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Abstract: This paper presents a cement hydration model over time using the cemdata07 thermody-

namic database and a series of derived discrete solid phases (DSPs) to represent calcium silicate 

hydrate (C-S-H) as a binary solid solution with two end-members. C-S-H in cement is amorphous 

and poorly crystalline with a range of molar Ca/Si ratios from 0.6 to 1.7. It displays strongly incon-

gruent dissolution behaviour, where the release of calcium into solution is several orders of magni-

tude greater than silicon. It is, therefore, important that any cement hydration model provides a 

credible account of this behaviour. C-S-H has been described in the cemdata07 thermodynamic da-

tabase as a number of solid solutions using different end-members with differing levels of complex-

ity. While solid solutions can be included in most modern geochemical software programs, they 

often lead to a significant increase in computation time. This paper presents how an incongruent 

solid solution between two C-S-H end-members may be represented as a number of DSPs to model 

cement hydration over time using the PHREEQC geochemical software. By using DSPs rather than 

modelling C-S-H as a nonideal solid solution, this gives the user full control of the input for the 

model, reducing the computational demand and analysis time with no loss in accuracy in predicting 

stable-phase assemblages and their associated pore chemistry over time. 

Keywords: cement; hydration; solid solutions; thermodynamics; modelling 

 

1. Introduction 

Predictions of solid hydrate formation and pore solution chemistry over time using 

thermodynamic modelling has been shown to be a reliable method by several authors for 

many cement systems. To simulate hydration using thermodynamics requires descrip-

tions of the solids and dissolved species in the system, along with data on the clinker oxide 

proportions, water/cement (w/c) ratio, curing temperature, relative humidity and Blaine 

fineness of the cement. To accurately model hydration over time, empirical rate equations 

are used to describe the dissolution of OPC clinker phases. Oxide components dissolved 

in the OPC clinker phases, the oversaturation of specific phases during the first 12 h of 

hydration and the release and uptake of alkali elements (K and Na) by C-S-H are also 

believed to produce accurate predictions. 

The widely used and freely available geochemical software PHREEQC has been 

shown by the authors of [1] to be capable of predicting the hydration behaviour of Port-

land cement over time using an appropriate thermodynamic database and the molar re-

action equations for the four main clinker phases alite (Ca3SiO5, C3S), belite (Ca2SiO4, C2S), 

aluminate (Ca3Al2O6, C3A) and aluminoferrite (Ca4Al2Fe3O10, C4AF). PHREEQC employs the 
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law of mass action equations to perform complex geochemical simulations, allowing for the 

inclusion of kinetics and rates, details of which can be found in the literature [2–10]. 

C-S-H in cement is amorphous and poorly crystalline with a range of molar Ca/Si 

ratios between 0.6 and 1.7. It displays strongly incongruent dissolution behaviour, where 

the release of calcium into solution is several orders of magnitude greater than that of 

silicon. It is, therefore, important that any cement hydration model used to predict stable-

phase assemblages, pH and pore chemistries over time employs a suitable C-S-H gel sol-

ubility model to accurately describe its variable composition and solubility behaviour. An 

example of this incongruent dissolution behaviour is given in [11]. 

Solid solutions are homogeneous crystalline structures where one or more compo-

nent can be partly or wholly substituted on specific lattice sites with moieties of equivalent 

charge. If the host and substituting moieties are chemically similar, the formation of an 

ideal solid solution is possible. However, as is often the case, differences are sufficiently 

large enough to cause the formation of a nonideal solid solution, which can be readily 

confirmed by the appearance of a miscibility gap [12]. Solid solutions are of great im-

portance in cement chemistry, where they can be used to describe the strongly incongru-

ent dissolution behaviour of calcium silicate hydrate (C-S-H) gel [13,14], the substitution 

of SiO44− and 4OH− in hydrogarnets [15–17] and the substitution of cationic Al3+ and Fe3+ 

and anionic 2OH−, 2Cl−, SO42− and CO32− components in AFt and AFm minerals [15–17]. 

If the thermodynamic properties of the unsubstituted and pure end-members are 

known, it is possible to calculate a series of DSPs that can be used to provide a credible 

thermodynamic model of cement hydration. Work by [18] demonstrates that DSPs can be 

derived for any ideal or nonideal solid solution. For example, [19] developed a DSP C-S-

H gel solubility model based on two binary, nonideal, solid solutions that yielded satis-

factory predictions of pH, Ca and Si concentrations for molar Ca/Si (C/S) ratios from 0 to 

2.7, the occurrence of portlandite at C/S > 1.65, amorphous silica at C/S < 0.55 and congru-

ent dissolution at C/S = 0.85. Previous work employing the density functional theory (DFT) 

[20,21] developed thermodynamic predictions for silicate hydrates and other chemical sys-

tems and provided accurate predictions of thermochemistry using constitutive models. 

In the current paper, DSPs are derived for the jennite and tobermorite-II C-S-H gel 

solubility models in cemdata07 [7] and used to predict ordinary Portland cement (OPC) 

hydration as a function of time using the geochemical code PHREEQC. The results are 

compared to the experimentally supported GEM predictions from [22] using cemdata07 

to provide comparisons. While a newer version of the cemdata07 database is now availa-

ble [23], and other solid solution models are available, such as CSH-3T and CSHQ [23], 

the cemdata07 database and the jennite and tobermorite-II C-S-H gel solubility models are 

used here to demonstrate the accuracy of the DSP approach and how it can be simply 

applied in PHREEQC to model cement hydration. It is shown how this methodology gives 

the user full control of the input for the model with a faster follow-on analysis time and, 

most importantly, no loss in accuracy in the prediction of phase assemblages and pore 

chemistry as hydration continues. 

2. Derivation of Discrete Solid Phases (DSPs) from Cemdata07 Solid Solution  

End-Members 

The first step in deriving a series of DSPs was defining the pure end-members and their 

thermodynamic properties in terms of Gibbs free energy (G, J/mol), enthalpy (H, J/mol), en-

tropy (S, J/K/mol), heat capacity (Cp, J/K/mol) and molar volume (V, cm3/mol) (see Table 1) 

[7]. These thermodynamic properties could then be used to calculate the solubility constant, 

log K and its variation with temperature for the dissolution reactions of each end-member 

(Table 2). As shown, the end-members were listed in order of increasing solubility and the 

analytical expressions described the variation of log K as a function of temperature (in Kelvin) 

where a, c and d were calculated using Equation (1) as functions of enthalpy (∆rH, J/mol), 

entropy (∆rS, J/K/mol) and heat capacity (∆rCp, J/K/mol) of reaction [7], b, e and f = 0, and T 
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denotes temperature. Each of the end-members shown in Table 2 and their respective analyt-

ical expressions were written directly into PHREEQC to suit its data input syntax. 

log K = a + b · T + c/T + d · log10(T) + e · T−2 + f · T2 (1) 

Table 1. Thermodynamic properties of tobermorite-II and jennite as taken from the cemdata07 da-

tabase [7]. Letters assigned to each end-member are shown in parentheses. 

Component G i H i S ii Cp ii 

Tobermorite-II −1,744,356 −1,915,813.3 80 132.372 

Jennite −2,480,808 −2,723,484.3 140 210.805 

Ca+2 −552,790 −543,069 −56.483997 −30.922515 

SiO2(aq) −833,411 −887,856.17 41.338001 44.465416 

H2O −237,183 −285,881 69.923 75.3605 

H+ 0 0 0 0 
i J/mol. ii J/mol/K. Molar volumes for tobermorite-II and jennite taken as 59 cm3/mol and 78 cm3/mol, 

respectively. 

Table 2. End-members and DSP for the CSH model. 

Phase 

Mole  

Fraction 
DSP Dissolution Reac-

tions 

Log K  

(25 °C) 

Analytical Expression Param-

eters  

(Equation (1)) 

Vol 

(cm3/

mol) 
Xi Xj a C d 

Tober-

morite II 
1 0 

(CaO)0.8333(SiO2)1.0000(

H2O)1.3330 + 1.6666 H+ = 

0.8333 Ca+2 + 2.1663 H2O 

+ 1.0000 SiO2 

11.1373 −13.91062 
3.064440 × 

103 
5.962965 59 

TobJenSS 

CS100 
0.8 0.2 

(CaO)1.0000(SiO2)1.0000(

H2O)1.4864 + 2.0000 H+ = 

1.0000 Ca+2 + 2.4864 H2O 

+ 1.0000 SiO2 

14.5527 −15.22546 
4.186636 × 

103 
6.357638 62.8 

TobJenSS 

CS117 
0.6 0.4 

(CaO)1.1667(SiO2)1.0000(

H2O)1.6398 + 2.3334 H+ = 

1.1667 Ca+2 + 2.8065 H2O 

+ 1.0000 SiO2 

18.1104 −16.39794 
5.308832 × 

103 
6.752311 66.6 

TobJenSS 

CS133 
0.4 0.6 

(CaO)1.3333(SiO2)1.0000(

H2O)1.7932 + 2.6666 H+ = 

1.3333 Ca+2 + 3.1265 H2O 

+ 1.0000 SiO2 

21.7431 −17.49397 
6.426629 × 

103 
7.146450 70.4 

TobJenSS 

CS150 
0.2 0.8 

(CaO)1.5000(SiO2)1.0000(

H2O)1.9466 + 3.0000 H+ = 

1.5000 Ca+2 + 3.4466 H2O 

+ 1.0000 SiO2 

25.4508 −18.51652 
7.548825 × 

103 
7.541123 74.2 

Jennite 0 1 

(CaO)1.6667(SiO2)1.0000(

H2O)2.1000 + 3.3334 H+ = 

1.6667 Ca+2 + 3.7667 H2O 

+ 1.0000 SiO2 

29.3008 −19.39671 
8.671021 × 

103 
7.935796 78 

Next, appropriate mole fractions were chosen to discretise the solid solutions and 

create the series of DSPs. In the current paper, mole fraction increments of 0.2 were used 

to describe the two-end-member CSH model in terms of Xi and Xj, where the sum of the 

mole fractions in each solid solution had to equal one. Using these mole fractions, the solid 
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phase composition (CaO, SiO2, H2O), aqueous reaction components (H+, Ca+2, H2O and 

SiO2(aq)), mass (g/mol) and volume (cm3/mol) were determined for each DSP based on 

the original end-members. The solubility constant was determined for each DSP in the 

CSH model using Equation (2), where Ki and Kj are the log K values of the end-members. 

K = (Ki·Xi)Xi·(Kj·Xj)Xj (2) 

The modelling of OPC hydration required a credible account of the kinetic dissolu-

tion of the clinker phases as a function of time [24], the oversaturation of the precipitating 

hydrate phases during the first 12 h of hydration [25] and the release and uptake of alkali 

metals (K and Na) by the C-S-H gel [26]. To minimise the computing time, all input data 

were defined in an Excel spreadsheet and transferred directly into the PHREEQC input file. 

The above shows how the C-S-H gel’s solubility could be modelled as a series of 

DSPs, which, here, were derived from the jennite and tobermorite-II end-members pro-

vided in the cemdata07 database. However, a solid solution model was not needed to 

model the OPC hydration, which, in fact, only required portlandite and a suitable C-S-H 

gel phase of a fixed calcium to silica (Ca/Si) ratio between 1.6 and 1.8 and a water/Si (H/Si) 

molar ratio between 2.0 and 2.1. In the DSP model presented in [19], these values were 

closely matched by the CSH(165) phase, which had a Ca/S ratio of 1.65 and H/Si ratio of 

2.1167. As shown in Figure 1, the TobJenSS_CS150 DSP was the only one predicting the 

precipitation of the C-S-H gel, which, with a Ca/Si ratio of 1.50 and H/Si ratio of 1.947, was 

not suitable to represent the C-S-H gel in the hydrated OPC. The jennite and tobermorite-

II model should, therefore, only be used in cement blends where lower C/S ratios are pur-

posefully targeted by the addition of supplementary cementitious materials (SCMs). Go-

ing forward, only the TobJenSS_CS150 phase (Table 2) was used in the analysis to repre-

sent the C-S-H gel in the PHREEQC model used here. 

 

Figure 1. Predicted volume of C-S-H precipitated by each DSP. 

Solid solution modelling encompassed all known synthetic ranges of C-S-H gels, 

which, in fact, were only needed if portlandite was lost and the Ca/Si ratio in the C-S-H 

gel was lowered, either by the addition of siliceous SCM or by chemical degradation in in-

creasingly larger volumes of leachate provided by the ingress of groundwater or seawater. 

3. Thermodynamic Modelling of Cement Hydration 

This section described how a full cement hydration simulation could be undertaken 

using PHREEQC after preprocessing/defining the input in Excel and outputting the re-

sults in tabular or graphical formats. The input requirements of the spreadsheet included 

the definition of the cement composition in terms of oxide proportions of SiO2, Al2O3, 

Fe2O3, CaO, MgO, Na2O, K2O, CaO as free lime, CO2, SO3 (%), the w/c ratio (−), curing temper-

ature (°C), relative humidity (%) and Blaine fineness (m2/kg) as per [22] (Table 3). 
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The spreadsheet defined the required input for every time step up to 1000 days hy-

dration as a series of 47 individual solutions. The time intervals used here allowed for the 

simulation to be undertaken in a relatively short time. The output from the full analysis 

could be given in tabular and/or graphical formats. The current output provided included 

volumes and masses of phase assemblages, clinker dissolution and degree of hydration, Ca/Si 

ratios in the C-S-H system, pH, pore solution chemistry and ionic strength after each time step. 

Equilibrium constants at 20 °C were used to describe the dissolution reactions of solid phases 

and the formation reactions of aqueous species/complexes in the analysis [7,22]. 

Table 3. Cement oxide proportions (taken from [20]). 

Oxide Proportions (g/100 g Cement) Phase Compositions (g/100 g Cement) 

OPC Limestone OPC Limestone 

SiO2 20.2 SiO 0.8 C3S 66.5 C3S 64.60 

Al2O3 4.9 Al2O3 0.3 C2S 10.30 C2S 9.30 

Fe2O3 3.2 Fe2O3 0.3 C3A 7.50 C3A 7.40 

CaO 63.9 CaO 55 C4AF 8.50 C4AF 7.80 

MgO 1.8 MgO 1.8 CaO_free 0.93 CaO-free 0.89 

Na2O 0.42 Na2O <0.01 Calcite 0.60 Calcite 4.60 

K2O 0.78 K2O <0.01 Gypsum 3.10 Gypsum 3.00 

CaO-free 0.93 CaO-free <0.01 Periclase 0.90 Periclase 0.90 

CO2 0.26 CO2 42.5 K2SO4 1.30 K2SO4 1.30 

SO3 2.29 SO3 0.05 Na2SO4 0.21 Na2SO4 0.20 

Periclase 0.9 Periclase 0.9 Alkali 

Blaine fineness (m2/kg) K2O 0.05 K2O 0.05 

413 429 Na2O 0.33 Na2O 0.31 

Ignition loss MgO 0.94 MgO 0.87 

0.37 43.4 SO3 0.11 SO3 0.11 

3.1. OPC Clinker Rate Equations 

The dissolution of the four main clinker phases was described with the empirical rate 

equations proposed by [24] and modified by Lothenbach and coworkers [7], using Equations 

(3)–(5) for any specified time step. In this paper, the empirical expressions and the con-

stants used in their approach can be found in Table 3, described by Lothenbach et al. [22]. A 

variable time step was used so that, here, only 47 steps were required to predict the dis-

solution of the four clinker phases for 1000 days of hydration. 

𝑅𝑡 =
𝐾

𝑁
(1 − 𝛼𝑡)(−𝑙𝑛(1 − 𝛼𝑡))

(1−𝑁)
 ∙

𝐴

𝐴0
∙ 𝑒𝑥𝑝 [

𝐸𝑎
𝑚

𝑅
(

1

𝑇
−

1

𝑇0
)] ∙ (

𝑅𝐻 − 0.55

0.45
)

4

∙ 𝑓(
𝑤

𝑐
) (3) 

𝑅𝑡 =
𝐾(1 − 𝛼𝑡)

2

3

1 − (1 − 𝛼𝑡)
1

3

∙ 𝑒𝑥𝑝 [
𝐸𝑎

𝑚

𝑅
(

1

𝑇
−

1

𝑇0
)] ∙ (

𝑅𝐻 − 0.55

0.45
)

4

∙ 𝑓(
𝑤

𝑐
) (4) 

𝑅𝑡 = 𝐾(1 − 𝛼𝑡)𝑁 ∙ 𝑒𝑥𝑝 [
𝐸𝑎

𝑚

𝑅
(

1

𝑇
−

1

𝑇0
)] ∙ (

𝑅𝐻 − 0.55

0.45
)

4

∙ 𝑓(
𝑤

𝑐
) (5) 

f(
𝑤

𝑐
) = (1 + 3.333·(H·w/c − αtot))4; for αtot > H · w/c (6) 

3.2. Dissolution of Oxides Dissolved in OPC Clinker 

In addition to determining the clinker proportions, the spreadsheet predefined the 

molar amounts of the oxide components (K2O, Na2O, MgO and SO3) dissolved in the OPC 

clinker phases (C3S, C2S, C3A and C4AF). These were defined using compositions described 
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by [27] in Table 4. The dissolution of the oxide components was then proportional to the dis-

solution of the OPC clinker phases, as described in the preceding section. 

Table 4. Composition and percentages of oxides dissolved in cement clinker phases [20]. 

Clinker  

Phase 

Oxide 

K2O Na2O MgO SO3 K2O (wt.%) Na2O (wt.%) MgO (wt.%) SO3 (wt.%) 

C3S 0.1 0.1 1.1 0.1 5.26 7.69 18.33 33.33 

C2S 0.9 0.1 0.5 0.2 47.37 7.69 8.33 67.67 

C3A 0.7 1.0 1.4 0 36.84 76.92 23.33 0 

C4AF 0.2 0.1 3.0 0 10.53 7.69 50.0 0 

Total 1.9 1.3 6.0 0.3 100 100 100 100 

3.3. Accessory Clinker Phases 

The remaining accessory clinker phases, free lime (CaO), calcite (CaCO3), gypsum 

(CaSO4(H2O)2), periclase (MgO), arcanite (K2SO4) and thenardite (Na2SO4) were allowed 

to reach equilibrium with the pore solution in the first time step. These minerals were, 

therefore, immediately available to dissolve and contribute to the formation of hydrate 

phases. Due to the immediate availability of free lime and periclase, for example, small 

amounts of portlandite and brucite were precipitated in the first time step. Table 5 shows 

the modelling approach used for the various clinker phases in the current model, building 

on the approach used by [28], where the alkalis were not included in the analysis. 

Table 5. Modelling approach for the hydration behaviour of the clinker phases. 

Clinker Phase Model Approach 

C3S Kinetic 

C2S Kinetic 

C3A Kinetic 

C4AF Kinetic 

K2O Kinetic (dissolved in C3S, C2S, C3A and C4AF) 

Na2O Kinetic (dissolved in C3S, C2S, C3A and C4AF) 

MgO Kinetic (dissolved in C3S, C2S, C3A and C4AF) 

SO3 Kinetic (dissolved in C3S and C2S) 

Na2SO4 Equilibrium—immediately dissolved during step one 

K2SO4 Equilibrium—immediately dissolved during step one 

Lime Equilibrium—immediately dissolved during step one 

Calcite Equilibrium—reacting instantaneous equilibrium  

Gypsum Equilibrium—reacting instantaneous equilibrium 

Periclase Equilibrium—immediately dissolved during step one 

3.4. Oversaturation 

It has been reported in the literature [25] that solutions are oversaturated with respect 

to gypsum, portlandite, syngenite and ettringite during the first 12 h of cement hydration. 

To increase the solubility of these phases during the first 12 h of hydration, and to also 

include C-S-H and brucite, an oversaturation factor of 0.15(n) was applied, where n is the 

number of charged species involved in the dissolution reaction (Table 6). Furthermore, as 

a result, gypsum was inhibited from precipitating, as it would be fully depleted within 

this 12 h timeframe. In PHREEQC, the oversaturation factor was used as the target satu-

ration index in the EQUILIBRIUM PHASES keyword, which then returned to zero after 

12 h of hydration. 
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Table 6. Number of charged species (n) involved in the dissolution reaction of brucite, 

TobJenSS_CS150, ettringite, gypsum, portlandite and syngenite phases to account for oversatura-

tion (S.I. = 0.15 · n) during the first 12 h of OPC hydration. 

Phase n S.I. < 12 h 

Brucite 3 0.45 

TobJenSS_CS150 4.50 0.68 

Ettringite 15 2.25 

Gypsum 2 0.30 

Portlandite 3 0.45 

Syngenite 5 0.75 

3.5. Alkalis Binding to the C-S-H 

The distribution of the alkali elements K and Na between the pore solution and the 

C-S-H was defined within the PHREEQC input file using KINETIC and RATES data 

blocks, which were solved at every time step. The authors of [7,22,25] used a distribution 

coefficient (kd, mL/g) of 0.42 for both K and Na based on the C-S-H gel having a Ca:Si 

ratio = 1.8, following the work of [26]. Here, the same distribution ratio used for both al-

kalis was 0.42 based on [26]. 

4. Full Hydration Analysis Using Cemdata07 

Using a w/c ratio of 0.4, a temperature of 20 °C and the cement described in [20] and 

Table 3, the predicted phase assemblages from the PHREEQC model using the input 

above are shown in Figure 2. As can be seen in Figure 3, there was an excellent similarity 

between it and the phase assemblages from [20] in terms of the clinker and gypsum dis-

solution and solid hydrate phase formation, which was supported by experimental data 

in [20]. As can be seen, the AFm phase was predominately monosulphate in the OPC and 

monocarbonate in the LS, which, along with the amount of sulphates (SO4) available for 

the reaction, affected the stability of ettringite over time. Previous work [29–31] has shown 

that the formation of monosulphate, ettringite, hemicarbonate, monocarbonate and/or cal-

cite is controlled by the available molar ratios of SO3/Al2O3 and CO2/Al2O3. The differences 

in the AFt and AFm phase precipitation could be better seen in Figure 4. As discussed, the 

presence of calcite promoted the formation of monocarbonate and stabilised ettringite, 

where the precipitation of monosulphate in the OPC caused it to destabilise. A detailed 

review of the change in solid hydrates within the two cements can be found in [20]. 

Figures 4 and 5 present the pore solution chemistry including pH over time, respec-

tively, expected for the two cements using PHREEQC and compared with the experimen-

tally determined values in [20]. As expected, there was reasonably good comparisons be-

tween the model and the measured values and trends, with minor differences overall. The 

pH predictions only varied by ±0.15 pH units, which was well within the uncertainty 

range of very high pH measurements. 

Thermodynamics resulted in cement hydration modelling becoming credible due to 

the pioneering work by Glasser [32–38] and Lothenbach and coworkers [7,22,25], and this 

work added another tool to further our understanding of the complex chemical reactions 

in cementitious systems. Previous work by the authors showed how volume stoichi-

ometries can provide predictions, but failed to include the complex chemical interactions that 

exist when cement is hydrating, which thermodynamics can reasonably easily incorporate. 
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(a) (b) 

Figure 2. Phase assemblage produced by the PHREEQC model using [20] for the two cements. (a) 

OPC phase assemblage; (b) 4% limestone binder phase assemblage. 

 

Figure 3. Predicted precipitation of AFt and AFm phases in the two cements described in Table 3. 

  
(a) (b) 

Figure 4. pH predictions for (a) OPC and (b) 4% limestone binder (LOTH represents the measured 

data from [20]). (a) OPC pH; (b) 4% limestone pH. 
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(a) (b) 

Figure 5. Pore solution chemistry produced by the PHREEQC model using [20] for (a) OPC and (b) 

4% limestone binder (LOTH represents the measured data from [20]). (a) OPC pore chemistry; (b) 

4% limestone pore chemistry. 

5. Conclusions 

This work described the derivation of a series of DSPs to describe the incongruent 

dissolution of C-S-H gel from the jennite and tobermorite-II end-members provided in the 

cemdata07 database. While solid solution modelling is possible in PHREEQC, it carries an 

inherent time and computational load. By using the DSP C-S-H gel solubility models, the 

computational demand and time were significantly lower and were often completed in 

less than a minute with no loss in accuracy. In the current work, it was demonstrated that 

only one of the DSPs derived to model the C-S-H gel phase was required as the Ca/Si and 

H/Si ratios were suitable for the cement blends herein. While the use of solid solutions 

and the derivation of DSPs was a thermodynamically credible approach to simulate the 

incongruent solubility behaviour of C-S-H gel, they were only needed for hydrating ce-

ments incorporating SCMs or those undergoing chemical attack. 

It was shown that PHREEQC could be used to accurately model cement hydration 

for Portland cement systems with various amounts of limestone. In these simulations, we 

predicted the governing dissolution/precipitation reactions accounting for oxide compo-

nents dissolved in the clinker phases and the represented time-dependent oversaturation and 

alkali binding to C-S-H by defining the input for PHREEQC in a spreadsheet and pasting it 

into the input file, which was more efficient, giving the user full control. 
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