
International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-5, May-2018, http://iraj.in 

Prediction of Hydration Products and Pore Solution Chemistry of Fly Ash Cement 
 

30 

PREDICTION OF HYDRATION PRODUCTS AND PORE SOLUTION 
CHEMISTRY OF FLY ASH CEMENT 

 
1ELAKNESWARAN YOGARAJAH, 2TOYOHARU NAWA, 3EIJI OWAKI 

 
1,2Division of Sustainable Resources Engineering, Faculty of Engineering, Hokkaido University, Japan 

3Taisei Corporation, 344-1 Nase-cho, Totsuka-ku, 245-0051, Yokohama, Japan 
E-mail: 1elakneswaran@eng.hokudai.ac.jp, 2nawa@ eng.hokudai.ac.jp, 3owaki-e@sakura.taisei.co.jp 

 
 
Abstract - Extensive use of supplementary cementitious materials is expected in cement and construction industry not only 
to reduce the CO2 footprint of Portland cement but to achieve better durability performance and strength. In addition, 
incorporation of industrial by products including fly ash from coal fired power plant into cement and concrete reduce the 
environmental and economic concern related to their landfill disposal. Although the effect of fly ash on the properties and 
performance of concrete has been studied for decades, a quantitative understanding of the influence of fly ash on cement 
hydration is necessary to predict service-life of concrete structures containing fly ash cement. In this study, solid-phase 
assemblage and pore solution chemistry of hydrating fly ash cement is predicted based on thermodynamic considerations. 
The predicted results are verified with experimental data available in literature. Despite some difference in the Ca/Si and 
Al/Si ratios of calcium aluminosilicate hydrate, the model predicts well both qualitatively and quantitatively the hydration 
products and pore solution composition of fly ash cement and the blended cement containing limestone.   
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I. INTRODUCTION 
 
The production of the world’s Portland cement (PC) 
is connected with approximately 6% of the total man-
made anthropogenic greenhouse gas emissions as 
every ton of PC releases approximately 0.89 tons of 
CO2. Experts forecast that the global cement 
production will increase above 5 billon tons in 2030 
[1-2]. Therefore, reduction of CO2 emission 
associated with cement manufacturing process is very 
challenging for cement and concrete industry without 
decreasing the demand. A partial PC replacement by 
supplementary cementitious materials (SCMs) or 
innovative low carbon cement based materials can 
substantially reduce CO2 emissions associated with 
PC production [1]. 
 
Fly ash, by-product of coal fired power plant, is one 
of the SCMs and has been using in concrete utilizing 
its various properties such as low heat of hydration, 
development of fluidity and suppression of alkali-
aggregate reaction [3]. The usage of fly ash is 
increasing recently depending on its application [4]. 
However, fly ash contribution to the property and 
strength development of concrete as well as its long-
term durability performance need to be studied to 
increase fly ash utilization in concrete. As it is well 
known that the properties and composition of fly ash 
itself varies depending on the production sites. The 
amount of glass and its composition have 
significantly affect the reactivity of fly ash. It is 
important to understand the composition of fly ash on 
the properties and performance of concrete. However, 
it is difficult to depend only on experiments to have 
the knowledge of variety of fly ash. Therefore, in this 
study, a thermodynamic calculation method is 
proposed to calculate the hydration products and pore  

 
solution chemistry of fly ash cement. This will 
support to develop a material design method to 
maximize the technical and environmental benefits of 
fly ash. The simulation results are compared with the 
experimental data reported in literature for the fly ash 
cement and the blended cement consists of limestone.  
 
II. MODELLING APPROACH 
 
The coupled thermodynamic model developed in our 
previous work was used to model the fly ash cement 
system [5]. The model combines the IPhreeqc module 
[6] and Excel to compute thermodynamic 
calculations. The basic theory behind the 
thermodynamic equilibrium reaction and the cement 
hydration is described in the appendix. The 
thermodynamic calculations were carried out based 
on the hydration reaction of PC and the reaction of fly 
ash. The crystalline minerals of fly ash were assumed 
to be non-reactive phases, whereas the glass phase 
was assumed to dissolve consistently as a function of 
time and release its elements into the pore solution. 
This assumption about the crystalline phases was 
already validated through X-ray diffration data in a 
previous study [7], which showed no significant 
reaction of quartz and mullite after 91 days of 
hydration. The reaction of fly ash as a function of 
hydration time is assumed as expressed in Eq. (1), 
which was derived in a previous study by fitting 
experimental data [8-9]. 

 5.4ln1015  tFA (1) 
where αFA is the degree of fly ash (%) and t is the 
time (days).  
The thermodynamic properties for various phases and 
minerals found in cement system were collected from 
CEMDATA07 [10-11] and others [12], and the data 
were converted into a format suitable for PHREEQC. 
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The converted data, together with the PHREEQC 
default thermodynamic database [13], were used in in 
this study for every calculation. The chemical and 
mineral composition and the properties of PC and fly 
ash used in the simulation are tabulated in Table 1 
and Table 2. 
 

Table 1:Chemical composition and Blaine surface area of PC 
and mixing conditions for input to the model, adapted from ref. 

[10-11] 
Phase composition 
(g/100 g) 

Minor components in 
theclinker phases 

-Alite 66.5 -Na2O 0.33 
-Belite 10.3 -K2O 0.06 
-Aluminate 7.5 -MgO 1.8* 
-Ferrite 8.5 Mixing conditions 
-CaO_Free 0.93 -w/c 0.4 
-Calcite 0.6 -Temp (˚C) 20  
-Gypsum 3.1 -RH (%) 1.0 
-Na2SO4 0.21   
-K2SO4 1.33 Blaine surface 

area (m2/kg) 
413 

* Total MgO 

 
Table 2:Mineral composition of fly ash and chemical 

composition of glass in the fly ash, adapted from ref. [9] 
Mineral composition (wt. 
%) 

Glass composition 
(g/100g) 

-Quartz 12.3 -SiO2 54.1 
-Calcite 0.4 -Al2O3 17.9 
-Hematite 0.6 -Fe2O3

 9.1 
-Anhydrite 0.4 -CaO 9.8 
-Mullite 18.3 -MgO 3.5 
-Glass 65.0 -Na2O 1.0 
-Others 3.0 -K2O 2.4 
Total 100.0 Total 97.8 

 
III. RESULTS AND DISCUSSION 
 
The composition of the hydrate assemblage of the fly 
ash cement system composed of 65% PC and 35% fly 
ash was calculated as a function of hydration time 
using the input parameters given in Table 1 and the 
details of fly ash as tabulated in Table 2, and the 
simulated results are shown in Fig. 1(A).The 
predicted phases in the hydrated fly ash cement 
include C-A-S-H, portlandite, ettringite, hydrotalcite, 
and AFm phases such as monosulfoaluminate, 
monocarboaluminate and hemicarboaluminate, in 
addition to un-hydrated clinker minerals. The 
chemical composition data for end-members of the C-
A-S-H gel solid solution are used to predict the Ca/Si 
and Al/Si ratios of the gel [Fig. 2(B)]. The pozzolanic 
reaction of fly ash contributes to the continuous 
increase of C-A-S-H end-members and decrease of 
portlandite with increasing hydration time. As seen in 
Fig. 1(A), the predicted monocarboaluminate, which 
is formed through the dissolution of calcite, is 
completely changed to hemicarboaluminate after 
approximately 7 days of hydration, thus destabilising 
ettringite. The dissolution of ettringite with time leads 

to the formation of monosulfoaluminate. As 
compared to hydration of PC [5],the addition of fly 
ash into PC does not alter the Ca/Si ratio of C-A-S-H 
significantly; however, it slightly increases the Al/Si 
ratio of C-A-S-H (Fig. 1(B)).  
 

 
 

 
Fig.1. Simulated phase (A), Ca/Si and Al/Si ratios of C-A-S-H 

(B) changes as a function of hydration time for cement blended 
with fly ash (OPC: FA = 65:35) 

 
The replacement of 5% fly ash with limestone 
powder leads to the absence of hemicarboaluminate 
and monosulfoaluminate and the formation of 
monocarboaluminate, thus stabilising ettringite (Fig. 
2(A)). The changes in the Ca/Si and Al/Si ratios of C-
A-S-H in the fly ash cement system with limestone 
are shown in Fig. 2(B). The presence of limestone in 
the fly ash cement system decreases the incorporation 
of aluminium in C-A-S-H.  
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Fig.2. Simulated phase (A), Ca/Si and Al/Si ratios of C-A-S-H 

(B) changes as a function of hydration time for cement blended 
with fly ash and limestone (OPC: FA: LS = 65:30:5) 

 
The predicted weight percentages of portlandite, 
ettringite, and amorphous content were compared 
with experimental data [9] in Fig. 3 and Fig. 4for fly 
ash cement (OPC: FA = 65:35) and fly ash cement 
with limestone (OPC: FA:LS = 65:30:5) respectively. 
The simulation was performed using the same cement 
composition, mixing conditions, and fly ash details as 
found in ref. [9]. The total amorphous content (C-S-H 
+ amorphous AFm) from XRD measurement was 
compared with the summation of C-A-S-H and 
monosulfoaluminate from the simulation. Apart from 
some discrepancies, the calculated phase contents 
generally agree well with the experimental data both 
qualitatively and quantitatively.  

 
Fig.3. Comparison of simulated portlandite, ettringite, and 
amorphous + Afm changes with experimental data [9] as a 
function of hydration time for cement blended with fly ash 

(OPC: FA = 65:35) 

 
Fig.4. Comparison of simulated portlandite, ettringite, and 
amorphous + Afm changes with experimental data [9] as a 

function of hydration time for cement blended with fly ash and 
limestone (OPC: FA: LS = 65:30:5) 

Fig. 5 and Fig. 6 show the elements in the pore 
solution predicted by the model as compared to the 
experimental data [9] for fly ash cement and fly ash 

cement with limestone respectively. As shown in the 
figures, both the predicted and the measured ionic 
concentration in the pore solution show the same 
tendency. The results also show that the presence of 
limestone powder in the fly ash cement system does 
not make a significant difference in the concentration 
of elements in the pore solution except for the S and 
Al concentrations. The formation of more C-A-S-H 
owing to the pozzolanic reaction of fly ash with 
increasing hydration time results in the decrease of 
alkalis concentration due to their bindings onto C-A-
S-H, thereby reducing the hydroxide ion 
concentration in the pore solution [5]. These trends 
are explicit in the predicted and measured 
concentrations for both fly ash cement systems.   

 
 

 
Fig.5. Comparison of simulated pore solution concentration 

changes with experimental data [9] as a function of hydration 
time for cement blended with fly ash (OPC: FA = 65:35) 

 

 
Fig.6. Comparison of simulated pore solution concentration 

changes with experimental data [9] as a function of hydration 
time for cement blended with fly ash and limestone (OPC: FA: 

LS = 65:30:5) 
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As demonstrated by the agreement between the 
experimental and simulations results, the approach 
used here can be applied to predict the compositions 
of the hydrate assemblage and pore solution of 
hydrating fly ash cement. It is well known that the fly 
ash reaction significantly depends on its composition, 
and thus Eq. (1) can only apply to a fly ash system 
whose composition is similar to that used in the 
experiment because the equation is derived from the 
experimental data. The model predicted a Ca/Si ratio 
of approximately 1.48 for C-A-S-H of fly ash-
blended cement and the ratio increased to 
approximately 1.5 when the limestone presence in the 
blended cement. These values do not agree well with 
experimental observations, which show 1.40 for fly 
ash-blended cement (OPC:fly ash = 65:35) [9]. The 
model underestimates the Al/Si ratio of the blended 
cement found in other studies [9], where the value of 
approximately 0.13 was reported for fly ash-blended 
cements. The difference between the calculated and 
experimentally determined Ca/Si and Al/Si ratios of 
the C-A-S-H is due to the composition of selected 
end-members of the C-A-S-H solid solution. 
Additional research on the model and experiments of 
C-A-S-H would be able to predict the ratios more 
precisely.  
 
CONCLUSIONS 
 
The composition of hydrate assemblage and the 
concentration of ions in the pore solution of hydrating 
fly ash cement and the blended cement containing 
limestone were predicted using a coupled 
thermodynamic model. The model predictions were 
compared with experimental data reported in 
literature to validate the calculation method. The 
predicted hydration products and pore solution 
chemistry agree well with experimental data. 
However, the proposed model should include more 
detail composition and end-members for C-A-S-H to 
verify its compositions in terms of Ca/Si and Al/Si 
ratios. 
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Appendix A Model description 
 
A.1 Phase-equilibrium model 
In this study, a phase-equilibrium module in 
PHREEQC was employed to carry out 
thermodynamic equilibrium calculations [13-14]. 
When a pure phase is no longer in equilibrium with a 
solution, it will dissolve or precipitate. The 
equilibrium reactions are expressed by the mass-
action equation as 

 
i

n
iip

picK ,    (A1) 

where Kp is the thermodynamic equilibrium constant 
for phase p, γiis the activity coefficient of ion i (−), ci 
is the concentration of ion i(mol/L), and ni,pis the 
stoichiometric coefficient of ion i in phase p (−). The 
thermodynamic equilibrium constant, Kp, at a given 
temperature T (K) can be expressed as 








 


RT
GK Tr

p

0

exp   (A2) 

where ΔrGT
0 is the standard Gibbs energy of reaction 

at temperature T and R is the universal gas constant 
[8.31451 J/(mol K)]. The standard Gibbs energy of 
reaction is expressed as 
 

  0
tan,

0
,

0
tsreacTfproductsTfTr GGG     (A3) 

where ΔfGT
 0 is the Gibbs free energy of formation for 

a species at a given temperature T. The name of the 
phase (defined by dissolution reaction, logKp, and 
△rH0), the specified saturation index (which has a 
value of zero for equilibrium), and the amount of the 
phase were the input parameters for the phase-
equilibrium module in PHREEQC.  
 
A.2 Cement hydration model 
In this study, the cement hydration model proposed 
by Parrot and Killoh [15] was used to estimate the 
hydration degree of each cement clinker mineral as a 
function of time. The model is described in detail 
elsewhere [10-11, 15]; the main equations are briefly 
described here. Parrot and Killoh [15] derived a set of 
empirical equations to describe the hydration rate,Rt

m, 
of an individual clinker mineral m at time t (m = C3S, 
C2S, C3A, C4AF):  
 
Nucleation and growth 
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Hydration shell formation 

  3133,
Nm

t
m
t KR     (A6) 

 
The associated empirical parameters in the equations 
are as reported by Lothenbachet al. [10-11]. The 
minimum among above the rates (

m
t

m
t

m
t RRR 3,2,1, ,, )is 

considered to be the controlling rate. The hydration 
degree of clinker mineral m at the time t, αt

m, is 
calculated from the hydration degree of the mineral at 
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the previous time step (αt-1
m), the time interval (△t), 

and hydration rate of the clinker mineral at the 
previous time step (Rt-1

m) as  
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where, 

  41/ /333.31  t
m

cw cwH   if αt 

>Hm× w/c 
1/ cw  if αt ≤ Hm× w/c  (A8) 

4

45.0
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RH

RH           (A9) 

 
where Hm is the critical degree of the clinker mineral 
m, w/c is the water to cement ratio, αt-1 is the total 
hydration degree of cement at the previous time step, 
A is the Blaine surface area of cement (m2/kg), A0is 
the reference surface area of cement (385 m2/kg), 
Ea

mis the apparent activation energy of clinker 
mineral m (J/mol), T0 is the reference temperature 
(293.15 K), and RH is the relative humidity. The 
adapted values for Hm andEa

mare based on the work 
by Lothenbach et al. [10-11]. 
 
The total hydration degree of cement, αt, relative to 
the total clinker content at time t is expressed by  
 

AFCACSCSC

AFC
t

AFCAC
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ACSC
t

SCSC
t
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t ffff
ffff

4323

44332233





 (A10) 

where f m is the relative mass fraction of the cement 
clicker mineral m. 
 
The alkalis are released from readily soluble alkalis 
sulphates and the dissolution of the clinker minerals. 
It is well known that a part of the released alkalis is 
taken up by C-S-H gel, and a distribution ratio of 0.42 
mL/g [16] is used for both Na+ and K+ uptake by C-S-
H gel.  
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