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ABSTRACT 

Thermodynamic modeling is an established tool that can use binder composition to predict 

reaction products and pore solution chemistry in hydrating cementitious systems. 

Thermodynamic simulations rely on the assumption that all reactions reach equilibrium; 

however, reacting systems are inherently dynamic. An established kinetic model exists and is 

used in conjunction with GEMS thermodynamic software to provide quasi-equilibrium inputs for 

modeling hydrating cement clinkers. However, no similar model has existed to explicitly model 
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the non-equilibrium reactions of cement with supplementary materials. Here, a framework to 

compute kinetic inputs for use in time-dependent thermodynamic calculations of 

cement/amorphous silica systems is demonstrated. Reaction products, pore solution composition, 

and pH are modeled and compared with experimental measurements for multiple OPC/SiO2 

binders at varying replacement levels and water contents. The results show that when time-

dependent clinker and SiO2 reactions are modeled together, the hydraulic reactions and the 

pozzolonicity of SiO2 can be accurately predicted.  

 

Keywords: ordinary portland cement; supplementary cementitious materials; thermodynamic 

modeling; dissolution kinetics; amorphous silica; hydration  
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INTRODUCTION 

When modeling ordinary portland cement (OPC) systems, if the chemical composition of the 

constituent material is known, the hydrated phase assemblages and pore solution chemistry can 

be predicted as a function of time using thermodynamic modeling (1, 2). In such an approach, 

empirically-based kinetic equations can be used to describe the dissolution rates of the four main 

OPC clinker phases, which provide time-dependent input data for thermodynamic calculations. 

For example, the kinetic model developed by Parrot and Killoh (3) (henceforth the “PK” model”) 

has been shown to reliably predict the dissolved amounts of C3A, C2S, C3S, and C4AF at 

different ages in most OPC-based systems (2-6). While other more complex models for 

simulating hydration kinetics exist (7, 8), and range from single particle models (9) to 

microstructural simulation models (10), the PK model is commonly used in conjunction with 

thermodynamic calculations because it provides a simple and accurate approach to predict 

reaction products based on starting information on the clinker composition (11-13). The 

combined PK/thermodynamic approach has proven to be a practical technique for predicting the 

evolution of OPC phase assemblages (14), porosity (6), and resistance to deleterious processes in 

aggressive environments (15) for specific mixtures, when experimental or empirical 

measurement is expensive or impractical.  

Most modern binders however, are not made using only OPC, but incorporate supplementary 

cementitious materials (SCM) (16, 17). Thermodynamic modeling has also been used to predict 

the equilibrium products in cementitious systems containing SCM such as fly ash (18), slag (19), 

and silica fume (20). Historically, the modeling of OPC/SCM systems could only be 

accomplished for specific cement mixtures or conditions by two means: 1) by direct 

measurement of the SCM dissolution and fitting a rate equation to that specific system (20, 21); 
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or 2) by making simplifying assumptions about the dissolution and reaction rates of the SCM, 

such as assuming a constant reactivity over time (6). While the empirical fitting of a rate 

equation for each SCM is conceptually possible, it is rather restrictive in terms of using the data 

to predict reactions in unrelated systems. Therefore, a clear need exists for a simple dissolution 

kinetics model similar to the PK model that can be used specifically in conjunction with 

thermodynamic calculations to predict the composition of solid and liquid phases as a function of 

time, relative humidity, water-to-binder (w/b), binder composition, and temperature, in 

cementitious systems containing SCM. 

Challenges involved in developing such models are due in part to SCM variability in 

composition (22), particle size and morphology (23), crystalline content (24), and ultimate 

reactivity (25), which can impact the hydraulic and pozzolanic reactions that can occur in 

OPC/SCM systems. In this paper, it is hypothesized that the PK equations may be modified to 

describe the reaction kinetics of SCM/OPC systems to be used in thermodynamic calculations, 

and we test this hypothesis using a simple system containing amorphous silica, with the main 

goal to provide a framework for thermodynamically modeling OPC-SCM systems. In a parallel 

work by the authors, this hypothesis was further tested and validated in a system containing OPC 

and fly ash (23).  

Here, silica fume (SF) is used as a test case, as it is a simple and highly uniform (with low 

variability) pozzolanic SCM (26). The modified Parrot-Killoh model (MPK model) framework 

described in this paper extends the PK model to include this fifth phase, amorphous SiO2, in 

addition to the four clinker phases into the set of phase dissolution rates solved by equations. The 

MPK model, therefore, captures the combined dissolution kinetics of the four OPC clinker 

phases, as well as the amorphous SiO2 phase. The inclusion of a fifth phase in the MPK model 
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will also have the effect of altering the dissolution rate each individual phase at any given time, 

in that replacing a portion of the clinker phases with amorphous SiO2 will alter the overall 

system chemistry and the mass of clinker phase reacted at that time. The MPK model is then 

used to perform time-dependent thermodynamic calculations to predict the reactions of 

OPC/SiO2 systems.  

RESEARCH SIGNIFICANCE 

This work provides a new computational framework to drive the non-equilibrium 

thermodynamic modeling of cement/SCM mixtures. Thermodynamic modeling is a powerful 

tool for the prediction of pore solution chemistry, reaction products, and porosity in cementitious 

systems. Data from thermodynamic simulations are the link between a-priori information on bulk 

composition, and the prediction of properties in concrete, such as formation factor, freeze-thaw, 

and corrosion resistance. However, the time-dependent reaction processes that occur in reacting 

systems are inherently non-equilibrium. This paper demonstrates the proposed framework to 

calculate non-equilibrium inputs needed to thermodynamically model OPC/amorphous SiO2 

based on bulk composition. 

MODELING 

Background 

The original PK model describes the dissolution and hydration of the four principle clinker 

phases (C3S, C2S, C4AF, C3A) as a function of temperature, water-to-binder ratio (w/b), relative 

humidity, and powder specific surface area. The overall reaction rate is constrained by the 

slowest calculated rate of 1) nucleation and precipitation, 2) diffusion, and 3) hydrate shell 

growth for each phase (27). The PK model has been thoroughly validated for a range of OPC 
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mixtures (28). The empirical rate constants used in the PK model are calculated based on 

multiple measured dissolution and hydration rates of the four major clinker phases. In an OPC-

based system, nucleation and growth tends to control early stages of hydration, followed by 

diffusion, and then at later stages, the slowing of transport (3). The specific dissolution rates and 

time that corresponds to the rate controlling equation will depend on the parameters of system 

being modeled. A benefit of the PK model is that while each rate equation is solved for each 

individual clinker phase at each time (giving a phase degree of hydration, DoH, at that time, 

which is based in part on the specific chemistry and mass of each clinker phase available for 

reaction), the overall system DoH at each time is also solved by the equations based on the 

weighted average of the individual phase DoH. In this regard, the PK approach models the 

combined reaction kinetics of the clinker phases, but not SCM. 

Modeling Approach 

The MPK framework described in this paper is explicitly intended to be used in conjunction with 

thermodynamic calculations as a tool to predict dissolution rates, reaction products, and pore 

solution composition a function of time in OPC/amorphous silica systems. The MPK model 

incorporates the kinetics of four clinker phases and a fifth phase (amorphous SiO2). The 

amorphous SiO2 is assumed to have a maximum degree of reactivity (DoRph
*), which accounts 

for the availability of its components to participate in chemical reactions. For highly reactive 

material such as amorphous SiO2, this term may be assumed to be 100%, as done in this paper. 

A benefit of the MPK approach over historic approaches that use thermodynamic calculations is 

that OPC and SCM reaction equations are coupled, and applicable to a broad range of OPC and 

amorphous SiO2 binders and conditions. Historically, thermodynamic modeling of cement/SCM 

has required either simplifying assumptions on the dissolution of the SCM where all SCM phases 
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dissolve uniformly and linearly based on a measured or assumed maximum degree of reactivity 

(DoR*) (29); or a kinetic model was fit to describe only the experimental system being modeled 

(21). The MPK model presents a framework for describing the kinetics of dissolution of any 

silica fume/cement system based on its bulk composition, using a parameterized function 

describing empirically observed behavior. This approach is intended to fill a need in the current 

computational work on thermodynamic modeling of modern cementitious binder by presenting a 

simple and easily modifiable framework for deriving the kinetic inputs needed for accurate 

thermodynamic modeling in silica fume/cement systems.  

Conceptually, the difference between the MPK framework and a historical modeling approach of 

the use of the PK with assumed reactivity (PK + x% reactivity) (which ignores SCM kinetics) is 

shown in Figure 1. In the PK + x% reactivity approach, all of the SiO2 is dissolved into solution 

at each time interval, while the cement phases dissolve over time. In the MPK approach, both the 

amorphous SiO2 and cement phases have time dependencies. In other words, the dissolution rates 

change over time. It should be noted that the conceptual figure is a simplification for illustrative 

purposes, and is not intended to accurately depict rates or amounts of dissolution of any material.  

In Figure 1, x% reactivity is assumed to be 100%, although for other SCM it may be 

considerably lower for most SCM. However, since amorphous silica is generally considered to 

be highly reactive due to its 100% amorphous content and particle fineness, 100% reactivity is 

demonstrated here for conceptual simplicity. 

 

MPK Model Equations 

The MPK model calculates the time dependent degrees of reaction, αph(t), of each phase (C3S, 

C2S, C3A, C4AF, and amorphous SiO2). The term “degree of reaction” as used here for simplicity 
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includes the pozzolanic reaction of the SiO2 and the hydraulic reactions of the clinker phases. 

The term is used in order to distinguish the time dependent reactions from the overall maximum 

degree of reactivity (DoRph*) of the amorphous silica (25).  

𝛼𝑝ℎ(𝑡) =  ∫ 𝐷𝑜𝑅𝑝ℎ
∗ (
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where 𝐷𝑜𝑅𝑝ℎ
∗ is the maximum percent of SiO2 available to react (which is assumed to be 100% 

in this work, but for SCM with lower reactivities, this term becomes smaller), Aph (m
2/kg) is the 

surface area of the clinker and SiO2 phases, and Ao (m
2/kg) is the reference surface area; T (K) is 

the modeling temperature,  To  (K) is the reference temperature (298.15 K); Ei, (J/mol) is the 

activation energy of each phase, R (8.314 J/mol-K) is the universal gas constant, and rph,1, rph,2 

and rph,2 are the rates of nucleation and precipitation, diffusion, and the slowing of transport of 

dissolved species, respectively, as follows:  

𝑟𝑝ℎ,1 =   
𝐾𝑝ℎ,1

𝑁𝑝ℎ,1
(1 − 𝛼𝑝ℎ(𝑡)) (− ln(1 − 𝛼𝑝ℎ(𝑡))) 1−𝑁𝑝ℎ,1  2a 

𝑟𝑝ℎ,2 =   

𝐾
𝑝ℎ,2 √(1−𝛼𝑝ℎ(𝑡))23

1− √(1−𝛼𝑝ℎ(𝑡))
3

  
2b 

𝑟𝑝ℎ,3 =   𝐾
𝑝ℎ,3(1−𝛼𝑝ℎ(𝑡))

𝑁𝑝ℎ,3   2c 

 

The constants Kph,1, Kph,2, Kph,3 and Nph,1 and Nph,3 in Equations 2a-2c are empirical parameters 

which are used to calculate the reaction rate expressions of respective phases.  These coefficients 

were fit from dissolution studies of OPC clinker phases and SiO2. The original PK model 

contains Kph,1, Kph,2, Kph,3 and Nph,1 and Nph,3 parameters for four phases. The MPK model 

contains Kph,1, Kph,2, Kph,3 and Nph,1 and Nph,3  for five phases The numerical process used to 
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determine these coefficients for the MPK model are described in more detail in the following 

section of this paper.  

The lowest value of rph 1,2,3 at time t is considered the rate controlling step for dissolution for the 

respective phase at time t. The MPK model computes a degree of reaction αph(t) for each of the 

five phases at that time, as well as an overall system degree of reaction, which is the weighted 

average of the degrees of reaction of each of the five phases. Note that in the original PK model, 

the overall degree of reaction is the weighted average of the degree of hydration of the four 

clinker phases. Including the fifth phase in the model means that the overall system degree of 

reaction is proportionally impacted by the replacement of the four OPC clinker phases by the 

fifth SiO2 phase. Hence, the average system degree of reaction (and mass of each dissolved 

phase) at time t of a system using the original PK model will be different than that calculated 

using the MPK model. As a result, the acceleration or retardation of the reactions by the 

amorphous SiO2 will be captured. Other oxides are allowed to dissolve in proportion to the 

overall system degree of hydration.  

The factor that incorporates the influence of w/b in equation 1a, fw/b, is given as: 

fw/b = (1 + 3.33 × (H ×
w

b
− αt))4   for αt > H × w/b 3 

where H is a fitting factor added to the original PK model (14, 30)), which accounts for the 

reduction of the rate of reaction at later ages, particularly when w/b is low. The term αt  refers to 

the average system degree of reaction at time t. The total system degree of hydration is taken as a 

weighted average for all phases. This is the same rationale employed in the original PK model 

and remains unchanged in the MPK model. 

Finally, the effect of relative humidity on the degree of reaction is for the relative humidity (BH )  
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(𝐵𝐻) =  [
𝐵𝐻−0.55

0.45
]

4

   
4 

In this work BH is assumed to be 1 for saturated conditions, and remains unchanged from the 

original PK model. Future work may be completed to evaluate the effect of drying, and updates 

to this equation may be justified as a result. 

 

Determination of fitting parameters for the MPK model 

To calculate the fitting parameters (Kph,1, Kph,2, Kph,3, Nph,1, Nph,3, and H) used to model 

dissolution rates for the MPK model, empirical measurements of the dissolution of amorphous 

SiO2 over time were obtained from two experimental studies. These coefficients can be 

recalculated as additional experimental data become available. In the first study, Lothenbach et 

al. (26) measured dissolution in a 40% SiO2 mass replacement (MR%) system with a w/b of 

0.50. In the second study, Li et al. (31) measured dissolution in a 10% SiO2 MR% system with a 

w/b of 1.0.  The chemical composition of each is presented in Table 1. The SiO2 used in 

Lothenbach et al. (26) study was a microsilica, and Li et al. (31) used a SiO2 with a specific 

surface area of 21,400 m2/kg. Data from the studies included the mass of unreacted SiO2 

(g/100g) as determined by 29Si MAS NMR at 8 different time intervals ranging from 0 to 1310 

days; and from X-ray diffraction (XRD) and scanning electron microscopy (SEM) /energy 

dispersive X-ray analysis (EDX) at 5 different time intervals from 0 to 90 days, respectively, as 

shown in Tables 2 and 3.  

Using the empirical SF dissolution data presented above, a nonlinear optimization method 

(Levenberg-Marquardt) (32) was used to calculate the fitting parameters (Table 4) for the MPK 

model. Constraints were set on the solution bounds to preclude negative solutions. The numerical 

optimization algorithm (solved using the Matlab computing environment) employed a least 
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squares technique to minimize the sum of the squares of the errors between the experimental data 

and the values calculated by the model. Using the parameters obtained from this analysis, the fit 

between the experimental data and the simulated data resulted in an R2 value of 0.98 for the 

Lothenbach et al. (26) data and 0.97 for the Li et al. (31) data. Calculated coefficients were 

nearly identical using the data from both studies, with the exception of the K3 and N3 parameters. 

The differences in the computed K3 and N3 parameters are discussed later in the results section. 

Coupled thermodynamic/MPK modeling approach 

The MPK model computes the degree of reaction of each phase at time t, which is converted to 

the mass (g) of each phase (i.e. C3S, C3S, C4AF, C3A, and SiO2) at time t. These numerical 

values are used in thermodynamic calculations to model the specific pozzolanic and hydration 

reactions and reaction products of these phases at each time, t. This enables a thermodynamic 

prediction of the type and amounts of solid reaction products, as well as the pore solution 

composition and pH.  

Gibbs free energy minimization (GEMS) is used to perform thermodynamic calculations using 

the dissolved masses of each phase at time t that come from the MPK model (2, 17). GEMS3K is 

a geochemical modeling code that computes phase assemblage and speciation in geochemical 

and cementitious systems from bulk elemental compositions. GEMS requires information on the 

solubility of each phase. Thermodynamic data for cementitious materials were obtained from 

CemData v. 14.01 (33). The equilibrium speciation in the aqueous electrolyte solutions are 

calculated in GEMS (30). As a result, GEMS considers the solid, solid solution, and aqueous 

electrolytes simultaneously. The mass and type of dissolved species are predicted as well as type 

and amount of solid reaction products based on the stability of phases at system pH and 
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temperature. (2). Simulations were performed at a temperature of 25°C and at atmospheric 

pressure. 

 

COMPARISON OF MODEL TO EXPERIMENTAL AND THEORETICAL 

OBSERVATIONS 

This section compares the MPK model framework using the fitted coefficients with experimental 

measurements. In addition, the results obtained from the MPK model are compared with those 

from another theoretical approach where equilibrium is assumed at all ages (as shown 

conceptually in Figure 1). First, the fitted MPK model coefficients that were obtained using the 

methods described in this paper are used to predict the dissolution rates of amorphous silica in 

other independent systems. Second, the MPK model results obtained using the two separate sets 

of empirical coefficients (Table 4e and 4f) are compared to one another. This was done to 

demonstrate that simply using the mean of the empirical coefficients (Table 4g) does not 

substantially impact the model results. Then, the MPK model’s predictive ability for solid 

reaction products is validated against the results of several experimental studies measuring the 

calcium hydroxide (CH) concentration over time. The model results are also compared to a 

thermodynamic modeling approach, which does not incorporate time dependent kinetics, in order 

to demonstrate the benefit of the MPK approach over a common modeling approach. Finally, the 

MPK models’ predictive ability to determine pore solution composition and pH is demonstrated 

by comparing the results of the model to several experimental studies, as well as against 

thermodynamic modeling without time dependent kinetics. 

 



13 
 

Predicting amorphous SiO2 dissolution with the MPK model 

The main goal of the MPK model is to provide the numerical input necessary for enable the 

kinetics of amorphous silica/cement systems to be modeled at non-equilibrium conditions. 

However before doing this it is used to first demonstrate that the model can accurately predict the 

dissolution rates of amorphous SiO2 in other, independent systems. This is described in the 

following section. 

To do so, dissolution data for silica fume as determined by 29Si MAS NMR were obtained from 

two published separate studies. In the first study by Muller et al. (34), silica fume dissolution was 

measured at 3, 7, 14, and 28 days. The w/b of the system studied by Muller et al. (34) was 0.40, 

and the silica fume was comprised of 98.6% amorphous SiO2 with a specific surface area of 20 

m2/g. The silica fume MR% was 10%. The average of the empirical coefficients (Table 4g) were 

used in the MPK model using the materials and test conditions in Muller et al. (34).  The MPK 

model was able to accurately predict the dissolution of the amorphous silica (R2 = 0.99.  

Data from a second separate independent study was used to further validate the MPK model’s 

predictive ability for amorphous silica dissolution rates using silica fume dissolution data from 

another study by Lothenbach et al. (2012) (21) for a low alkali cement with a 10% mass 

replacement of silica fume comprised of 99.8% amorphous nanosilica and a w/b of 1.1. The 

MPK model was used with the average of the empirical coefficients (Table 4g). Table 6 shows 

the results of the model compared with the measured silica dissolution (r2 = 0.99).  

 

Choice of empirical coefficients for the MPK model 

The Lothenbach et al. (26) and Li et al. (31) studies used to calibrate the model have different 

w/b ratios (0.5 and 1.0, respectively) and different SF MR% (40% and 10%, respectively). As 
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such, these results demonstrate that the average of the two sets of coefficients derived from these 

studies can accurately describe other systems. By using the average of the empirical parameters 

from these two studies in the model, a wide range of other SiO2 /OPC systems can be accurately 

simulated. To this end, an SiO2 /OPC system was modeled at a series of different amorphous 

silica MR% and w/b combinations at times ranging from 3-91 days. For each time step, MR% 

and w/b combination, the system was modeled twice: first, using the empirical coefficients 

derived from the experimental data of Lothenbach et al. (26), and second, using the empirical 

coefficients derived from the experimental data of Li et al. (31) In each case, the amounts of 

OPC clinker phases and SiO2 at a given time were calculated using the MPK model, and these 

amounts were used as input for thermodynamic modeling to predict CH concentrations at various 

ages. Surface areas used in this study were 20,000 m2/kg for silica fume and 385 m2/kg for the 

clinker phases. The reference surface area of both the SF and clinker phases was 385 m2/kg, 

since a better fit was obtained when the SF surface area was taken as a ratio to the clinker surface 

area.  The activation energy for SF was modeled as 80,000 J/mol, and the clinker phase 

activation energy was modeled as per Lothenbach et al. (14).  

The predicted CH concentrations obtained for each time, MR%, and w/b combination from each 

model are compared to demonstrate internal consistency of the modeling approach. As seen in 

Table 4e and 4f, the numerical fitting procedure used to calculate the coefficients for SiO2 

dissolution rates from the Lothenbach et al. (26) and Li et al. (31) studies produced empirical 

values that are substantially similar to each other. This similarity suggests that the dissolution of 

amorphous siliceous material follows a predictable physical trend that can be described using 

numerical modeling.  It is suggested that the average of each of the coefficients be used in future 

work. The CH content as calculated by the MPK model using the fitting parameters from the 
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Lothenbach et al. (26) and Li et al. (31) studies are shown in Figure 2, along with the 

experimentally measured values (discussed later) The clinker composition used in these test 

systems is shown in Table 5. The results obtained using the coefficients obtained from 

Lothenbach et al. (26) data are shown as black squares, and the results obtained from coefficients 

obtained from the Li et al. (31) data are shown as red polygons in Figure 2.   

The first observation is that the concentration of CH predicted using the fitting parameters from 

Lothenbach et al. (26) versus Li et al. (31) data are nearly identical for each w/b, MR%, and time 

step, with the difference the two predictions typically falling within 1-2% of each other. It is 

expected that there is little difference between the two simulations, given the similarity in the 

empirical coefficients computed from both studies (Table 4). With the exception of the values for 

KSiO2,3 and NSiO2,3 the coefficients calculated from the Lothenbach et al. study are nearly identical 

to those calculated from the Li et al. (31) data (Table 4e and 4f). While these differences are not 

substantial, it is nevertheless instructive to consider when and why these differences may be 

influencing the model results. 

The Kph,3 and Nph,3 coefficients are used in the calculation of the rate equation which describes 

the slowing of transport of dissolved species (Equation 2c). It is possible that the difference in 

Kph,3 and Nph,3 values fit from Lothenbach et al. (26) versus Li et al. (31) are a result of the higher 

MR% of SF used in the Lothenbach et al. (26) study (40%) than the Li et al. (31) study (10%). A 

40% SF system would likely have a stronger filler effect than a 10% SF system, regardless of its 

chemical reactivity (20, 35). This would lead to an earlier slowing of dissolved species transport 

as pore occlusion from the dense packing of the SF between the proportionally larger cement 

grains results in the transport term becoming the rate limiting term at earlier time intervals. It is 

also possible that in a 10% MR case, the system would run out of SF earlier, resulting in a 
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difference in late age empirical result. In practice, it is likely (and demonstrated below) that the 

rate equation (1e) that uses these terms only applies at late stages of reaction and therefore is not 

implicated in the MPK predictions for early-mid stage reactions. Furthermore, when this rate 

equation is used by the MPK model, the overall difference in the calculated dissolution rate using 

either set of coefficients should be quite small. This is shown in Figure 2 and quantified in the 

following section. 

To further illustrate both how the MPK model functions – as well as why the model produces 

nearly identical results using both sets of empirical coefficients – the MPK model was run using 

both sets of coefficients for an SiO2 MR 10%, 0.50 w/b test system, and allowed to solve the 

three SiO2 dissolution rate equations (2a – 2c) from 1 – 1000 days. Figure 3A and 3B shows the 

results of these simulations represented in g SiO2/g binder/day. Recall that the lowest rate 

(nucleation, diffusion, slowing of transport) is taken as the rate-controlling step. Hence, for each 

point in Figure 3 on the time axis, only the lowest corresponding value of either nucleation, 

diffusion, or slowing of transport on the rate axis is actually used to determine the absolute SiO2 

dissolution at that time. In practice, only the rate limiting step is used by the model in calculating 

the dissolution rate at each age.  

In examining Figure 3A and B, several observations can be drawn: First, in both Figure 3A and 

3B, each SiO2 dissolution rate is nearly identical at each time comparing between simulations at 

early ages. Second, in both figures, the rate of nucleation (that corresponds to Equation 2a) is 

lowest in the first 10 days, the rate of diffusion (Equation 2b) is then lowest until roughly 70-80 

days, and the rate of slowing of transport is lowest thereafter. The third observation is that as 

expected, the third rate equation using the K3 and N3 terms (Equation 2c) made from the 

coefficients obtained from Lothenbach et al. (26) data tend to be slightly smaller and apply 
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slightly earlier than those obtained from Li et al. (31) data. However, these differences are quite 

small and only apply at the latest stages of reaction, particularly after 500 days, when the former 

trends sharply downward (Figure 3A), whereas the later tends to plateau (Figure 3B) The fourth 

observation that can be made from Figure 2 is that the dissolution rates predicted by the model 

fall within the ranges predicted by experimental studies. For example, (26) (36) (21) report 

measured SiO2 dissolution rates in of ~0.1 g/g/day at 1 day, ~0.05 g/g/day at 10 days, and 0.01 

g/g/day at 100 days. The reported experimental results are substantially similar to those predicted 

by MPK using either set of empirical coefficients. These values also match the general 

qualitative understanding of SiO2 reaction kinetics, in that the dissolution rate slows over time. 

These results demonstrate the accuracy of the MPK model, as well as support using the average 

value of the two sets of empirical coefficients in modeling. Finally, these results provide 

scientific insight as to the SiO2 dissolution process. Specifically, the results provide information 

on the rate controlling process of SiO2 dissolution at different ages. This information could be 

useful in building a comprehensive understanding of the reaction kinetics in siliceous systems, 

and well for the practical implementation of engineering practices aimed at optimizing mixtures 

based on underlying kinetics. 

Comparison between MPK model and experimental results for CH 

The prior section demonstrated that the MPK model results are not significantly impacted by the 

choice of empirical coefficients. As a result, the average of each coefficient will be used for 

modeling. However, to validate the model itself, it is necessary to ensure that the model is able to 

reasonably match experimental results for separate test systems. Toward this end, 

thermodynamic calculations using GEMS were made using the input data generated from the 

MPK model to predict the CH concentrations of a series of different mixtures with various SF 
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MR% and w/b. The model predictions are compared to experimental measurements of CH at a 

series of different times.   

Experiments were performed to obtain the CH content of a series of pastes as a function of time. 

The mixtures were composed of three SiO2 MR% (2%, 5% and 8%), and two w/b (0.36 and 

0.50). Pastes were prepared by adding the materials to a vacuum mixer for 90 seconds at 400 

rpm. The mixer was stopped and sides were scraped to remove adhered material, and then further 

mixed for 90s at 400 rpm. Specimen curing was performed under ambient conditions (23oC) in 

cylindrical, sealed molds that were 38 mm by 50 mm in height. Samples were rotated 

continuously to minimize bleeding and segregation. Prior to testing, each sample was finely 

ground and passed through a 75-um sieve with a lathe grinder. 

Thermogravimetric analysis (TGA) was performed at various ages (3, 7, 28, and 91 days) to 

quantify the amounts of CH present in the system. Approximately 30 mg of ground paste was 

placed in the TGA and heated to 1000oC at a rate of 10oC/minute in an inert nitrogen 

atmosphere. The CH amount was determined based on the mass loss between 380 and 460oC. A 

detailed description of methods used to determine CH amounts is described in (37) and (20).  

The SF used in this study contained 93.47% SiO2 and had an LOI of 3.82. Other oxides were 

below the detection limit. The chemical composition of the clinker is given in Table 7. 

Figure 2 shows the results of the experimental studies (black stars), plotted against the model 

results obtained using the coefficients obtained form the Lothenbach et al. (black squares) and Li 

et al. (red circles) data. As shown in Figure 2, and discussed in the prior section, the overall 

agreement between the CH amounts predicted by the MPK model (using fits from both the 

Lothenbach et al. (26) and Li et al. (31) studies) and the experiments for each test system is 



19 
 

strong. In general, the model results match the experiments within less <1 g/100g of paste, and 

are never off by more than 2.57 g/100g of paste.  

The error is computed by subtracting the mass of CH measured for each experimental data point 

(i.e., each individual time, MR% and w/b) from the mass of CH predicted by the MPK model, 

and converted to a percent of the total binder. A total of 48 simulations were performed for this 

portion of the study (2 w/b ˣ 3 MR% ˣ 4 ages ˣ 2 sets of empirical coefficients). Of the 48 

simulations, 34 simulation results for CH concentration fall within <1 g/100g of paste of the 

experimental values. In other words, 71% of the simulation predictions have less than a 1% error 

from the experimental measurements. Only three simulation predictions are off from the 

experiments by more than 2 g/ 100g of paste. In other words, taken as a total percent of the 

volume of paste, the overall error between the model predictions and the experiments is typically 

less than 1%, and only >2% 0.06% of the time. These results provide supporting evidence that 

the modeling approach provides a framework that can be used to predict the dissolution rates and 

reaction kinetics of other OPC/SCM systems. Such an application of the framework has been 

demonstrated for OPC systems containing fly ash (23). 

In addition to confirming that the model results predict the experimental results, another 

observation to draw from Figure 2 is that CH amounts decrease with increasing SF MR%. This is 

indicative of the greater pozzolonicity of materials made with a greater proportion of SF, both in 

terms of the rate of the reaction of the SiO2 and the absolute amount reacted at each age. For 

example, the average modeled 91-day CH of the w/b 0.50 system is 9 grams versus 13 grams for 

a 8% and 2% SF MR%, respectively (Figure 2A and 2B). Similarly, the CH amounts tend to be 

lower in systems with a w/b of 0.36: For example, comparing Figure 2b and 1F, at a 2% SF 

MR%, the 91-day CH amount for the w/b 0.50 system is roughly 13 grams, versus 10 grams in 
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the w/b 0.36 case. These results not only match the measured experimental values, but also the 

range of values found in the literature (20, 38, 39). 

 

MPK framework versus historical PK + x% reactivity modeling approach 

To demonstrate the contribution of the MPK model, it is important to understand how the MPK 

model compares to a model without kinetics. In this section, the MPK model is compared to an 

approach where the PK model is used for clinker kinetics, but time dependent SCM kinetics are 

ignored in the thermodynamic calculations, and the SCM (here, SiO2), is assumed to be 100% 

reactive and dissolve immediately. Since silica fume is predominantly amorphous silica, it is 

commonly assumed to be 100% reactive (40). This approach is referred to here as the “PK + 

100% reactivity” approach (Figure 1). The main purpose of comparing the MPK model to the 

PK+100% reactivity approach is to demonstrate the importance of incorporating SCM kinetics 

into a thermodynamic model. Here, system CH concentrations at different time intervals are 

predicted using both the MPK model and the PK + 100% reactivity approach. Both model 

strategies are then compared to experimental measurements of CH concentrations at those ages. 

The purpose of these calculations is to emphasize the importance of accounting for the 

dissolution kinetics of the SCM phases when performing thermodynamic analysis in blended 

cementitious systems, and to demonstrate that ignoring SCM kinetics not only results in 

differences in the predicted amount of hydrates formed, but also in the reaction pathway. It 

should be noted that a 100% reactivity value is unrealistic for most SCM, since the amount of 

SCM that can react is a function of multiple factors, including glass content (24), particle size 

(41), particle morphology (42) and chemical composition (43). However, since amorphous silica 



21 
 

is generally considered to be highly reactive due to its 100% amorphous content and particle 

fineness, 100% reactivity is demonstrated here for simplicity. 

Figure 4 shows the experimental measurements of CH concentration for paste with a w/b 0.36 

and 8% MR SiO2 system (Table 5) measured at different time intervals (solid black stars), 

alongside the MPK model predictions (red circles), and the PK + 100% reactivity model (blue 

triangles). As seen in Figure 4, without a consideration of the kinetic effects, thermodynamic 

calculations can substantially overestimate the pozzolanicity of the SF, and seriously 

miscalculate the CH concentrations. The PK + 100% reactivity approach vastly underpredicts 

predicts CH content in the system. Using this approach, the CH content is predicted to be 

<1g/100 g of paste at every time except for 91 days, when it is predicted to be <2 g/100g. In 

reality, experimental measurements show that the CH content at is typically between 8 and 10 

grams, and the MPK model predicts CH concentrations between roughly 8 and 9 grams. The PK 

+ 100% reactivity calculations considerably underestimate the system CH content because the 

thermodynamic calculations assume that 100% of the SiO2 dissolves immediately into solution 

using this approach: When this rapid influx of dissolved SiO2 is used in the thermodynamic 

calculations, CH consumption that occurs in the pozzolanic reaction is predicted to be much 

greater than it actually is, resulting in very low predicted concentrations of CH. Furthermore, the 

rapid influx of dissolved SiO2 alters the predicted pore solution pH, and therefore also the 

conditions for the formation and stability of hydrates predicted in PK + 100% reactivity 

calculations.  

Similar comparisons of PK + 100% reactivity calculations which ignore SCM kinetics, and the 

MPK model are described in a later section with respect to the pore solution composition, and 

are described in that context.  
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Comparison between MPK model and experimental results: pore solution 

Pore solution pH 

As shown in previous sections, the MPK modeling approach accurately predicts CH 

concentrations in multiple OPC/SiO2 systems at various ages with low overall error as compared 

to the experiments. Since reactions in cementitious systems are mediated by the pore solution, it 

is also important to verify that the approach can accurately predict related factors such as pore 

solution pH, dissolved ion concentrations, and pore solution resistivity. To this end, pore solution 

pH composition and pore solution chemistry were obtained from Page and Vanesland (44) for 

OPC/SiO2 mixtures of MR% 10, 20, and 30 and w/b of 0.50 and compared to MPK-based 

predictions. Chemical compositions of the materials are reported in the original paper (44), 

although it should also be noted that both the OPC and the SF used in the original study have 

relatively low alkali contents. 

The pore solution pH at 10, 30, 60, and 84 days is shown in Figure 5 along with model 

comparisons. The quantity of alkali ions (mmol/100g) is shown in Figure 7, along with the 

model comparisons. For the MPK model, the average of the coefficients obtained from the 

Lothenbach et al. and Li et al. data were used (Table 4g).  

There is a strong the relationship between the replacement of OPC by SiO2; reaction rates; and 

pore solution pH of these cementitious mixtures (45). Typically, OPC has a pore solution pH of 

roughly 13-13.5 (46). The addition of SiO2 to cement has the effect of decreasing pore solution 

pH as a result of the dilution of OPC, as well as the uptake of alkalis from solution by calcium 

silicate hydrate (C-S-H) which is due to charge balance. This effect is magnified by having more 

C-S-H overall in a system that has been partially replaced by SiO2: When OPC is partially 
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replaced by SiO2, more CH is consumed in the pozzolanic reaction, and more C-S-H is formed as 

a result, which may increase the overall amount of alkali binding, leading to lower pore solution 

pH than in a plain OPC system. Additionally, the C-S-H that is formed has a lower calcium-silica 

ratio (C/S) than OPC, due to the higher proportion of silica in the mixture. Low C/S C-S-H 

uptakes more alkali than high C/S C-S-H (47).  

Furthermore, the rate of SiO2 dissolution both affects and is affected by the pH of the pore 

solution: When SiO2 dissolves into solution, it causes a reduction in the solution pH as described 

above (38). However, it is a dynamic process: the reduction in the solution pH in turn slows the 

reaction of the SiO2 (48). Over time, it would be expected that pore solution pH in highly 

siliceous systems should decline as most of the silica dissolves and reacts. 

As shown in Figure 5, the MPK model and experimental measurements of pore solution pH 

capture expected trends in pore solution pH, and are nearly identical for all MR%. In all cases, 

the pore solution pH is highest at 10 days, and then decreases (or remains constant) between days 

30 and 84. As described above, these trends and values are as expected for SiO2/OPC mixtures. 

The effect of MR% can be seen quite clearly in these results: The MR 10% system overall has 

the highest pore solution pH, followed by the MR 20% system, and then the MR 30% system. 

This reduction in pore solution pH as MR% increases is driven by the higher proportion of 

amorphous SiO2 in the systems, and is not merely a dilution effect from reducing OPC. The close 

agreement between the experiments and model shows that the rate of the siliceous reactions is 

being accurately simulated using the MPK model and thermodynamic calculations.   

Other pore solution properties 
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In addition to pore solution pH, the concentration of alkali ions (i.e., Na+ and K+) in pore solution 

is also an important parameter to consider relative to the durability of cementitious mixtures. A 

decrease in alkali ion concentrations typically accompanies the decrease in pore solution pH. 

Furthermore, the concentration and activity of alkali ions influence pore solution resistivity and 

the susceptibility of a mixture to deleterious processes such as corrosion and ASR. For this 

reason, shown below are the experimental results for alkali concentrations and pore solution 

resistivity, as well as the predictions from the MPK model. The MPK model predictions and 

experimental results are further compared to the PK + 100% reactivity approach to demonstrate 

the need for the MPK model. 

As with pH, the MPK model was compared to the experimental results from Page and 

Vennesland et al. (44) for alkali ion concentrations. The amount of available alkali ions in the 

pore solution at 84 days is shown in Figure 7 for MR 10%, MR 20%, and MR 30% as 

determined by both the MPK model and the laboratory measurements. The calculated ionic 

concentrations are also shown using the PK + 100% reactivity approach. 

As with pore solution pH, the experimental results and MPK model results are in close 

agreement, typically within 3%. The trends observed in both cases are as expected. As the MR 

increases from 10% to 30%, the ionic concentrations for both Na+ and K+ decrease, and do so 

somewhat linearly with MR%. The error between the experiments and MPK model remains 

fairly consistent across MR%: Observing Figures 6A and 6B, the differences between the red 

circles (MPK model) and black stars (experiments) are ~1 mmol/100g for both K+ (Figure 6A) 

and Na+ (Figure 6B). 

In observing the results of the PK + 100% reactivity model (blue triangles, in Figure 6), there is 

large error between the experimental measurements and the predictions. The concentrations of 
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both Na+ and K+ are substantially underpredicted by the PK + 100% reactivity model. The error 

between the experiments and the PK + 100% reactivity model also tends to increase with SF 

MR%, being the smallest at the MR 10% and greatest at MR 30% cases for both Na+ and K+. 

The reason the MPK model more accurately predicts alkali ion concentrations relative to the PK 

+ 100% reactivity model is likely due to the more accurate prediction of CH concentrations, and 

therefore C-S-H concentrations and alkali uptake.  As shown in Figure 3, the PK + 100% 

reactivity kinetics vastly overpredicts CH consumption. It is likely that the model also 

overpredicts C-S-H production and alkali uptake within a similar magnitude, which results in 

lower alkali concentrations in the pore solution. Another potential factor for the superior 

prediction of alkali concentrations from the MPK model is the more accurate prediction of 

solubility and stability of solid hydration products that contain potassium and sodium: As shown, 

the MPK model accurately predicts pore solution pH, and therefore the thermodynamic 

calculations for the solid hydration products will more accurate, since stability and equilibrium 

formation of hydrates depends on pore solution pH. 

Pore solution resistivity 

The concentration of alkali ions influences pore solution resistivity, which is an important 

consideration for the determination of formation factor, and the susceptibility of a system to 

corrosive processes. The pore solution resistivity at 84 days was simulated using PK + 100% 

reactivity calculations, and is compared to experimental measurements and to the MPK model 

predictions (Figure 7). As with the other pore solution results, the experimental measurements 

and MPK model predictions are in good agreement at all SiO2 MR%. As expected, as SF MR% 

increases, the resistivity of the pore solution increases. The trend in model versus experimental 

agreement is similar to that observed in the Na+ and K+ concentrations (Figure 6), which is 
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unsurprising, given that these concentrations in the pore solution is a primary driver of pore 

solution resistivity along with OH-.  In all cases, the MPK model better predicts pore solution 

resistivity than the PK + 100% reactivity model.  

Conclusions 

This paper presents a computational approach (the MPK model) to incorporate the kinetic data 

needed for the non-equilibrium thermodynamic prediction of cement binders that contain 

amorphous SiO2. Specifically, this model enables the prediction of the individual phase 

dissolution rates of amorphous SiO2 in addition to the four clinker phases, so that time-dependent 

thermodynamic calculations can be performed to determine pore solution pH and ionic 

concentration, resistivity, and reaction products in SiO2/OPC mixtures. The MPK model is 

explicitly designed as a simple framework to thermodynamically predict reaction products for 

any silica fume cement based on the initial binder composition. As such, it eliminates the need 

for the assumption of equilibrium or constant reactivity to be used to run GEMS models. 

Empirical coefficients for the siliceous components in the MPK model were calculated based on 

silica fume dissolution studies. The results of the model show that: 

1. The MPK model produces more accurate inputs for thermodynamic calculations. This is 

an improvement over the historical approach that uses the Parrot Killoh + 100% SCM 

reactivity model (PK + 100% reactivity) and does not include SCM kinetics. As such, the 

MPK model can be used to more accurately predict both solid hydrated phase 

assemblages and pore solution composition. 

2. The PK + 100% reactivity calculations underprecit CH concentrations at each age for 

OPC/amorphous SiO2 systems, while the MPK model typically predicts CH 
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concentration within 1% of experimental measurements. Similar magnitudes of accuracy 

are demonstrated for pore solution pH and alkali concentrations. 

3. The MPK model predicts pore solution pH, ionic composition, and resistivity for multiple 

SF replacement levels and compositions, typically within 3% of experimental 

measurements. 

This work fills an important gap in scaling GEMS to perform practical computations in that it 

presents a simple yet versatile modeling strategy that is capable of accurately capturing siliceous 

SCM kinetics in OPC/SiO2 systems. The results of the model can be used to inform the 

prediction of important durability related properties of concrete systems, such as pH control for 

ASR, freeze-thaw resistance, and pore refinement for improving corrosion resistance. 

Importantly, the MPK modeling approach demonstrates that the PK model approach can be 

modified and applied to siliceous SCM systems.  
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Figure 1: Conceptual figure showing the difference between the PK+ 100% reactivity model 

approach versus the MPK approach. 
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Figure 2: Results of CH (g/100 g binder) of simulations compared to experimental 

measurements. A) w/b 0.50, MR% 8%, B) w/b 0.50, MR%  5%, C) w/b 0.50 , MR% 2%, D) w/b 

0.36 , MR% 8%, E) w/b 0.36 , MR% 5%, F) w/b 0.36 , MR% 2%. 
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Figure 3: SiO2 dissolution rates (g/g/day) as calculated by the MPK model using the coefficients 

from A) Lothenbach et al. (26) and B) Li et al. (31). Symbols added for clarity. 
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Figure 4: Results of CH (g/100g) for w/b 0.36 MR% 10% system, experimentally determined 

(solid black stars) versus modeled with (red circles) and PK + 100% reactivity (blue triangles). 
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Figure 5: Pore solution pH measured by Page and Vennesland and Vanesland et al. (44) and as 

calculated by the MPK model. 
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Figure 6: A) K+ (mmol/100g) and B) Na+ (mmol/100g) measured at 84 days by Page and 

Vennesland and Vanesland (44)  and as calculated using the MPK model, and thermodynamic 

calculations without SCM kinetics. 
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Figure 7: Pore solution resistivity calculated from data measured at 84 days by Page and 

Vennesland et al. (44) for MR 10%, MR 20%, and MR 30% and as calculated by the MPK 

model, and a thermodynamic model without SCM kinetics. 
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Table 1: Chemical composition of the SiO2 from Lothenbach et al. (26) and Li et al. (31) 

 Lothenbach et al. 

(26) 

Li et al. (31) 

Oxide Amount (%) Amount (%) 

CaO 2.1 < 0.5 

SiO2 93.2 94.54 

Al2O3 0.19 0.10 

Fe2O3 0.13 0.20 

MgO 0.36 0.26 

Na2O <0.01 0.05 

K2O 0.51 0.45 

SO3 0.02 0.44 

Loss on ignition 

(LOI) 

3.10 3.57 
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Table 2: Reacted SiO2 as determined by 29Si MAS NMR from Lothenbach et al. (26)  

Lothenbach et al. (26) 

Time (days) Reacted SF (g/100g) 

0 0.00 

0.25 3.00 

4 9.00 

14 18.00 

28 23.00 

56 25.00 

356 28.00 

1310 30.00 
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Table 3: Reacted SF as determined by selective dissolution from Li et al. (31) 

Li et al. (31)  

Time (days) Reacted SiO2 (g/100g) 

0 0.00 

3 4.28 

7 5.68 

28 5.98 

90 7.08 
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Table 4: Empirical fitting parameters calculated for SF (this study) and clinker phases (27) 

  

(a) 

C3S 

(b) 

C2S 

(c) 

C3A 

(d) 

C4AF 

(e) 

SiO2 

(26) 

(f) 

SiO2 

(31) 

(g) 

SiO2 

(avg) 

K1 1.500 0.500 1.000 0.370 0.490 0.492 0.491 

N1 0.700 1.000 0.850 0.700 0.621 0.636 0.627 

K2 0.050 0.006 0.040 0.015 0.050 0.043 0.047 

K3 1.100 0.200 1.000 0.400 0.389 1.291 0.840 

N3 3.300 5.000 3.200 3.70 3.426 3.142 3.284 

H 1.8 1.35 1.6 1.45 1.44 1.04 1.24 
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Table 5: Comparison of the MPK model predictions of dissolved amounts of silica fume with 

measured amounts in Muller et al. (34) 

Day Reacted SiO2 

g/100 g 

(measured) 

Reacted SiO2 

g/100 g 

(MPK model) 

0 0 0 

3 3.4 3.2 

7 4 3.8 

14 6 5.9 

28 6.7 6.5 
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Table 6: Comparison of the MPK model predictions of dissolved amounts of silica fume with 

measured amounts in Lothenbach et al. (2012) (21) 

Day g/100 g 

(measured) 

g/100 g 

(MPK model) 

0 0.1 0 

1 2.5 2.3 

2 8.3 8 

7 9.1 8.5 

56 9.3 9 

1310 10 9.4 
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Table 7: Chemical composition of the Type I/II OPC used in this study 

C3S C2S C3A C4AF Na2O K2O MgO SO3 LOI 

59.53 12.35 6.84 10.14 0.30 0.28 0.81 3.12 2.92 
 

 

 


