltage. EDX point analysis was also performed to deter-
mine composition of the hydrated matrix. 

Ternary phase diagram calculations were used to predict stable 
phase assemblages and their contents after 28d hydration as means of 
validating the QXRD/ PONKCS results. The methodology according to 
Herfort and Lothenbach [44] was employed, taking into account the 
bulk composition of constituent materials based on XRF and degree of 
reaction after 28 days from QXRD/PONKCS. This was particularly 
important for evaluating the poorly crystalline assemblages that may not 
be accurately quantified from Rietveld refinement. 

MIP measurements were performed on 1 – 2 mm thick crushed hy-
drated cement samples using a Micromeritics AutoPore IV 9500 with a 
maximum pressure of 228 MPa. The principle of MIP is based on the 
Washburn’s Eq. (2), which expresses the applied pressure, Pc, for mer-
cury intrusion into a cylindrical tube as a function of the entrance pore 
diameter, d. 

Pc =
− 4γCosθ

d
(2)  

where θ is the contact angle between the liquid mercury and the solid 
surface (140◦ is used) and γ is the mercury surface tension (0.484 N/m). 
The pore structure was characterised in terms of the pore distribution 
and the total pore volume. 

Results 

Kinetics of hydration 

The heat flow normalised to the GGBS content is shown in Fig. 3a. 
There is the immediate onset of GGBS reaction in the alkaline medium. 
The heat profiles showed an induction, acceleration, deceleration, and 
steady state reactions similar to clinker-based systems. The heat flow 
curve is characterised by the main reaction peak and a shoulder, 
attributable to slag dissolution and precipitation of hydrates respec-
tively. Onset of the acceleration phase was faster in the mixes containing 
limestone (see the insert in Fig. 3a). The slope of the acceleration stage 
was similar in all mixes, but slightly offset in the mix S-P-20 L and to a 
smaller extent the S-P-5s-5 L. In the presence of limestone without sul-
phates, a slight hump was noticed after ~2 h and the slope was less steep 

Table 2 
Mineralogical composition of supplementary materials (% weight).  

Material/Phase Calcite Portlandite Quartz Anhydrite Amorphous Others 

Slag (S) 2.4  0.1 – 97.5  
Calcium hydroxide (P) 1.2 98.2    0.6 
Limestone (L) 99.6  0.4 – –  
Anhydrite (s) –  1.02 98.98 –   

Fig. 1. Particle size distribution of constituent materials.  

Table 3 
Composition of mixes investigated (%).  

Mix designation GGBS Calcium hydroxide Limestone Anhydrite Water Volume fraction of slag (%) Calcium hydroxide/ GGBS 

S-P 80 20 – – 50 53.3 0.25 
S-P-5s 80 15 – 5 50 53.3 0.19 
S-P-20L 60 20 20 – 50 40 0.33 
S-P-5L-5s 75 15 5 5 50 50 0.2  

Fig. 2. DTA trace of slag, anhydrite, and limestone. 
CH: calcium hydroxide; Cc: calcite. 
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compared to only sulphate or limestone with sulphate. However, 
occurrence of the main reaction peak was less sensitive to the anionic 
species except in its intensity. The intensity was higher in the mixes 
containing limestone and sulphates compared to the control mix (S-P). 
The effect of combined carbonate and sulphate therefore appears to be 
cumulative. 

Anhydrite and limestone modified the shoulder to the main reaction 
peak differently as did their combination. In the S-P mix, the shoulder 
was not discernible from the main peak whilst the overall reaction heat 
was much lower (Fig. 3b). Meanwhile, the main peak occurred around 
the same time (~18 h) in the mixes containing anhydrite, limestone, or 
both, but the cumulative heat profile was sensitive to the additions. The 
sulphate-containing mixes showed higher intensity, plausibly linked to 
the enhanced slag dissolution. The deceleration slope after the shoulder 
was steeper in the sulphate-containing mixes, suggestive of solid cal-
cium sulphate depletion in the pore solution and rapid precipitation of 
ettringite [36,45]. The results reveal accelerated depletion of sulphates 
and precipitation of ettringite in the presence of limestone. It is note-
worthy that, despite having a lower heat intensity, reaction of the mix 
containing only limestone evolved comparable heat to the other sul-
phates mixes with or without limestone after ~1.5 days, leading to an 
overall higher cumulative heat than those containing sulphates (Fig. 3b) 
by 7 days. 

XRD signals showing kinetics of calcium hydroxide, sulphate and 
limestone consumption up to 28 days of hydration are shown in Fig. 4. 
Here only reflections for the phases mentioned above have been shown 
for clarity. From the main reflections at ~18.1 and 34.2 ◦2θ, calcium 

hydroxide was still present in all mixes after 28 days but its consumption 
was more gradual in the mixes S-P and S-P-20 L compared to the mixes 
that contained sulphates with or without limestone. Meanwhile, crys-
talline anhydrite (25.5 ◦2θ) was depleted by 1d in the mix that contained 
limestone and sulphate whilst a noticeable reflection was still present in 
the mix without limestone (S-P-5s) even after 2 days. These observations 
are consistent with the calorimetry data, which revealed faster decel-
eration once anhydrite was depleted. 

The derivative thermogravimetric (DTG) plots in Fig. 5a and 5b show 
water loss associated with the C-A-S-H phase in all mixes, plus ettringite 
in the sulphate-containing mixes. The mass loss in this region (20 – 
150 ◦C) was comparable in the mixes S-P and S-P-20L, being approxi-
mately 2.3 and 2.17% respectively, but exceeded 5% in the sulphate- 
containing mixes, and increased slightly further when limestone was 
also present. Meanwhile, from the thermal transitions of anhydrite, 
Fig. 5a also confirms its persistence in the mix that contained 5% 
anhydrite, but depletion in the composite anhydrite and limestone mix 
after 1d. These observations imply that the synergy between sulphates 
and calcium carbonate did not only accelerate consumption of sulphates 
but precipitated phase assemblages too. 

The endotherms associated with calcium hydroxide and calcite 
decreased with time (Fig. 5a and 5b), indicative of continuing reaction 
which led to increased contents of C-A-S-H, ettringite, carboaluminates 
and hydrotalcite. Limestone appeared to have had no measurable in-
fluence on the C-A-S-H and ettringite endotherms in the sulphate- 
containing systems. Similarly, in the mixes without added anhydrite, 
limestone did not influence the C-A-S-H and ettringite endotherms 

Fig. 3. Heat of reaction of mixes showing the effect of anionic species on reaction of GGBS (a) heat flow, insert shows the onset of acceleration phase of hydration; 
and (b) cumulative heat as measured by isothermal calorimetry. S: GGBS, P: Calcium hydroxide, L: limestone, s: anhydrite. 

Fig. 4. X-ray diffraction patterns showing consumption of calcium hydroxide (CH), limestone (Cc) and anhydrite(s) in the investigated mixes up for the first 2 days of 
reaction. 
Note: Q is trace of quartz in the GGBS. 
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significantly; instead, an AFm phase was formed with or without lime-
stone. The formation of such a phase in mix S-P could be due to traces of 
calcite in the GGBS and or calcium hydroxide as can be seen from the 
DTA in Fig. 2 or formation of sulphate-bearing AFm in the 5% sulphate 
mix (i.e., S-P-5s). In the mix S-P, without limestone and sulphates, a 
hydrotalcite phase evident from an endotherm at about 350 ◦C was 
observed from 2 days onwards. The signal was weaker in the mixes 
containing sulphates and limestone after 1 day, but it was conspicuous in 
all mixes after 28 days. 

Though the added limestone (in S-P vs. S-P-20L and S-P-5s vs. S-P-5L- 
5s) did not lead to new DTG identifiable phase assemblages, one must 
recognize that it replaced 20 and 5% of GGBS respectively. Therefore, its 
effect on the increased volume of phase assemblages is noteworthy and 
consistent with the cumulative heat in Fig. 2. 

Microstructure evolution 

Phase assemblages and distribution 
The stable phase assemblages predicted from mass balance calcula-

tions are shown in Fig. 6. Note that the reactants including GGBS, 
limestone and free water have been excluded from the plot for clarity. 
Hydrotalcite and C-A-S-H are predicted in all mixes, whilst hemi- or 
monocarboaluminates formed from the trace calcite in the slag and from 
the additionally added limestone. The additional limestone however, 
stabilized mono- over hemicarboaluminate, but the continual presence 
of sulphates hindered calcite reaction and hence carboaluminate for-
mation. Meanwhile, ettringite only formed in the presence of anhydrite, 

which suggests that sulphides in the GGBS did not contribute to ettrin-
gite formation in these systems. Fig. 5 confirmed the predicted phase 
assemblages and their variation as a function of the anionic species 
present in the matrix. 

The above predicted phase assemblages and their distribution in the 
reacting matrix characterised the microstructures. Illustrative back-
scattered SEM images of the binders recorded after 1 and 28 days of 
reaction are shown in Fig. 7 (a–h). 

After 1-day, porous microstructures comprising unreacted slag and 
calcium hydroxide, together with some hydration products, were 
observed in all mixes. The nature of the reaction products and their 
distribution however depended strongly on the mix composition. In the 
mix containing slag and calcium hydroxide only (S-P in Fig. 7 (a and b), 
C-A-S-H was observed to precipitate around the reacting GGBS grains. 
Progressive hydration increased the size of the hydrates such that after 
28 days, a thick layer can be noticed around individual GGBS particles, 
with pockets of pores between adjacent rims. 

In the mix, S-P-5s where 5% anhydrite was added, ettringite was the 
dominant product after 1 day. The crystals however precipitated in the 
voids away from the GGBS particles, as can be seen from Fig. 7 (c and d). 
As hydration progressed, the reaction products filled the spaces around 
the needle-like ettringite. The rims around GGBS particles, as observed 
in the mix S-P, were not very clear in the presence of sulphates; instead, 
intermixing of C-A-S-H and ettringite was observed. In the presence of 
limestone, Fig. 7 (e and f) show hydrates in the spaces between the GGBS 
particles rather than around them. By 28 days, a much more compact 
and less porous microstructure was noticed around the limestone par-
ticles. Rims around the GGBS particles were not as distinct as observed 
in the mix S-P. When limestone and anhydrite were present, see Fig. 7 (g 
and h), the microstructure after 1 day was dominated by ettringite. 

Here ettringite appeared to form away from the GGBS particles, as 
was the case in the mix S-P-5s. Moreover, the capillary pores after 1 day 
(as noticeable from Fig. 7g), was much lower compared to the mixes 
with either anhydrite or limestone only (i.e., Fig. 7a and 7c). By 28 days, 
the microstructure was a mixture of ettringite, C-A-S-H and AFm phases. 
Their distribution had attributes of the S-P-5 s and S-P-20 L micro-
structures, in terms of the needle-like features and denser hydrates. 
Additionally, a dark rim could be seen around the limestone particle, as 
shown in Fig. 7h, suggestive of calcite consumption. The consumption of 
calcium hydroxide and calcite with the formation of the reaction prod-
ucts is consistent with the calorimetry and XRD data. 

Calcium aluminosilicate hydrates and ettringite identified in Fig. 5 
were not the only hydrates, carboaluminates and hydrotalcite also 
formed. Their evolution as determined from XRD is shown in Fig. 8. 
Ettringite, hemi-carboaluminates and hydrotalcite were observed as the 
main crystalline reaction products with their contents increasing with 

Fig. 5. Thermal analysis of investigated mixes plotted in terms of DTG curves after reacting for (a) 1 day and (b) 28 days alongside DTA trace of the as-received 
anhydrite. 
Aft: ettringite; AFm denotes carboaluminates and monosulphoaluminate; Ht: hydrotalcite. 

Fig. 6. Predicted stable phase assemblages formed in the investigated compo-
sitions from mass balance calculations. 
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hydration time as calcium hydroxide was consumed. After 12 h, an 
ettringite reflection was already identified in the sulphate-containing 
mixes (S-P-5 s and S-P-5L-5s), but hemi-carboaluminate was identified 
in the mixes without added sulphate (S-P and S-P-20L). In the blend with 
neither added anhydrite nor limestone, hemi-carboaluminate peaks 
were detected due to the small amount of calcite in the GGBS. However, 
sulphides (present in 3.13% SO3) in the anhydrous GGBS did not oxidise 

and react to form ettringite. Instead, a weak reflection of hydrotalcite 
was noticed alongside carboaluminates from very early age. More hemi- 
carboaluminates formed in the blend containing additional limestone (S- 
P-20L) compared to the mix without added limestone (S-P). Meanwhile, 
in the blend containing both anhydrite and limestone, traces of anhy-
drite persisted up to 1 day (Fig. 4) after which weak reflections of hemi- 
carboaluminate and hydrotalcite were noticed. Comparison with the 

Fig. 7. Nature and distribution of phase assemblages as determined from back scattered SEM. Note: Images were taken at 4000x magnification, resolution 2048 ×
1536 pixels and identified features are marked on the micrograph. 
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mix that contained only limestone suggests retarded calcite dissolution 
in the presence of anhydrite, but without limestone, mono-
sulfoaluminate formed upon anhydrite depletion. Monosulfoaluminate 
precipitation in the absence of limestone has been reported elsewhere 
[32,46], but the impact on crystalline hydrotalcite is reported here for 
the first time. Hydrotalcite was not observed in the sulphate-containing 
blends over the investigated time range. It has been shown elsewhere, 
that calcium hydroxide consumption during the pozzolanic reaction 
could limit hydrotalcite formation [47]. In the results reported here, 
however, excess calcium hydroxide was present whilst aluminium was 
released upon GGBS hydration. Therefore, neither calcium hydroxide 
nor aluminium availability could be considered a limiting factor in 
hydrotalcite formation, but sulphate in the pore solution may be. This 
may arise from competitive adsorption between sulphates and carbon-
ates or loss of crystallinity of the hydrotalcite phase in the presence of 
sulphates. 

Bound water content 
The bound water content is indicative of the degree of reaction. In 

this study, the mixes contained calcium hydroxide as a reactant and 
hence, the bound water content was taken as the ignited weight loss 
between 50 ◦C and 400 ◦C. This range was chosen based on Fig. 5, so that 
water contained in calcium hydroxide was excluded from the bound 
water. Consequently, the results presented in Fig. 9 may not be directly 
comparable to composite cements where calcium hydroxide is a reaction 
product. The presence of sulphates and limestone increased bound water 

content per unit GGBS. However, the impact of limestone was small at 
the early age but became greater over time whilst the combined effect of 
sulphates and limestone resulted in consistently higher bound water 
contents than those obtained from the addition of an individual 
component. 

The hydrates formed in the four systems (Figs. 5 and 7) explain the 
respective bound water contents. C-[A]-S-H, carboaluminate and 
hydrotalcite were the dominant reaction products following GGBS hy-
dration in the absence of sulphate. However, in the sulphate-containing 
mixes, ettringite was formed in addition to C-[A]-S-H and hydrotalcite. 
Ettringite has an intrinsically higher bound water content than C-S-H 
and carboaluminates [32,48], and than hydrotalcite [49]. This explains 
the higher bound water content in the sulphate-containing blends. 

Discussion 

In composite cements, GGBS reacts slowly and at very early ages 
(<7d), some authors [13,50,51] have reported limited reaction, sug-
gesting participation through the physical mechanisms of filler and 
dilution effects [25], which in turn enhance clinker hydration [11]. 
However, analysis of simulated and cement pore solutions [12,52] 
suggests a chemical contribution but this has not been quantified nor the 
effect of secondary anions that are commonly found in composite ce-
ments (sulphates, carbonates and their combinations) elucidated. The 
simplified systems of calcium hydroxide and GGBS provide insight into 
the synergy between limestone and calcium sulphate in modifying early 
age and long-term hydration of GGBS in composite cements. This section 
is focused upon clarifying consumption of the anionic species and how 
they in turn affect GGBS hydration. 

Reaction rates of anhydrite and limestone 

Anhydrite, limestone, or their combination influenced the reaction 
kinetics of the GGBS-calcium hydroxide systems differently. Their 
presence resulted in greater heat evolution (Fig. 3) compared to the 
control GGBS and calcium hydroxide mix. TGA and micro-analysis 
(Figs. 4–8) confirmed continued formation of silicate and aluminate 
bearing phase assemblages over time. In these systems, GGBS was the 
only source of silicon and aluminium and hence precipitation of the 
silicon and aluminium bearing phase assemblages are indicative of 
GGBS dissolution. As shown in Fig. 10(a and b), AFm and ettringite 
contents differed and as did their evolution over time, indicative of 
differences in the dissolution kinetics of the constituents. Elucidating the 
consumption of anhydrite and limestone in these systems is critical for 
understanding how they affected the hydration of GGBS (discussed in 
the next section). 

Fig. 8. XRD plots of the investigated mixes showing the evolution of ettringite, carboaluminates/monosulfoaluminate and hydrotalcite. 
Note: In the S-P and S-P-5 s mixes, the Mc line is for consistency and similarly the Ms in the S-P-20 L sample, rather than showing the presence thereof. 

Fig. 9. Effect of limestone and sulphates on the bound water content in calcium 
hydroxide activated binder, measured by TGA and normalized to the 
GGBS content. 
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Combined limestone and anhydrite addition modified their respec-
tive consumption and the resulting hydrates compared to the mixes that 
contained only one addition. This is demonstrated in the XRD patterns in 
Fig. 4 and from the quantitative analysis shown in Fig. 10. Anhydrite 
retarded limestone dissolution such that, whilst the ~2.4% calcite pre-
sent in the GGBS fully reacted in the sulphate-free control mix, being 
incorporated into hemi-carboaluminate, only a small amount was 
consumed in the mix that contained both anhydrite and limestone. The 
carboaluminate content in the latter was relatively small even after 28 
days of reaction compared to the control. Similarly, in the mix that 
contained 20% limestone, more calcite reacted, resulting in a signifi-
cantly higher carboaluminate content. This implies that dissolved car-
bonates were in part a limiting factor for carboaluminate formation. In 
the control mix (S-P), these dissolved congruently as the GGBS, but the 
lack of competitive anions readily led to carboaluminate formation. 
Conversely, in the presence of limestone, anhydrite consumption was 
accelerated, leading to faster ettringite formation than in the mix con-
taining only anhydrite. Here, depletion of anhydrite destabilized 
ettringite and monosulphoaluminate formed as more GGBS reacted. 
Dissolved carbonates stabilizing ettringite has been extensively reported 
[35,40,46,47]. However, crystalline hydrotalcite reflections (See Fig. 7) 
were less distinct in the sulphate-containing mixes, with or without 
limestone. By virtue of its comparable ionic charge to CO3

2− , SO4
2− should 

not obstruct hydrotalcite formation [38], but hindered calcite solubility 
in the presence of sulphates, ostensibly due to the common ion effect, 
seems to proportionately impede precipitation of hydrotalcite. This in 
part explains the monosulfoaluminate reflection in the mix without 
limestone and the greater calcite consumption in the mix without 
anhydrite. 

Effect of sulphate and carbonate on GGBS dissolution 

From the calorimetry data (Fig. 3), limestone accelerated the silicate 
reaction (in this case GGBS), shortening the induction period, and 
increasing the silicate reaction peak intensity. This effect is consistent 
with the literature [25,40,52]. However, the rate of reaction at the ac-
celeration stage was lower than the control and the sulphate-containing 
mixes. This suggests that enhanced reaction due to nucleation as derived 
from limestone was short-lived and marginally contributed to GGBS 
reaction during the early stages. Anhydrite, despite not accelerating the 
onset of GGBS dissolution as noticed in OPC [35], rather increased the 
reaction rate significantly compared to limestone and similarly 
enhanced the aluminate reaction. Unlike limestone, the role of anhydrite 
was not nucleation induced, but seemed to arise from under-saturation. 
In these systems, calcium availability was not a limiting factor as 

opposed to the systems in [12,16]. It is plausible that rapid precipitation 
of ettringite (Figs. 7 and 8) rendered the pore solution undersaturated 
with respect to aluminium, requiring further dissolution of GGBS to 
maintain charge balance. This hypothesis is in agreement with the data 
reported here and elsewhere [14,23]. 

To evaluate the impact on GGBS hydration, the QXRD/PONKCS 
method and SEM/IA were used to measure the residual GGBS content 
from which the degree of hydration was calculated, and the results 
shown in Fig. 11 together with the residual calcium hydroxide content as 
calculated from TGA. GGBS reacted in all mixes at early ages such that 
the degree of reaction after 12 h ranged between 5 and 10%, depending 
on composition, being greater in the sulphate-containing blends than in 
the blend with limestone only. Although there were differences in re-
action degree up to 1 day, these were small compared to the error 
associated with the QXRD/PONKCS technique. It must be noted how-
ever that accuracy of the QXRD/PONKCS technique can be sensitive to 
sample preparation and in particular the applied hydration stoppage 
technique [53,54]. In the mixtures investigated, w/s ratio was main-
tained at 0.5, and the XRD scans performed on freshly ground samples. 
This meant the total water in the samples rather than bound water was 
accounted for in the mass attenuation coefficient calculation, as imple-
mented elsewhere [55]. Consequently, potential errors arising from 

Fig. 10. Quantitative XRD analysis showing (a) consumption of calcite (dashed lines) and formation of hemicarboaluminate (solid lines) and (b) consumption of 
anhydrite (dashed lines) and ettringite formation (solid lines). 
Note: The GGBS and calcium hydroxide used in this investigation contained 2.4 and 1.2% calcite respectively. 

Fig. 11. Degree of hydration of GGBS as measured by the QXRD/PONKCS and 
SEM/IA methods and the unconsumed calcium hydroxide in the matrix. Note: 
Solid lines and symbols represent degree of hydration of GGBS and dashed lines 
and open symbols for residual calcium hydroxide content. SEM/IA was only 
performed on samples cured for 28 days and error bars of the SEM/IA mea-
surement shown in the figure. The calcium hydroxide content was determined 
from TGA using the tangent method. 
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attenuation cannot be responsible for the observed trends. 
Anhydrite influenced the reaction degree at the early age more 

significantly than did limestone, probably due to greater solubility of 
sulphates than carbonates and resulting undersaturation of aluminium. 

The distinct contribution of the composite anhydrite-limestone mix 
to GGBS hydration became apparent after 1 day. Undersaturation- 
induced GGBS hydration was comparable in the mixes containing just 
anhydrite or limestone. The degree of GGBS hydration was greater in the 
composite anhydrite and limestone mix, but was lowest in the control 
mix, which contained neither. The trends after 7 days are consistent with 
the cumulative heat measured in the samples while the trends in degree 
of hydration after 28 days is consistent between QXRD/PONKCS and 
SEM/IA. Overestimation in the latter is due to resolution of the SEM/IA 
technique. 

Dominance of calcium in the pore solution has been shown to inhibit 
GGBS hydration [12,13,21]. In this case, the pore solution was already 
saturated with calcium hydroxide and more of it remained after 28 days, 
but GGBS continued to hydrate. This means that retarded GGBS disso-
lution due to calcium activity is not supported by the data presented 
here. Instead, a strong dependency on the anionic species in the pore 
solution is plausible. The fact that GGBS hydration was affected differ-
ently by the individual additions and was lowest in the control mix poses 
important questions over the contribution of the pore solution effects 
versus space availability. Deductions can be made about the pore solu-
tion effect from elemental analysis of the hydrated matrix, assuming 
equilibrium with the pore solution. In addition to hydrotalcite, and the 
AFt/AFm assemblages (Figs. 8 and 9), the C-[A]-S-H is the main product 
following GGBS hydration [19,56–59]. However, the aluminium 
bearing phase assemblages and their contents affected the latter’s 
incorporation into the C-[A]-S-H. Consequently, these were analysed for 
each mix after 28 days using SEM/EDX and the results shown in Fig. 12a. 
Intermixing of other hydrates in the C-[A]-S-H couldn’t be ruled out but 
was minimized by performing EDX analysis at 5000x magnification. The 
C-[A]-S-H Ca/Si ratios were highest in the sulphate-containing mixes; 
reducing slightly from 1.47 to 1.44 in the limestone and 
sulphate-containing mixes. Higher Ca/Si ratios compared to the mixes 
without sulphate is suggestive of additional calcium emanating from the 
reaction of anhydrite [19] since less calcium is used to form ettringite 
(~26.8%) than that contained in anhydrite (~38.3%). Elevated sulphate 
absorption into the C-[A]-S-H in the sulphate-containing mixes and 
further in the presence of limestone is noticed in Fig. 12b. 

Similarly, less CaO is contained in carboaluminate (~39.7%) than in 
calcium carbonate (~56%). Therefore, differences in Ca/Si may be 
associated with dissolved silicate contents and also the higher calcium 

concentration in AFm phases compared to ettringite [32]. Comparison 
between the mixes S-P and S-P-20L show slightly higher C-[A]-S-H Ca/Si 
ratio in the presence of limestone than the mix without. It is worth 
noting that both mixes contained 20% calcium hydroxide. Therefore, 
additional calcium from dissolved calcite [25] may also explain the 
higher Ca/Si ratio. 

Additionally, Fig. 12a shows differences in the C-[A]-S-H Al/Si ratios 
in the different mixes. The Al/Si ratio was reduced significantly when 
limestone was added. This is because the aluminium was consumed by 
the formation of carboaluminate phases. In the systems containing sul-
phates, there was less aluminium consumption due to ettringite having a 
lower Al content then carboaluminates [32,33]. 

Implications on the pore structure 

Limited availability of capillary pore water has been suggested 
elsewhere as a possible reason for the retarded hydration of GGBS at 
later ages [13,25,60]. Analysis of the MIP accessible pores supports this 
hypothesis. The backscattered scanning electron images in Fig. 7 
showed precipitation of hydrates (carboaluminates, hydrotalcite and 
C-[A]-S-H) around unreacted GGBS particles in the sulphate-free mixes, 
and the reaction product grew over time. In the sulphate-containing 
mixes however, ettringite seemed to precipitate away from the 

Fig. 12a. Influence of limestone and anhydrite on the (a composition of the C-A-S-H showing the Ca/Si and Al/Si ratios and (b) showing sulphate absorption into the 
C-A-S-H phase due to anionic species in the GGBS-calcium hydroxide mixes. 

Fig. 12b. Influence of limestone and anhydrite on the pore size distribution 
and porosity of GGBS-calcium hydroxide mixes. 
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reacting GGBS grains (see Fig. 6d and 6h). Consequently, 
dissolution-controlled reactions would be sustained over longer period 
in the sulphate-containing mixes as opposed to those in the limestone 
only or the control samples. Moreover, at medium hydration time (e.g. 
28 days) where sufficient hydrates have formed, diffusion of ions would 
be transported more easily through the needle-like ettringite crystals 
compared to hydrotalcite or carboaluminates due to the former being 
less dense [33,34]. This implies that distribution of hydrates around the 
unreacted GGBS is crucial beyond the dissolution-controlled reaction 
stage and thus, early precipitation of ettringite plays an important role 
on medium to long-term reaction of GGBS. An evaluation of the pore size 
distribution as measured by MIP is shown in Fig. 13. One must recognize 
that micropores (i.e., < 5 nm) were not probed due to experimental 
limitation. Notwithstanding, such pores would be dominant in the 
C-[A]-S-H gel, which should not affect GGBS hydration crucially. 
Consistent with the phase assemblage evolution (Figs. 7 and 9), the 
sulphate-containing mixes achieved lower total porosity than the con-
trol mix or in the presence of limestone only. The distribution of the pore 
entry sizes reveals different pore clusters in the binders. Macro-capillary 
pores were prevalent in the presence of sulphates, likely due to ettrin-
gite. Without sulphates, meso pores were dominant regardless of 
whether limestone was present or not. At 0.5 w/b ratio and ~25% 
bound water in these systems (Fig. 9), excess water existed in these 

macro-capillary pores to sustain GGBS hydration. On the contrary, 
without sulphates, although even greater evaporable water was present, 
these would be located in meso pores, possibly remote from reacting 
GGBS grains. As a result, localized oversaturation around GGBS grains 
would develop since the dissolved species are not conducted away from 
the grain to form new hydrates. This could also slow down GGBS 
dissolution. 

Correlation between heat of reaction, bound water and CH consumption 

Correlations between the bound water content, consumed calcium 
hydroxide and heat of reaction up to 7 days were subsequently inves-
tigated and the results shown in Fig. 13 (a and b). Additionally, corre-
lations between degree of reaction of GGBS (DoH), bound water and CH 
consumption are shown in Fig. 13 (c and d). Strong intra-sample cor-
relation was noticed for both the bound water vs. cumulative heat and 
CH consumed vs. cumulative heat plots (see Fig. 13a and b). For a given 
sample, the bound water and CH consumption were proportional to the 
heat of hydration, resulting in a co-efficient of determination (R2) 
greater than 0.8 in all cases. However, when different samples were 
considered at a given age (designated inter-sample) the points were 
scattered and the correlation as fitted with the red lines (solid at 1d, 
dashed at 2d and dashed dot at 7d) were only significant for the bound 

Fig. 13. Correlation test based on: (a) Bound water vs cumulative heat; (b) consumed heat vs cumulative heat measured up to 7d; (c) DoH of Bound water vs GGBS 
and (d) CH consumed vs GGBS. 
Note: Thin lines matching the symbol colour codes indicate intra-sample correlation over the investigated duration; red lines indicate inter-sample correlations where 
solid:1d, dashed:2d and dashed dot:7d; short dashes (in c and d): 28d. Thick light grey lines are inter-sample correlation. 
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water versus cumulative heat at 1 day, with the R2 = 0.85. The inter- 
sample correlations were weaker in the samples older than 1 day 
(Fig. 13a). Similarly, the stronger intra-sample correlation between the 
CH consumption versus cumulative heat notwithstanding, the inter- 
samples’ was extremely weak at all ages, see Fig. 13(b), being incon-
sistent with the R3 test results reported elsewhere [41,43]. Note, the 
CH/SCM ratio in the R3 test can be greater by a factor of ten plus excess 
water in the matrix compared to those reported here. Therefore, the 
observed correlations in this study must be considered in relation to the 
phase assemblages in the various mixes. 

Fig. 13a and 13b show that greater heat of reaction was not always 
associated with higher CH consumption nor more bound water, as was 
the case for mix S-P-20L. This accounted for the scatter in the inter- 
sample correlation plots. Distinct from the plain or sulphate- 
containing samples, the GGBS-limestone sample (S-P-20L) consumed 
less CH and water (bound) per unit GGBS reacted (Fig. 13c and d). Both 
may suggest lower GGBS reactivity and or fewer reaction products. The 
heat flow (Fig. 2), QXRD and SEM measurements (Fig. 11) do not point 
to lower degree of reaction of GGBS in the S-P-20L mix. Indeed, the 
higher CH/GGBS ratio in S-P-20L would be expected to lead to a greater 
reaction degree than the plain mix as was noticed in Fig. 11 and 
consistent with the literature [7]. From the DTG endotherms (Fig. 5), the 
weight of the C-A-S-H phase were comparable between mixes S-P and 
S-P-20L, although about 6% more was predicted in the S-P mix (Fig. 6), 
which is due to the 20% reduction in the reactive component. The lower 
C-A-S-H phase in the S-P-20L can correspondingly reduce bound water. 
However, on the basis of comparable C-A-S-H content, the phase with 
higher Ca/Si (Fig. 12), which is S-P-20L in this case would rather 
incorporate more water into the C-A-S-H phase [61]. 

It has already been established that mix S-P and S-P-20L differed by 
the amount of hemicarboaluminate and its conversion to mono-
carboaluminate (Figs. 8 and 10), the C-A-S-H phase (Fig. 12) and their 
potential variations with time. Analysis of the stoichiometric composi-
tions of the reaction products coupled with the C-A-S-H phase elemental 
ratio from SEM/EDX (Fig. 12) can help to explore the role these exert. In 
Table 4, estimated bound water and calcium (CaO) consumed from the 
CH into each assemblage are presented. The AFm phases contained 
higher water content and consumed more CH than the C-A-S-H phase, 
but the extent clearly depended on the involved phase assemblages. For 
example, in the S-P-20L mix, monocarboaluminate is stabilized by the 
additional calcite, which meant reduction in bound water and CH con-
sumption compared to the S-P mix in which hemicarboaluminate and 
hydrotalcite rather dominated. 

Additional to the AFm phases, the C-A-S-H phase in the S-P-20L mix 
having higher Ca/Si but lower Al/Si ratios also implied lower water 
content of the C-A-S-H, which is contrary to the expected bound water 
increase at higher Ca/Si ratio [61]. However, uncertainties in the EDX 
analysis due to phase intermixing means the slightly lower bound water 
and corresponding increase in CH consumed from the matrix have to be 
considered secondary effects and the deviations in the inter-sample 
correlation attributed to the lower reactive GGBS content. 

Conclusions 

Hydration of GGBSGGBS in simplified systems comprising calcium 
hydroxide, carbonates, sulphates or their combination has been studied 
using a multi-technique approach with a view to clarify the interplay 
between different anionic species in composite cements. There was 
moderate acceleration of GGBS dissolution in the presence of carbonates 
with significant acceleration of the precipitation of aluminate-bearing 
hydration products in the presence of sulphates. In these simplified 
systems, formation of aluminium- and silicate-bearing hydrates at such 
an early stage confirm GGBS reaction. Hydrates comparable to those 
formed in composite cements were noticed, increasing with time and 
consuming calcium hydroxide. The extent of calcium hydroxide con-
sumption and the bound water were strongly affected by carbonates and 

sulphate, which can limit inter-sample comparisons between bound 
water and CH consumption with calorimetry and degree of hydration 
measurements. 

The interplay between sulphates and calcium carbonates, noted from 
the calorimetry reflected also on kinetics of GGBS, anhydrite and lime-
stone dissolution on the one hand and the microstructure. A honeycomb 
microstructure was seen in the sulphate mixes, and much denser in the 
mixes without sulphate. Elemental analysis of the hydration products 
revealed that the sulphate-containing samples attained greater degree of 
GGBS hydration and led to C-A-S-H with a higher calcium to silicate 
ratio. Consequently, calcium activity did not inhibit GGBS hydration as 
suggested in the literature but a combination of anionic species (at early 
age) and macro-capillary pore space did. This is new insight regarding 
the factors controlling reactivity of GGBS in limestone ternary cements. 

In summary, this work has demonstrated that aluminium uptake into 
the C-S-H, ettringite, and AFm phases including carboaluminates, 
monosulphoaluminate, and hydrotalcite plays an important role at the 
dissolution-controlled reaction stage in composite cements. Distribution 
of ettringite promotes macro-capillary pores, which is favourable for 
GGBS hydration. Optimization of the sulphate-limestone contents is thus 
imperative in achieving the balance between the pore solution and 
macro-capillary effect for maximizing SCM reactivity. 
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Table 4 
Estimation of the bound water and CaO consumed from CH per phase assem-
blage in the investigated mixes.  

Phase Phase composition Wn, 
%/ 
phase 

CaO from 
CH, 
%/phase 

Ht Mg3Al(OH)8(CO3)0.5(H2O)2.5 + 4H+ = AlO−
2 +

0.5CO2−
3 + 3Mg2+ + 8.5H2O3(24.3) 

+163+0.5(60) +2.5(18) + 4 = 8.5(18) 

48.6 – 

Hc (CaO)3.5 .(CaCO3)0.5 .Al2O3. (H2O)10.5 + 5H+ =

2AlO−
2 + 0.5CO2−

3 + 4Ca2+ + 13H2O3.5(56) 
+ 0.5(100) +101.96 + 10.5(18) + 5 13(18) 

43.2 36.1 

Mc (CaO)3(CaCO3)Al2O3(H2O)11 + 4H+ =

2AlO−
2 + CO2−

3 + 4Ca2+ + 13H2O3(56) + 100 
+ 101.96 + 11(18) + 4 13(18) 

40.9 29.4 

AFt (CaO)3(CaSO4)3(Al2O3).(H2O)30 + 4H+ =

2AlO−
2 − + 6Ca2+ + 3S|6|O2−

4 + 32H2O3 
(56) + 3(136) + 101.96 + 32(18) + 4 32(18) 

47.1 13.7 

GGBS* Ca1.18SiMg0.2Al0.38 – – 
C-A-S-H 

(Ca/ 
Si=
1.31) 

(CaO)1.31(Al2O3)0.21(SiO2) : 1.625H2O +

3.88H+ = 1.31Ca2+ + 0.21Al3+ + H4SiO4 +

1.565H2O1.31(56) + 0.21(101.96)+60 + 1.65 
(18) + 3.8 1.565(18) 

15.1 3.9 

C-A-S-H 
(Ca/ 
Si=
1.36) 

(CaO)1.36(Al2O3)0.15(SiO2) : 1.625H2O +

3.62H+ = 1.36Ca2+ + 0.15Al3+ + H4SiO4 +

1.435H2O1.31(56) + 0.21(101.96)+60 + 1.65 
(18) + 3.8 1.435(18) 

14 5.5 

C-A-S-H 
(Ca/ 
Si=
1.47) 

(CaO)1.47(Al2O3)0.26(SiO2) : 1.625H2O +

4.5H+ = 1.47Ca2+ + 0.26Al3+ + H4SiO4 +

1.875H2O1.47(56) +0.26(101.96) + 60 +
1.625(18) + 4.5 1.875(18) 

16.7 8.1 

C-A-S-H 
(Ca/ 
Si=
1.44) 

(CaO)1.44(Al2O3)0.11(SiO2) : 1.625H2O +

3.54H+ = 1.44Ca2+ + 0.11Al3+ + H4SiO4 +

1.395H2O1.44(56) +0.11(101.96) + 60 +
1.625(18) + 3.54 1.395(18) 

13.6 7.9  
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