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A B S T R A C T   

This paper proposes an approach to estimate reaction kinetics for major fly ash glassy oxides in cementitious 
mixtures. The approach is compared to experimental results from multiple independent datasets. The kinetic 
model is based on the rate limiting step for various oxides and phases using the general form of a widely used 
model for ordinary portland cement (OPC)-based systems. The empirical parameters in the model were fit from 
dissolution studies for glass oxides in two fly ashes from literature using a nonlinear optimization algorithm. The 
outputs of the model provide the inputs needed to introduce reaction kinetics into thermodynamic simulations at 
non-equilibrium conditions. The model is used to determine the amount of each phase that can react by esti
mating the dissolved mass of each major cement phase and fly ash glass oxide at different ages. This approach 
enables accurate modeling predictions of solid hydration products (such as calcium hydroxide and ettringite), 
pore solution pH, and pore solution chemistry at any age for any OPC/fly ash system. Results from the model and 
thermodynamic calculations are compared to a modeling approach without kinetic constraints on the fly ash, 
assuming 100% reactivity. The prediction of reaction products made assuming 100% fly ash reactivity signifi
cantly differs from experimental values when a fly ash kinetic model is not used. Predictions are greatly improved 
when the model is used. The model can be used as a framework for future modeling efforts, and the empirical 
parameters be updated as additional dissolution studies and thermodynamic data become available.   

1. Introduction 

This paper describes a framework for accurate, non-equilibrium 
thermodynamic modeling of any OPC/fly ash mixture, based only on a 
priori knowledge of the ordinary portland cement (OPC) and supple
mentary cementitious material (SCM) chemical compositions. Thermo
dynamic modeling is a powerful tool to predict equilibrium reaction 
products and pore solution chemistry in cementitious systems [1–3]. 
One limitation of thermodynamic modeling is that it considers equilib
rium conditions. However, cementitious systems are inherently 
non-equilibrium as they react [4]. Therefore, a kinetic framework to 
estimate dissolution rates of the cementitious phases at different ages is 
needed in order to perform thermodynamic modeling [5]. The 
Parrot-Killoh model (PK model) is an established method to describe the 
proportion of the four clinker phases in OPC that are available to react (i. 
e., dissolved into the pore solution at a given age) [1,6–8]. Given any 
combination of initial OPC chemical composition, the PK model com
putes the non-equilibrium inputs that describe the masses of each clinker 
phase at different ages used in thermodynamic simulations. While more 

complex atomistic [9–11], molecular dynamics [12,13], and micro
structural simulation models [14,15] exist to describe the hydration 
processes and products in cementitious systems, these models are not 
necessarily designed to provide the outputs needed for thermodynamic 
simulation of cementitious mixtures [16]. Although recent work in 
modeling the pozzolanic reaction of fly ash has incorporated informa
tion on the dissolution of fly ash glasses [17], such models also do not 
provide the necessary data needed for thermodynamic simulations. Such 
outputs are important for the prediction of factors that control the 
durability of the mixtures because thermodynamic calculations allow for 
simulation of parameters such as strength development [18], porosity 
[8], and formation factor [19]. The model demonstrated in this paper, is 
designed explicitly as a framework to estimate the reaction kinetics in 
OPC/fly ash systems, so that thermodynamic modeling can be used to 
predict reaction products in any mixture, based only on a priori infor
mation on the system chemical composition. 

The PK model fills an important need in cement science, and has been 
used to incorporate reaction kinetics into thermodynamic modeling as a 
function of time [1,2,20–22]. While the PK model is powerful, most 
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modern binders, contain SCM [23] such as fly ash, slag, or silica fume. In 
its current form, the PK model is limited to only the four major phases in 
OPC. An extension of the PK model is needed to provide the kinetic 
inputs required for thermodynamic modeling in systems that contain 
SCM. Previous work with thermodynamic modeling in OPC/SCM sys
tems either used the PK model for the OPC phases and 1) made 
simplifying assumptions on the reactivity of the SCM phases, such as 
assuming constant reactivity [2,24,25]; or 2) fit a rate equation to the 
specific set of experimental data, that only described the particular 
system being modeled [3,26]. The limitation of the first option is that 
kinetics are not actually considered for the SCM, and the limitation of 
the second option is that experiments are necessary, and do not allow for 
simulation of other experimental conditions and compositions of SCM. 
Prior work has extended the PK model principles to OPC/amorphous 
silica mixtures [27], and here, this model framework (the modified 
Parrot-Killoh or MPK model) is applied to OPC/fly ash mixtures. 

Fly ash, which is a byproduct of coal combustion [28] is a commonly 
used SCM that can show both hydraulic and pozzolanic reactions in 
OPC-based systems [29]. Thermodynamic modeling can be used to 
predict reaction products for any OPC/fly ash mixture, based only on the 
chemical compositions and environmental conditions only if the reac
tion kinetics of the fly ash dissolution can be accounted for. A kinetic 
model like the PK model is necessary for fly ash in order to achieve this 
objective. The MPK model, like the PK model, is based on empirical 
dissolution kinetics [30,31], as well as on the current scientific under
standing of fly ash composition and structure [32–34]. 

Recent advances in scientific understanding of dissolution and re
action kinetics of fly ash show that typically the glassy (amorphous) 
components in fly ash are reactive in cementitious systems [17,32,35, 
36]. It has been hypothesized that the intrinsic reactivity of fly ash can 
be described by the glass:crystalline ratio of the fly ash [17]. While the 
bulk composition is not irrelevant to the formation of reaction products, 
there is generally little correlation between the bulk composition of a fly 
ash and its glassy phase composition [31,37–39]. This paper, therefore, 
focuses on the role of glass in fly ash on reaction rates. Because exper
imental measurement of glass dissolution of individual fly ashes is at 
present complicated and limited [31], the model presented in this paper 
(based on dissolution studies of glass phases in two fly ashes [30]) is 
intended to serve as a framework for future modeling efforts. This 
framework can be modified as more calibration data becomes available, 
or as new model forms are developed. However, even at this early stage, 
this work demonstrates that even with provisional model coefficients, 
the MPK model produces relatively realistic estimations of fly ash glass 
dissolution kinetics, and accurate thermodynamic models for the solid 
and liquid reaction products in OPC/fly ash mixtures. 

2. The MPK model 

The MPK model is extended from describing OPC/amorphous silica 
systems [27] to include seven components: C3A, C2S, C3S, C4AF, amor
phous SiO2, amorphous CaO, and amorphous Al2O3. The later three 
oxides form the major reactive phases in most fly ashes [25]. 

The PK model calculates the dissolution rates of the four clinker 
phases at different ages, based on empirically determined dissolution 
coefficients. These coefficients have been shown to apply to the majority 
of cements [22], and therefore the modeling approach is applicable to 
most OPC systems. In the MPK model, the dissolution rate at time t is 
used to calculate the mass of each dissolved cement phase and fly ash 
oxide, or average system degree of hydration at a given age. The 
calculated dissolution rate is based on the slowest of the following 
processes: 1. nucleation/precipitation; 2. diffusion; and 3. reduction in 
transport of dissolved species, at a given time. That rate controlling step 
is then used in conjunction with a form of the Avrami equation [1] to 
determine the overall time-and temperature dependent dissolution of 
each phase. While it may be argued that the fundamental details of these 
processes may be improved, the ability to use the equations to describe 

kinetics does not exist and is currently the most direct way to bring these 
data into thermodynamic calculations. 

The MPK model contains a term DoRph*, to describe the maximum 
degree of reactivity of each component. This term refers to the maximum 
mass % of each component that is capable of dissolving into solution 
(and participating in chemical kinetics) based on whether it is crystalline 
or amorphous (glassy). Prior work has demonstrated that typical crys
talline phases found in fly ash are not capable of dissolving into solution 
in cementitious systems at room temperature [34,40–43]. The alkaline 
pH of the pore solution – combined with structural characteristics of the 
crystals – preclude their dissolution. While different glass structures also 
show variation in dissolution rates in fly ash (due in large part to 
polymerization and depolymerization of glass structures by network 
modifying cations in order to maintain charge balance) [31,41], all 
amorphous phases in fly ash are believed to be capable of dissolution. 
For the clinker phases and for silica fume, DoRph* can be assumed to be 
100%. 

The MPK model calculates the time dependent dissolution rates and 
degrees of reaction, αph(t), of each of the seven phases and oxides in the 
OPC and fly ash (C3S, C2S, C3A, C4AF, amorphous SiO2, amorphous 
Al2O3, and amorphous CaO). The term “degree of reaction” as used here 
includes the hydraulic reactions of the clinker phases and the pozzolanic 
and hydraulic reactions of the fly ash glass oxides. The term is used in 
order to distinguish the time dependent reactions from the overall 
maximum degree of reactivity (DoRph*) of the SCM. 

The form and parameters of the MPK model are shown in Equations 
(1) and (2). 
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where Aph (m2/kg) is the surface area of the clinker and fly ash, Ao (m2/ 
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,3 are the rates of nucleation and precipitation, 
diffusion, and the slowing of transport of dissolved species, respectively, 
as follows: 
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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 fly ash, as described in 
Section 3. 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 seven phases and oxides. Section 3 
describes the numerical process for used to determine these coefficients 
for the MPK model in more detail. 

The factor that incorporates the influence of water-to-binder ratio 
(w/b) in equation 1a, fw/b, is given as: 

fw=b ¼

�

1þ 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 by Lothenbach 
in Ref. [1], and is calculated using the methods described in Section 3.1. 
H is a term used in the calculation of fw/b which accounts for the 
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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 reaction is taken as a weighted average for all 
phases and oxides. 

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 seven components 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 seven 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 amorphous fly ash phases in the model means that the 
overall system degree of reaction is proportionally impacted by the 
replacement of the four OPC clinker phases by amorphous fly ash oxides. 
Hence, the average system degree of reaction (and mass of each dis
solved phase) at time t of a system using the 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 fly ash will be 
captured. Other fly ash and cement oxides are allowed to dissolve in 
proportion to the average system degree of reaction. 

Finally, the effect of relative humidity on the degree of reaction is for 
the relative humidity (h) 

βH ¼

�
h 0:55

0:45

�4

(4) 

In this work βH is assumed to be 1 for saturated conditions. 
In the present work, the DoRph* must be either measured or esti

mated for a given fly ash. Thus, the DoRph* of the three individual fly ash 
glass oxides (amorphous SiO2, Al2O3, and CaO) must be obtained from 
quantitative x-ray diffraction (QXRD) or scanning electron microscopy 
electron dispersive X-ray spectroscopy (SEM-EDS) [25]. Total amor
phous content in fly ashes can range between 20 and 100%, though it is 
typically between 50 and 80% for most conventional US fly ashes [31, 
41]. Furthermore, the amorphous to bulk ratio of each individual oxide 
will vary within a single ash [45]. To this end, QXRD or SEM-EDS 
measurements are the most reliable way to measure DoRph*. 

3. Methods 

3.1. Determination of fitting parameters for the MPK model – data 
sources 

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, amorphous CaO, 
and amorphous Al2O3 over time were obtained from dissolution and 
reaction studies of two calcareous fly ashes reported in literature by 
Durdzinski et al. [31]. It is important to note that the model is calibrated 
using only two fly ash studies because, to the best knowledge of the 
authors, these are the only known sources of measured time-dependent 
dissolution data for individual fly ash glass phases for periods of over 4 
days. While one prior modeling study did investigate dissolution rates of 
individual glass phases, this was accomplished via estimates from 
dissolution tests, and fly ash reactions were modeled as a composite, not 
based on measured individual glass oxide dissolution rates [17]. As 
additional dissolution data for fly ash glasses becomes available, the 
provisional empirical coefficients in the MPK model can be recalculated 
using the methods described in Section 3.2. 

The w/b and fly ash mass replacement level used for the two fly ashes 
by Durdzinski et al. were 0.50, and 45%, respectively. The determina
tion of the degree of reaction of the fly ash glassy phase assemblages 
were quantitatively determined by Durdzinski et al. using an innovative 
quantification method [43] using a combination of XRD and SEM-EDS 
and a novel clustering algorithm to characterize the amorphous pha
ses. The initial bulk chemical composition of the two fly ashes is shown 

in Table 1. The crystalline phase composition is shown in Table 1 and the 
oxide composition of the amorphous content is shown in Table 2. Table 3 
shows the dissolved amount of each glassy oxide at different ages be
tween 1 and 365 days. To obtain the glassy phase composition based on 
individual oxides, a weighted average of the oxides in each glass was 
used. Durdzinski et al. [31] report the glass composition for each fly ash 
glass group in the original work (Table 2), and these values were used for 
the weighting. 

It should be noted that in Ref. [31] the fly ash glass oxides were 
grouped into 4 groups of glass phases. Each glass phase was comprised of 
different proportions of CaO, SiO2, and Al2O3. For purposes of the pre
sent work, the fly ash glass oxides were separated out from these four 
groups, and analyzed individually (as oxides). Although these oxides 
tend to be found in polymerized glass networks in fly ash, rather than as 
individual oxides, the reason for analyzing these data as oxides rather 
than glass groups as done in Ref. [31] was two-fold: First, given the 
broad heterogeneity and variability of fly ashes, the proportion of oxides 
in the glass groupings delineated in Ref. [31] may not describe other fly 
ash systems. Second, the MPK model is intended to provide inputs for 
thermodynamic modeling. The thermodynamic modeling algorithm 
(GEMS) uses the Gibbs Free Energy Minimization technique, which 
breaks out the inputs into their atomic forms to determine thermody
namically feasible equilibrium speciation that are defined in the CEM
DATA database [4]. Therefore, the MPK model was fit based on the fly 
ash glass oxides rather than using specific fly ash glass groups (such as 
those in Ref. [31]) which are not contained in the relevant thermody
namic libraries. 

3.2. Determination of fitting parameters for the MPK model – model 
fitting 

A nonlinear programming technique was employed to determine the 
empirical reaction rate coefficients of the MPK model. A damped least 
squares method (Levenberg-Marquardt) [46] was used to fit the 
parameterized function (i.e. the MPK equations) to the sets of measured 
data shown in Table 3. The fitting algorithm operates by iteratively 
reducing the sum of the square of the errors between the measured data 
and the parameterized function by sequentially updating the parameter 
values. Two minimization methods are used by Levenberg-Marquardt: 
Gauss-Newton [47] and gradient descent [48]. In the former case, the 

Table 1 
Bulk composition and crystalline phase composition (all amounts in weight %) 
of the two studied fly ashes reported in Ref. [31].   

FA-1 FA-2 

Al2O3 19.8 18.2 
SiO2 42.3 33.6 
CaO 20.7 26.5 
Na2O 0.3 1.9 
K2O 1.5 0.4 
MgO 2.2 6.4 
Fe2O3 8.2 6.4 
SO3 1.4 2.2 
TiO2 0.7 1.3 
P2O5 0.3 0.9 
CaSO4 1.8 2.0 
Sum 97.2 97.7 
C3S – – 
C2S 2.5 0.5 
C3A 2.0 4.0 
C4AF 1 1.5 
Quartz 1.3 3.5 
Mullite – – 
Dolomite – – 
Calcite – – 
Periclase – 2.0 
Gypsum – –    

Amorphous 89.7 85.9  
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sum of the squared errors is reduced by assuming a locally quadratic 
least squares function and finding the minimum of the quadratic. In the 
latter case, the errors are reduced by updating parameters iteratively in 
the steepest descent direction. In solving the optimization problem, the 
algorithm behaves like Gauss-Newton as the parameters near their 
optimal value, and like the gradient-descent method when the solution 
is far from optimal. The Levenberg-Marquart algorithm was selected in 
this study because it overcomes the disadvantages of either a purely 
Gauss-Newton method or purely gradient descent method (i.e. param
eter evaporation or inaccuracy of results for moderately complex func
tions and slow convergence, respectively). The accuracy of the results of 
the algorithm were evaluated by both observing the sum of the square of 
the errors between the experimental and fitted data, and by comparing 
the results of the MPK equations using the coefficients produced from 
the fitted data, to the predicted dissolution-reaction data shown in 
Table 3. The results are described in Section 4.1. 

3.3. Validation of the MPK model 

The MPK model is validated based on a combination of independent 
dissolution data in OPC/amorphous silica systems, and on thermody
namic data for multiple OPC/fly ash systems. First, the amorphous SiO2 
coefficients were compared to those calculated for OPC/amorphous 
silica systems. Next, the empirical coefficients calculated for the amor
phous SiO2 in the fly ashes were bootstrapped to calculate the dissolu
tion rates of amorphous SiO2 in additional OPC/amorphous silica 
systems (and compared to experimental measurements of the same). 
Finally, the MPK model was applied to provide the kinetic inputs for 
thermodynamic modeling, and solid reaction products as well as pore 
solution chemistry were simulated and compared to both experimental 
measurements, as well as other theoretical approaches. 

4. Results and discussion 

4.1. Empirical parameters 

The empirical reaction rate parameters obtained from the optimi
zation algorithm described in Section 3 are shown in Table 4, along with 
the sum of the square of the errors obtained, and the R2 value of the fit 
between the reproduced model and experimental data. 

Given the ability of the fitted model coefficients and equations to 

reproduce experimental values (as demonstrated by the R2 values in 
Table 4), the arithmetic mean of the empirical parameters should be 
used for modeling. The data shown in Table 4 demonstrate that the MPK 
model can accurately reproduce the experimental results obtained by 
Durdzinski et al. [31], however independent validation of the model is 
necessary to ensure its broader applicability as described later in Section 
4.3 - 4.5. First the results of the optimization problem are discussed. 

4.2. Comparison of dissolution-reaction kinetics for CaO, Al2O3, and 
SiO2 

It is instructive to consider the similarities and differences in 
dissolution-reaction kinetics between the three major fly ash oxides in 
this study: (amorphous) CaO, Al2O3, and SiO2. CaO, Al2O3, and SiO2 are 
known to behave differently from one another in cementitious mixtures 
due in part to their charge (and therefore binding capacity), and in part 
due to their pozzolanic versus hydraulic nature [30]. SiO2 and Al2O3 are 
primarily pozzolanic in nature [49], whereas CaO contributes to hy
draulic properties [50]. Therefore, it is expected that differences in 
dissolution and reaction rates may be observed between these three 
oxides. Table 4 provides the empirical coefficients calculated for the 
pozzolanic oxides (Al2O3 and SiO2) and shows that these values are 
somewhat similar to each other; however, they are different than those 
calculated for CaO. The K1 and N1 parameters which belong to the 
nucleation/precipitation equation for CaO are �1.0, but <1.0 for Al2O3 
and SiO2. For the K2 values, which are associated with the diffusion 
equation, CaO is 2.0 and Al2O3 and SiO2 are each <1.0. This is indicative 
of the slower dissolution rate of calcium. This is discussed in more detail 
in the paragraph below. 

Fig. 1 shows the modeled (Fig. 1A) and measured (Fig. 1B) dissolu
tion rates of the individual oxides and a scatter plot of modeled versus 
experimental dissolution rates (Fig. 1C). The data in Fig. 1B are the same 
data as those reported in Ref. [31], however, in Ref. [31] the fly ash 
oxides were grouped into four groups of glass phases comprised of 
different proportions of each of these oxides, and here, they oxides are 
broken out from these larger four groups of glasses for purposes of 
analysis. Transposed onto Fig. 1A and B are the approximate points in 
the reaction process where nucleation and precipitation (Equation (2a)); 
diffusion (Equation (2b)); and reduction in rate of ionic transport 
(Equation (2c)) are the rate limiting factors. Determining which of these 
reactions are rate controlling at which time depends on (among other 
things) mixture composition, temperature, fly ash replacement amount, 
and particle size [51]. These results are consistent with earlier work, 
which has shown that nucleation and precipitation begins at the time of 
initial mixing [16,52], and that diffusion and reduction of rate of ionic 
transport are the rate controlling steps for the majority of the later re
action process [16]. 

Several observations can be drawn from these plots. The first 
observation is that the modeled (A) and measured (B) rates are nearly 
identical (Fig. 1C). This is expected, and is also reflected in the 

Table 2 
Glass composition (weight percent) of FA-1 and FA-2 reported in Ref. [31].   

CaO (%) SiO2 (%) Al2O3 (%) 

FA-1 Si 2.9 83.2 7.4 
FA-1 Ca–Si 26.5 41.7 19.5 
FA-1 Al–Si 9.1 52.7 25.5 
FA-1 Ca–Al–Si 44.4 29.2 14.4 
FA-2 Si 3.1 89.2 1.9 
FA-2 Ca–Si 27.6 41.5 13.2 
FA-2 Al–Si 9.1 45.8 30.0 
FA-2 Ca–Al–Si 39.4 18.9 20.8  

Table 3 
Dissolved amount of each glassy oxide (g/100 g binder) at different ages be
tween 1 and 365 days from Refs. [31].  

Day FA-1 (g dissolved) FA-2 (g dissolved) 

CaO Al2O3 SiO2 CaO Al2O3 SiO2 

1 0.64 1.07 1.90 1.62 0.85 1.93 
7 1.66 2.85 5.22 5.98 3.15 4.40 
28 2.47 4.17 7.74 7.54 4.35 6.34 
56 2.85 4.75 8.87 7.87 4.85 7.36 
90 3.07 5.10 9.55 8.01 5.12 7.94 
365 3.55 5.86 11.03 8.15 5.40 8.89  

Table 4 
Empirical reaction rate coefficients for the MPK model; and the R2 of the fit 
between the model results and experiment.   

K1 N1 K2 K3 N3 H R2 

SiO2 (FA-1) 0.490 0.630 0.047 0.042 3.978 1.340 0.99 
SiO2 (FA-2) 0.490 0.621 0.047 0.682 3.977 1.340 0.99 
SiO2 [27] 0.490 0.621 0.050 0.389 3.426 0.040  
SiO2 [27] 0.492 0.636 0.043 1.291 3.142 1.440 
SiO2 (average) 0.490 0.626 0.047 0.362 3.988 1.040  
CaO (FA-1) 1.000 1.700 2.000 0.338 0.987 0.010 0.99 
CaO (FA-2) 1.000 1.700 2.000 0.140 0.973 0.010 0.95 
CaO (average) 1.000 1.700 2.000 0.239 0.980 0.010  
Al2O3 (FA-1) 0.501 0.704 0.050 0.065 2.000 0.090 0.99 
Al2O3 (FA-2) 0.499 0.699 0.050 0.721 1.999 0.090 0.99 
Al2O3 

(average) 
0.500 0.702 0.050 0.393 2.000 0.090   
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correlations reported in Table 4. Another observation is that the reaction 
rates shown are reflective of those found in literature [3,53]. For each 
oxide, early-age reaction rates (1–7 days) are substantially higher than 
later-age reaction rates, and after an initial rapid reduction, slow down 
and asymptotically approach zero. These results may also be contextu
alized by other experimental and modeling investigations which have 
found that around 90 days, the reactivity of many fly ashes tends to 
plateau or slow significantly after this time [17]. 

Another noteworthy observation from this figure is that the early 
dissolution rate of CaO is considerably lower than that of SiO2 and 
Al2O3. At all ages, the dissolution rate of SiO2 is slightly faster than 
Al2O3, and the dissolution rate of CaO is slower than both; although at 
later ages, the difference between the dissolution rates of the oxides 
narrows. Specifically, 1-day SiO2 and Al2O3 dissolution rates are roughly 
0.6 g/100 g binder/day, whereas the 1-day dissolution rate of CaO is 
roughly 3 times lower at 0.2 g/100 g binder/day. At 7 days, the SiO2 and 
Al2O3 dissolution rates are an order of magnitude higher than CaO: 
roughly 0.20 g/100 g binder/day versus 0.05 g/100 g binder/day for 
CaO. After 90 days the dissolution rates of all three oxides tend to slow 
down substantially and converge with one another, although the 
dissolution rate of calcium is still notably slower than either SiO2 or 
Al2O3 at 1 year. At 365 days, the SiO2 and Al2O3 dissolution rates are 
0.005 g/100 g binder/day, and the CaO dissolution rate is roughly 
0.002 g/100 g binder/day. 

Prior experimental work has found that fly ashes rich in amorphous 
SiO2 and Al2O3 react faster than CaO rich fly ashes, and that Al and Si 
tend to dissolve congruently, whereas calcium dissolution is hindered in 
mixtures above a 1.0 M CaO/Al2O3 molar ratio, which corresponds to a 
nearly fully condensed glass network structure [54]. While past work 
has demonstrated that calcium can accelerate the dissolution of alumi
nosilicates, the reaction of the calcium itself appears to be slower. In 
other words, the presence of calcium in a glass structure can accelerate 
the dissolution of Al2O3, but not vice versa [53]. In a glass containing Ca, 
Si, and Al, the calcium acts as a network modifier in the glass structure, 
and is bound ionically (unlike the Si and Al which are covalently 
bonded), thus making the glass structure vulnerable to attack by 
aqueous ionic solutions [53]. Another potential explanation for the 
slower dissolution of CaO is the supersaturation of pore solution from 
calcium rich clinker phases, which would limit the dissolution of cal
cium from the fly ash [55,56]. 

4.3. Comparison of amorphous SiO2 dissolution in silica fume and fly ash 

As a preliminary cross-validation of the MPK model to earlier works, 
the reaction rate coefficients for amorphous SiO2 calculated for the 
present work are compared to the reaction rate coefficients for amor
phous SiO2 calculated in prior work [27]. These results are shown in 
Table 4. It is expected that if amorphous silica in fly ash behaves simi
larly to that of the amorphous silica in silica fume, then the empirical 
parameters should likewise be similar. Although experimental work is 
limited, past work has demonstrated that the amorphous silica in fly ash 
dissolves at a similar rate to amorphous silica in silica fume [3,7], and 
similarly shifts the overall system degree of reaction to earlier ages. 

As seen in Table 4, the empirical parameters calculated from the 
present work for fly ash are nearly identical to those calculated for silica 
fume. This indicates that the overall dissolution-reaction kinetics for the 
amorphous silica in fly ash is similar to the amorphous silica in silica 
fume as found in the prior works [27]. In addition, these results suggest 
that the MPK model is able to accurately capture the dissolution kinetics 
of amorphous SiO2 in fly ash. The similarity in the empirical coefficients 
in models, therefore, provides promising cross-validation of the kinetic 
behavior of amorphous silica to both prior models and prior experi
mental evidence. 

Fig. 1. Dissolution rates of the individual oxides A. modeled; and B. measured. 
Dashed lines do not represent actual data and are for ease of viewing only. 
Transposed onto the figures are the approximate stages of the dissolution pre
cipitation process: 1) nucleation/precipitation; 2) diffusion; 3) reduction in 
transport. Fig. 1C shows the measured and modeled dissolution rates plotted 
against each other for ease of comparison. 
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4.4. Using the MPK empirical coefficients for amorphous SiO2 to 
bootstrap measured dissolution in OPC/amorphous SiO2 systems 

While the ultimate purpose of the MPK model is to provide the nu
merical input necessary for thermodynamic modeling OPC/fly ash sys
tems at non-equilibrium conditions, it must first be demonstrated that 
the model can accurately predict the dissolution rates in other, inde
pendent systems. Since no other known time-dependent experimental 
dissolution data for fly ash glasses exist, dissolution data for amorphous 
silica as determined by 29Si MAS NMR were obtained from two addi
tional, separate studies by Muller et al. [57] and Lothenbach et al. [58]. 
In the first study by Muller et al. [57] amorphous SiO2 dissolution was 
measured at 3, 7, 14, and 28 days. The w/b of the system studied by 
Muller et al. 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 
mass replacement level was 10%. Using the average of the amorphous 
SiO2 empirical coefficients (Table 4), the MPK model was run using the 
materials and test conditions in Muller et al. An R2 of 0.99 was obtained. 
In the second separate independent study from Lothenbach et al. [58] 
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 run using the average of the empirical coefficients (Table 4). 
An R2 of 0.99 was obtained. 

4.5. Thermodynamic validation 

Sections 4.1–4.4 demonstrate that the MPK model accurately pre
dicts the following: 

1. The dissolution rates and overall dissolved masses of the experi
mental studies used to fit the model;  

2. The dissolution rates of amorphous silica as compared to prior 
dissolution models and studies; and  

3. The relative and absolute dissolution rates of amorphous Ca, Si, and 
Al as compared to general values reported in literature. 

The following sections show the results of the MPK model compared 
to prior experimental studies. In the present work, the curing conditions 
for the pastes used to calibrate the model was 20 �C, and the curing 
conditions of the pastes used to validate the model were 20 �C. Although 
it is expected that like the PK model, the MPK model should apply to 
pastes cured at different temperatures, insofar as the equation has a term 
to account for initial temperature, and insofar as the subsequent ther
modynamic calculations may also be adjusted based on the temperature 
used in the MPK model and/or test system, future work will further 
verify this by evaluating pastes cured at accelerated temperatures. 

In addition, the MPK model is compared to a commonly used theo
retical approach in modeling which uses the PK model and a measured 
or assumed maximum overall degree of reactivity of the fly ash (PK þ
reactivity), where the fly ash oxides all dissolve uniformly [8]. 

As described above, the MPK model provides the kinetic inputs for 
thermodynamic modeling at non-equilibrium conditions. The kinetic 
inputs from the MPK model are entered in the form of grams of each of 
the seven OPC phases and fly ash oxides dissolved at either different ages 
or different average system degrees of reaction. Other minor cement 
oxides are allowed to dissolve proportionally to the overall average 
system degree of reaction at the age of interest. 

Thermodynamic modeling is performed using the GEMS3K [59] al
gorithm, the CemData 18.1 database [4], and associated software 
developed by the authors of this study. GEMS3K uses a Gibbs Energy 
Minimization algorithm to compute the equilibrium phase assemblage 
and speciation in cementitious systems based on the bulk elemental 
compositions and pressure and temperature [60]. Thermodynamic 
equilibrium of a system is achieved when the spontaneous energy of the 
system is at a minimum. In GEMS3K, equilibrium composition of the 
whole system is found from all of the possible stoichiometric 

combinations of the phases. A benefit of the GEMS3K approach is that no 
a priori assumptions need to be made regarding the phases, the solid 
solution composition, the solution pH, redox potential, or fugacity of 
gasses [4]. These values are computed as outputs from the GEMS3K 
algorithm. A limitation of GEMS3K however, is that in order to produce 
accurate results, the inputs to the software must reflect the bulk chem
ical composition of the system as it approaches equilibrium. The re
actions that occur while cement and fly ash hydrate and react however, 
are implicitly transient [5,44]. Both the rates of reaction and the masses 
of the bulk independent components of the system are kinetically con
strained [9]. To this end, the MPK model provides a framework from 
which these kinetic values can be reliably calculated for almost any 
OPC/fly ash mixture, and inputted into GEMS3K as “quasi-equilibrium” 
values to enable thermodynamic calculations of the systems at 
non-equilibrium conditions. 

4.5.1. Solid reaction products – calcium hydroxide 
Calcium-hydroxide (CH) amounts for several fly ash/OPC mixtures 

were obtained from literature. In one such study, Kucharczyk et al. [61] 
synthesized eight different CaO–Al2O3–SiO2 glasses, seven of which 
represented typical fly ash compositions, and the other was a synthetic 
slag. The seven fly ash compositions are shown in Table 5. The slag was 
not used in the present study since it is outside the scope of the model. 
Experiments were performed at a w/b of 0.50 and a mass replacement 
level of 45.2%. Chemical composition and other material properties 
used in the model can be found in the original study [61]. Since the fly 
ashes in this study were 100% reactive glass, the DoRph* of the CaO, 
SiO2, and Al2O3 were 100%. This assumption would be highly inaccu
rate for a non-synthetic fly ash. The 100% value reflects the fact that the 
fly ash oxides are all amorphous; in a real fly ash this figure would be 
lower. It should be noted that a 100% fly ash reactivity is an extreme 
example, and not at all realistic for actual fly ashes. However, since the 
fly ashes from this study are all composed of synthetic and fully reactive 
glass, this simplified system allows for an uncomplicated comparison of 
a thermodynamic model with fly ash kinetics and without it (i.e. the 
MPK model). The MPK model was run using the experimental conditions 
of Kucharczyk et al. [65], and compared to both the experiment and to 
the PK þ reactivity approach, where it was assumed that 100% of each 
fly ash is available for reaction at all ages. More realistic fly ash reac
tivity values are used to validate the MPK model in forthcoming sec
tions. However, for this study containing synthetic and fully reactive 
ashes, Fig. 2 shows the results of the experiments, and of MPK versus PK 
þ 100% reactivity approach. 

From Fig. 2, two observations can immediately be made. The first is 
that the MPK model is in good agreement with the experiments. The 
second is that the PK þ reactivity approach vastly overestimates the fly 
ash reactivity and its CH consumption, due to the fact that all of the 
pozzolanic phases in the fly ash are assumed to react immediately, 
resulting in the consumption of nearly all the CH in the system at 180 
days. The only mixtures where any CH is predicted by PK þ reactivity 
are those containing G3, G4, G6 and G7, all systems with initial SiO2 
amounts of 60% or less. For these four fly ashes, CH amounts are vastly 
underpredicted by 12%, 14%, 12%, and 11% respectively. In contrast 
the MPK model is always within 0–2% of the experimental values. 

Table 5 
Chemical composition of the seven synthetic fly ashes glasses synthesized by 
Ref. [61].   

G1 G2 G3 G4 G5 G6 G7 

Al2O3 (%) 16.8 26.3 35.1 26.7 16.6 26.1 36.3 
SiO2 (%) 78.5 69.1 60.6 59.4 62 49.8 39.7 
CaO (%) 4.7 4.7 4.3 13.9 21.4 24.1 24.0 
Sum (%) 100 100 100 100 100 100 100 
Ca/(AlþSi) 0.05 0.05 0.04 0.12 0.27 0.32 0.31 
Ca/Al 0.5 0.3 0.2 0.9 2.3 1.7 1.2 
Al/Si 0.1 0.2 0.3 0.3 0.2 0.3 0.5  
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In addition to the synthetic fly ashes modeled above, CH amounts 
were also modeled for the fly ashes reported by de Weerdt et al. [18] 
using both the MPK model and the PK þ reactivity approach. From this 
study, CH amounts, given as a percent of binder, were obtained for the 
pastes at different ages. The w/b of the pastes in this study was 0.50 and 
the fly ash mass replacement was 35%. Material and experimental 
conditions are reported in the original study [18]. For the PK þ reac
tivity modeling approach, two different fly ash reactivities were 
modeled: first, the fly ash reactivity was modeled at 68% to reflect the 
68% amorphous content of the ash (68% of the fly ash phases were 
modeled as uniformly dissolved at all ages), as would have been done 
using earlier thermodynamic approaches [8]. The fly ash was also 
modeled at a reactivity of 25%, which reflects the approximate mean 
value of maximum degree of reaction for American fly ash obtained from 
multiple publications [24,36,62–67] (25% of the fly ash phases were 
modeled as dissolved at all ages). In neither PK þ reactivity approach 
was fly ash kinetics incorporated. 

For the MPK model, the DoRph* of the fly ash oxides reflect the 
proportion of each individual oxide that was amorphous as determined 
by subtracting the crystalline phases determined by QXRD from the bulk 
composition. Results shown in Fig. 3 are consistent with those from 
Fig. 2 – the MPK model closely predicts the experimental data, however, 

the PK þ reactivity model does not. In the PK þ 68% reactivity model, 
the proportion of binder that is CH is always 0% at all ages, which is a 
consequence of the high silica content of this ash, and the model 
assumption that it is always dissolved in solution. In the PK þ 25% 
reactivity approach, CH amounts are predicted to be between 6 and 9% 
of the binder at different ages. Although the PK þ 25% reactivity model 
has a much higher error than the MPK model (underpredicting CH by 
roughly to 50% of experimental values at early ages) it becomes more 
accurate as the system approaches true equilibrium at 180 days. This is a 
consequence of the fly ash reaction being immediately completed in the 
PK þ 25% approach, since there is no kinetic restriction on dissolution 
rate. Following the complete reaction of the fly ash, the continuous 
hydration due to cement-only kinetics results in an increased CH con
tent. It is apparent that even using an arbitrarily average reactivity value 
in the PK þ reactivity approach, the progression of reactions and reac
tion pathways are not captured, and early age modeling of the reactions 
is inaccurate. In contrast, the MPK model predicts early age CH amounts 
within 2% of the binder amount (15% of experimental values) at early 
ages, reflecting its ability to capture the early age dissolution and re
action of the fly ash phases. At 90 days, the MPK model exactly matches 
the experimental measurements, and at 180 days, matches within 1% of 
binder (see Fig. 4). 

4.5.2. Solid reaction products – ettringite 
To further validate the MPK model, ettringite amounts (percent of 

binder) were also modeled using the MPK approach and compared to the 
data reported by de Weerdt et al. [18]. As with CH, the results of the 
MPK model and experiments are compared to the PK þ reactivity 
approach for reaction extents of 68% and 25%. As noted in the study by 
de Weerdt et al. [17], the presence of fly ash in the OPC results in higher 
amounts of ettringite formed than in plain OPC systems [18]. The 
ettringite amounts as modeled by MPK compare favorably to the 
experimental results, predicting ettringite amounts in the binder within 
1–3% of the experiments. In the PK þ 68% reactivity model, almost no 
ettringite is formed, due to C–S–H comprising the bulk of the binder. In 
the PK þ 25% reactivity model, ettringite amounts are predicted with 
less precision than the MPK model, particularly at late ages, where the 
model underpredicts the ettringite content in the binder by over 5%. 
This is in contrast with the CH predictions, which improved at later ages 
in the PK þ 25% reactivity model. The reason for the poorer ettringite 
prediction at late ages in the PK þ 25% reactivity model likely is related 
to the overprediction of pore solution pH (as discussed in Section 4.5.3), 

Fig. 2. CH amounts at 180 days for the seven synthetic fly ash and cement 
pastes [61], compared to the results of the MPK based thermodynamic simu
lations, and the PKþ reactivity thermodynamic simulations. 

Fig. 3. CH amounts expressed as a percent of binder from 7 to 180 days as 
compared to the results [18], MPK based thermodynamic simulations, and the 
PKþ reactivity thermodynamic simulations. 

Fig. 4. Ettringite amount expressed as a percent of binder from 7 to 180 days as 
compared to the results of the experiments [18], and MPK based thermody
namic simulations, and the PKþ reactivity thermodynamic simulations. 
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and the inaccurate estimation of sulfate dissolution [68]. The thermo
dynamic stability of ettringite is generally low at both low and high pH 
values. While the exact pH at which ettringite will decompose is not well 
understood, generally pH values of lower than 12 and higher than 14 are 
associated with destabilization of ettringite [69,70]. 

4.5.3. Pore solution 
Section 4.5.1 and 4.5.2 demonstrated that the MPK model is in good 

agreement with experimental measurements of solid hydration prod
ucts. Since the pore solution is the reaction medium in cementitious 
systems, pore solution pH and compositions as predicted by MPK are 
compared to experimentally determined values. These values are further 
compared to a PK þ reactivity modeling approach to demonstrate how 
the incorporation of kinetics is necessary to accurately predict these 
parameters. 

The pore solution pH of the fly ash/cement reported by de Weerdt 
et al. [18] at different ages between 7 and 140 days is shown in Fig. 5. 
Consistent with prior findings, the presence of fly ash leads to a reduc
tion in pH values (in the study of de Weerdt et al., the pH of a neat 
cement pore solution was also measured, and fell between 13.7 and 13.8 
at all ages) [18]. For the OPC/fly ash mixtures, the pH decreases from 
13.6 at 7 days, to 13.4 at 140 days. At early ages, the reduction in pH is 
likely due to dilution, but after 28 days, it is a consequence of the 
reduction in alkali concentrations in the pore solution, as they are 
incorporated into the solid hydration products [32]. The MPK model is 
able to accurately predict the pore solution pH within an accuracy of 
0–0.01 pH units of the experiments. Furthermore, the MPK model cap
tures the reduction in pore solution pH at later ages, whereas both the PK 
þ 25% and PK þ 68% reactivity model show a stable or increasing pH 
after 28 days. While the PK þ 25% reactivity does perform better than 
PK þ 68% reactivity, the values it predicts are still considerably off from 
experimental values. The likely reason for the high pH values predicted 
by the PK þ reactivity approaches is that these models uniformly allow 
for full dissolution of the fly ash alkali hydroxides at all ages. This results 
in a greater overall mass of alkali being modeled as dissolved at all ages. 

Major ionic species (Naþ, Kþ, and OH ) in the pore solution were 
modeled using the MPK and PK þ 25% reactivity approach. These results 
are shown in Fig. 6A–C. The MPK model shows good agreement with the 
experimental results at all ages. With the exception of 7-day Kþ pore 
solution concentrations where predictions are identical to the PK þ 25% 
reactivity model, the MPK is always more accurate than the PK þ 25% 

reactivity approach, with the PK þ 25% reactivity approach over
estimating ionic concentrations by up to 300% (such as the 140-day 
OH ) values. By way of contrast, the MPK model is typically within 
5–10% of the experimental measurements. These results should be 
considered in the context of the pore solution pH predictions (Fig. 5): it 
is expected that with the accurate MPK pH predictions, the major ionic 

Fig. 5. Pore solution pH from 7 to 140 days as compared to the results of the 
experiments [18], and MPK based thermodynamic simulations, and the PKþ
reactivity thermodynamic simulations. 

Fig. 6. Pore solution concentrations of A. Naþ, B. Kþ, and C. OH from 
Ref. [18] for 7–140 days as compared to the results of experiments and MPK 
based thermodynamic simulations, and the PK þ reactivity simulations. 
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species in the pore solution should be in good agreement with experi
ments, since pore solution ionic activity and pH are related. 

Similar to CH predictions, which became slightly more accurate with 
age using the MPK model (Fig. 3), there is a trend of increasing accuracy 
in the pore solution composition as age increases using MPK. However, 
as with the CH predictions, the overall agreement is strong at all ages. It 
is interesting to note that the PK þ 25% reactivity predictions tend to 
become less reliable at later ages for Kþ and OH , and more reliable for 
Naþ, with the exception of the 90-day predictions, which most closely 
match the experimental measurements for each ion. It is likely that this 
is a consequence of the specific chemical composition of this OPC/fly 
ash mixture serendipitously matching the fractional amounts of the al
kali concentrations used as inputs. In that sense, the improvement in 90- 
day agreement using PK þ 25% reactivity results is rather arbitrary, and 
it is not expected that 90-day predictions would necessarily show 
improvement for mixtures with different compositions. 

4.6. Limitations and future work 

It has been demonstrated that the MPK model provides a reliable 
framework for predicting dissolution rates of major amorphous fly ash 
oxides, and that these dissolution rates can be used in conjunction with 
thermodynamic calculations to accurately predict time dependent re
action pathways and products for a range of OPC/fly ash mixtures. It 
should be noted that due to the newness and complexity involved with 
quantifying the dissolution rates of individual fly ash oxides, datasets 
from which to fit the empirical parameters are somewhat limited. To this 
end, the authors note that although a range of fly ash bulk and amor
phous compositions have been tested and validated using this model, the 
datasets used to fit as well as validate the MPK model had the same w/b 
ratios (0.50) and similar fly ash replacement levels (35–45%). There
fore, future work is needed to further extend both the fitting as well as 
validation datasets for a wider range of w/b and fly ash replacement 
amounts, as these data become available. It is intended that the MPK 
framework should be further modified as experimental innovations in
crease the ease of producing these datasets. Furthermore, as the field 
matures with respect to quantifying the mechanisms and differences 
between glassy phase dissolution rates based on their composition and 
structure, and as thermodynamic data become available for the specific 
glass compositions and structures, the MPK model can be modified to 
model dissolution by glass composition and structure rather than 
amorphous oxide composition. However, in the absence of these data, 
the MPK model currently provides a reliable framework for determining 
the overall dissolution behavior of amorphous fly ash for a range of 
chemical compositions. 

5. Conclusions 

This paper describes the extension of a kinetic model, known as the 
modified Parrot-Killoh model for fly ash (MPK model) to include major 
fly ash glass oxides in cementitious mixtures. The model is based on the 
form of the Parrot-Killoh model which determines the reaction kinetics 
based on a rate limiting for various oxides and phases. The time 
dependent dissolution rates of seven major cement and fly ash phases 
and fly ash glass oxides (C3A, C3S, C2A, C4AF, SiO2, CaO, Al2O3) are 
determined using empirical coefficients that were fit from experimental 
measurements. These dissolution rates allow for determination of the 
mass of each phase dissolved at different ages, which can be used as 
inputs for thermodynamic modeling to estimate the proportion of each 
phase that is available for reaction at each stage in the hydration pro
cess. Experimental observations from the literature are compared with 
model predictions for solid hydration products (calcium hydroxide and 
ettringite), pore solution pH, and pore solution chemistry for several 
ordinary portland cement (OPC)-fly ash mixtures at various ages. The 
MPK model predicts the amount of CH in OPC/fly ash binders within 2% 
of experimental measurements, ettringite amounts within 3%, pore 

solution pH within 1%, and major pore solution ionic concentrations 
within 0.10–70 mmol/l, at ages ranging from 7 to 180 days. This paper 
demonstrates the importance of including fly ash amorphous content 
versus bulk composition in a model for fly ash dissolution kinetics. The 
results show that incorporating the kinetics of fly ash based on disso
lution rates into thermodynamic calculations leads to improved pre
dictions in thermodynamic models. The MPK model be used as a 
framework for modeling OPC/fly ash kinetics using thermodynamics. It 
is intended that the coefficients fit in this study be recalculated as more 
experimental data become available, and that over time, the kinetic 
model equations may be updated with a more mechanistically based 
model when the data to do so becomes available. 
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