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Abstract

This paper describes the effect of fly ash on the hydration kinetics of cement in low water to
binder (w/b) fly ash-cement at different curing temperatures. The modified shrinking-core model
was used to quantify the kinetic coefficients of the various hydration processes. The results show
that the effect of fly ash on the hydration kinetics of cement depends on fly ash replacement
ratios and curing temperatures. It was found that, at 20 °C and 35 °C, the fly ash retards the
hydration of cement in the early period and accelerates the hydration of cement in the later
period. Higher the fly ash replacement ratios lead to stronger effects. However, at 50 °C, the fly
ash retards the hydration of the cement at later ages when it is used at high replacement ratios.
This is because the pozzolanic reaction of the large volumes of fly ash is strongly accelerated

from early in the ageing, impeding the hydration of the cement.
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1. Introduction

Fly ash is widely used as a supplementary cementitious material in high performance concrete
because of its benefits in enhancing both fresh and long-term concrete properties and as it
promotes eco-friendly construction. Investigations have been carried out mainly to elucidate the
pozzolanic reaction of fly ash and its effect on the microstructure of the fly ash-cement paste.
Escalante et al. [1] reported that, in paste with water to binder (w/b) ratios of 0.50 and cured in
water, fly ash enhanced cement hydration at low temperatures slightly but showed a retarding
effect at elevated curing temperatures. Although the effect of fly ash on hydration has been
established experimentally, the quantitative influence of fly ash on the kinetics of cement
hydration is not well understood. In particular, for modern high-performance concretes with low
w/b ratios, the effect of the fly ash on the cement hydration may be different [2]. To predict the
performance of fly ash concrete accurately throughout its service life, a more quantitative
understanding of the effect of fly ash on cement hydration in low w/b ratio cementitious mixtures

is needed.

Kinetic modeling based on the shrinking-core theory can be used to quantify the hydration
kinetics of cement. For ordinary Portland cement paste, Park [3-4] and Maruyama [5] have
demonstrated the use of this model to simulate the hydration of cement in general and of the
different cement components. Results showed good agreement between the model simulations
and the experimental data. However, only little experimental data were provided for the
verification. Recently, Wang et al. [6-9] has described the application of this model in predicting

hydration of fly ash blended cement. Cement hydration and the pozzolanic reaction of fly ash



were simulated simultaneously by considering the interaction between the production of calcium
hydroxide by cement hydration and its consumption by the pozzolanic reaction of fly ash. This
work was able to predict hydration related properties such as chemically bound water, paste
porosity, and internal temperature rises, however the development of the degree of hydration of
the fly ash containing cement has not been fully elucidated. Only measured hydration data for
Portland cement paste obtained from [10] was presented as verification of the model.
Termkhajornkit [11] and Saengsoy [12] have pointed out that the degree of hydration of the
cement in fly ash-cement paste was higher than that in pure Portland cement paste. This suggests
that to simulate the hydration kinetics of the cement in fly ash-cement blends using this model,
hydration data for the cement in pure Portland cement paste is not suitable for model calibration.
Hydration data for this kind of hydration must be obtained specifically from the blended fly ash-

cement paste.

The XRD-Rietveld analysis can be used to monitor cement hydration, but in the case of cement
containing fly ash, a part of the cement is replaced by fly ash, and thus the relative amounts of
individual cement components are lower. This could increase the relative errors of the XRD-
Rietveld analysis of the low-content components such as C;A, and C4AF [13]. Although there
are some studies reported the interactions among the hydration of individual cement components
[14-15], these interactions have not been quantitatively established and the mechanisms of these
interactions are not well understood. The research to be reported here will first focus on the

effect of fly ash on the hydration kinetics of the overall cement phase.



The degree of cement hydration and fly ash reactions can be measured separately by using the
XRD-Rietveld analysis and the selective dissolution method as described by Termkhajornkit et al.
[16]. The shrinking-core model is then used to determine the kinetic parameters of individual
hydration processes. These model parameters represent the apparent hydration kinetics of
multiple cement components. The results of experiments conducted at three different curing

temperatures will be reported.

2. Theoretical background

2.1 Kinetic model for cement hydration
The shrinking-core model, which was originally developed by Tomosawa [17] and modified in
[3-5], is used in this study to simulate the development of cement hydration. This model is

expressed as a single equation consisting of three coefficients: k, the reaction coefficient in the

induction period; D, the effective diffusion coefficient of water through the C-S-H gel; and k, a

coefficient of the reaction rate of cement as shown in Eq.(1) below. These coefficients determine
the rate of mass transport through the initial shell layer (a layer of semipermeable, metastable C-
S-H product that forms initially when water comes in contact with the cement), the rate of
chemical reaction processes, and the rate of diffusion controlled processes. The modeled cement
particles are assumed to be spheres surrounded by an initial shell layer. External water diffuses
through this layer and reacts with the unhydrated cement at the surface of the core, and then
some dissolved ions diffuse outward to the exterior to form new hydration products (C-S-H gel)
on the surface of hydrating particles while some take part in forming products locally. Based on

this theory, the rate of cement hydration is derived as shown in Eq.(1).
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where « is the degree of cement hydration; v is the stoichiometric ratio by mass of water to

cement (=0.23); w, is the physically bound water in C-S-H gel (=0.15) [6]; p,is the density of

the unhydrated cement; C is the amount of water at the exterior of the C-S-H gel; and r,is

w- free

the radius of unhydrated cement particles.

In Eq. (1), the cement particles are assumed to be spherical and of uniform size with an average

radius of r, = 3/, P.) [3-4]. The terms S and p. stand for the Blaine surface area and density of

the cement, respectively. As the hydration progresses, the hydration rate decreases with a
reduction in the contact area between cement particles and the surrounding water because of the
increase in interconnections among cement particles. This effect is accounted for by the term

S, /S, in Eq. (1) where S, is the effective surface area of the cement particles in contact with

water and S, is the total surface area if the surface area develops unconstrained [3-4].

The reaction coefficient k,; is assumed to be a function of the degree of hydration as shown in

Eq.(2) where B andC are the coefficients determining this factor [3-4]; B controls the rate of the

initial shell formation and C controls the rate of the initial shell decay.
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In [6-9], the effective diffusion coefficient D, is assumed to be affected by the tortuosity and
pore size of the C-S-H gel and it is expressed in a term for the degree of hydration as shown in
Eq.(3). If the C-S-H gel is very porous and has low tortuosity of the pore network, the value of
D, will be high and ions easily diffuse through the gel. The D,, is the initial effective diffusion
coefficient of water when C-S-H gel is still only loosely formed at the early period after mixing.
With the progress of hydration, the thickness of the C-S-H layer increases, and the diffusivity of
water through this layer becomes lower. In [6-9] this effect was expressed by the term ln(l / a) in

Eq. (3) and this term is also included in the model presented here.
D, = D,, In(1/ ) 3)

In addition, free water in the capillary pores is depleted as hydration of cement minerals
progresses. Some water is bound in the gel pores, and this water is not available for further
hydration, an effect that must be taken into consideration in every step of the progress of the

hydration [5]. Therefore, the amount of water in the capillary pores C is expressed as a

w- free

function of the degree of hydration in the previous step as shown in Eq. (4).

C, - (W, —0.38*a*C,) @
WO




where C,and W, are the mass fractions of cement and water in the mix proportion.

The effect of temperature on these reaction coefficients is assumed to follow Arrhenius’s law as

shown in Egs.(5a)-(5d) [3].

B =B,, exp(— £,(1/T —1/293)) (5a)
C =C,,exp(—f,(1/T —1/293)) (5b)
D, = D,,, exp(~ £, (1/T —1/293)) (5¢)
K, =K, exp(~(E/R)1/T —1/293)) (5d)

where f,, B,, B, and E/R are temperature sensitivity coefficients and B,,, C,,, D,,,, and

k,,, are the values of B, C, D,, and k, at 20 °C.

2.2 Working hypothesis of the deposition mechanism

A reduction in D, is assumed to take place in concert with the increases in the degree of
hydration as suggested by Eq.(3). The physical meaning of this phenomenon can be related to the
changes in C-S-H gel tortuosity and gel pore diameters [6-9] but no fully explanatory mechanism

for this has been established.

It was recently reported that at the early stages of ageing the inner product is fragile and has low

packing density. It later becomes denser and develops into the commonly encountered C-S-H



inner product [18]. Further, the work by Bishnoi and Scrivener [19] has proposed that C—S—-H is

loosely packed in the beginning and that its packing density increase with hydration.

This allows the proposition that the diffusive properties of the C-S-H layer would decrease due
to increases in the packing density of the gel as the hydration progresses. The cause of the
increase in packing density as considered in the model here is assumed to be due to the

deposition of small C-S-H particles/nuclei on the interior pores of the C-S-H layer.

Jennings [20] proposed that C-S-H gel consists of globules which are the smallest basic particles
(C-S-H gel particle) with sizes of about 4.2 nm. A C-S-H gel includes two different kinds of gel
pores: large and small gel pores. The diameter of the large gel pores range from 3 to 12 nm, and
it is possible that some C-S-H particles deposit on the walls of large gel pores, potentially

narrowing the diffusion path diameter or completely blocking it, as suggested in Figure 1.

In this study, it was assumed that the resistance of the C-S-H layers to ion diffusion is due to
both the thickness of the C-S-H layers and the deposition of C-S-H particles in gel pores. At the
beginning, C-S-H is loose and porous and contains a range of sizes of small and large gel pores.
Deposition of C-S-H particles can occur only in the large gel pores, which can accommodate the
C-S-H particles. Ionic diffusion can occur in both small and large gel pores. As a result, when
large gel pores are narrowed or blocked, there are small gel pores available for ions to diffuse
through. Therefore, it is possible for the deposition of C-S-H particles on the pore walls to occur

in parallel with the diffusion of ions through the C-S-H layer. The deposition of C-S-H particles
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induces more turning and forking (increases tortuosity), resulting in a longer paths for ions to

diffuse through the C-S-H layers as the hydration progresses.

2.3 Model modifications based on the working hypothesis

When rates of nucleation and growth of nuclei of C-S-H are high, C-S-H particles deposit along
the diffusion paths, and such deposition strongly interferes with the ion diffusion. Therefore, the
effect of the C-S-H deposition in gel pores on the ionic transport is different at different stages of
the nucleation and growth of nuclei of C-S-H as well as it is affected by the amount of already

deposited C-S-H.

In modeling of alite and cement hydration, a number of studies have modeled the nucleation and
growth of nuclei of hydrates such as C-S-H by the Avrami equation as given in Eq.(6). Here F
is the fraction of the transformed material at timet; k is a rate constant; and m is a parameter
reflecting the effect of the dimensionality of the growth of the products involved and the
nucleous formation mechanism. With Eq.(6), the volume of unreacted substances is given by

Eq.(7), where V, is the unreacted volume at time t [22].

F=1-exp(-k-t™) (©)

V, = (1-F)=exp(-k-t™) (7

Assuming that the kinetics of the deposition of the C-S-H particles/nuclei in the interior gel pores
is similar to the kinetics of the nucleation and growth of the hydration product on the exterior

surface of the cement particles, a function analogous to the Avrami-type function (Eq.(8)) is
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proposed to describe the deposition behavior of the C-S-H particles. With this, the fraction of the

deposited C-S-H relative to a unit gel porosity is given by Eq.(8).

f =1-exp(—k, -t*) )

Further, the volume of the gel pores, which is high at the beginning, is reduced because it
becomes increasingly more occupied by deposited C-S-H. Ions can still diffuse through the
remaining path ways which however become increasingly more complex (tortuous) and narrower.

The volume fraction of the space available for diffusion in the C-S-H gel may be estimated from

Eq.(9).

1-f =exp(—k, -t*) )

With Eq.(8), it is suggested that the rate of deposition increases with time. A high rate of
deposition of C-S-H particles/nuclei results in lower ionic diffusion rates despite the thickness of
the C-S-H layer around the unreacted core. Further, the degree of hydration a(t) at the initial
stage, where the rate of hydration is controlled by the rate of nucleation and growth of nuclei,

can be represented as [23]:

a=k-t" (10)
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Assuming that the effect of deposition of C-S-H particles on the ion diffusion is proportional to
the available space for diffusion in the C-S-H gel, from Eqgs.(9) and (10), the coefficient of

reduction in available space, C, can be expressed by Eq.(11),
C=exp(-1-a") 8))

Here n = x/m and A =Kk, /k"are kinetic parameters that control the rate and amount of the C-S-

H deposition. This study established best values of 4.87 for 4 and 5 for n.

Finally, the effective diffusion coefficient D, in Eq.(3) is modified by coefficient C in Eq.(11)

giving
D, = D,, In(1/ e )exp(-4-a") (12)

In addition, there are significant differences between the inner and the outer C-S-H gel. The
inner C-S-H gel has a denser structure and higher density than the outer C-S-H gel and it is
commonly assumed that the diffusivity of the gel depends on its porosity or density, as described

by Eq.(13).

] 1
D. = f(gel.porosity)=qg| —— 13
. = flgel.p y) g(gel.density} (13)
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The density is a basic property of the C-S-H gel and its values are more generally available in
literatures. Based on Eq.(13), the ratio of the effective diffusion coefficients of the inner and the

outer C-S-H gel may be evaluated with the densities, as shown in Eq.(14).

out inn
D.”  pesh

— (14)
D" 2.
where D™, D" and pl%, , po, are the effective diffusion coefficients and densities of the

inner and the outer C-S-H gel products, respectively.

Tennis and Jennings [24] reported that the density of the low density C-S-H gel (outer C-S-H
gel) is about 1440 kg/m’ and for the high density C-S-H gel (inner C-S-H gel) it is about 1750

kg/m®. With these values, the effective diffusion coefficient of the outer C-S-H gel based on

Eq.(14) becomes DM =1.22D™.

A new model equation including the above modifications was derived and the following set of

equations is obtained.

da 3(Sw /SO )Cw—free 1
dt (V+W )p r 1 r r (1—a)™” (15)
g /reto kd+[)§“‘(1_(1+a)1/3)+ Enn ((1—04)’”3 —1)+kr

D™ =D In(1/ &)exp(- (1at)") (16)
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The pozzolanic reaction between fly ash and calcium hydroxide in cement pastes consumes some
amount of water, and to complete the pozzolanic reaction of 1 g of fly ash, the following
assumes that 0.1 g of water is bound chemically and that another 0.15 g of water is bound
physically as gel water [25]. Therefore, the reduction of the amount of free water at the outer
boundary of a hydrating particle must be adjusted by subtracting the amount of water consumed

by the pozzolanic reaction of fly ash as suggested in Eq.(17).

W, —0.38aC, —0.25c . F
Cw—free = ( 0 V\;) f 0) (17)
0

where F, is the mass fraction of the fly ash in the mixed in proportion and «, is the degree of

fly ash hydration obtained experimentally with the selective dissolution method.

3. Research methodologies

3.1 Materials

Ordinary Portland cement and fly ash which comply with Japanese standard JIS R5210 and JIS
A6201 were used in this study. The chemical compositions and physical properties are shown in
Table 1 and the mineralogical compositions obtained by the XRD-Rietveld method are given in

Table 2.

3.2 Mixing procedure
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Cement and fly ash powders were mixed at room temperature until homogeneity of the mixture
was obtained. Then water including a polycarboxylate-based superplasticizer was added during
mixing at low speed for 90 seconds. After that the paste was further mixed with high speed
mixing for 120 seconds to ensure uniform dispersion of the cementitious particles. After the
mixing, the fresh cement paste was cast in cylindrical 5 cm diameter and 10 cm high molds. The
molds were carefully sealed to prevent evaporation of water. The mix proportions of the cement

pastes are shown in Table 3.

3.3 Curing conditions
After the casting process, which took about 30 min for each mix, the paste specimens were cured

at 20 °C, 35 °C, or 50 °C.

3.4 Method for quantifying the degree of cement hydration

When the required curing ages were reached, the hydration reaction of the cement paste was
stopped by crushing the paste specimens into pieces of about 3-5 mm size, and then immersing
them in acetone for 24 h. After that the paste sample was dried at 40 °C for 3 h, and next placed
in a vacuum desiccator for 2 days. The specimens were then pulverized to be used in powder X-

Ray diffraction (XRD) measurements.

The degree of hydration of the cement was measured by the powder XRD equipment, which can
quantify the amounts of the crystal phases in the hydrated cement paste. Samples used in the
measurements were the hydrated paste powder mixed with 10% of corundum as a reference. The

measurement conditions of the XRD were a scanning range of 20 from 5 to 70 degree at 40kV,
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20mA, step width 0.02 degrees, and a scanning speed of 2 degree/min. The measured XRD data
were further analyzed using the Seroquant software which is based on the Rietveld quantitative
phase analysis. Final results from this process showed the amounts of unhydrated cement
components such as CsS, C,S, Cs3A, and C4AF, and also Ca(OH), as well as the amount of
amorphous phases. The overall degree of hydration of the cement can be calculated based on a
weighted summation of the degree of hydration of the individual cement components. Further
details of the experimental procedures and calculations are provided in [16]. In all cases, non-

evaporable water was also determined by the weight loss in an ignition test at 950 °C for 3 hours.

3.5 Method for quantifying the degree of fly ash hydration

A selective dissolution method was used in quantifying the degree of fly ash hydration. Hydrated
fly ash — cement powder was dissolved by an acid solution of 2N HCI at 60 °C for 15 min and
subsequently dissolved by a base solution of 5% NaCO; at 80 °C for 20 min. The accuracy of
this method has been verified by [16], which reported the above measurement conditions to give

a high accuracy of the degree of fly ash hydration.

3.6 Determination of model parameters

The overall degree of cement hydration was determined by the XRD-Rietveld method at various
times after mixing the water and cement. By fitting the model simulation with the experimental
results, model parameters were systematically determined using commercial software. The effect
of the fly ash was then characterized based on these parameters. A summary of the input

modeling parameters and the output model coefficients are listed in Table 4.
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4. Results and discussions

4.1 XRD-Rietveld results and their validity

This section evaluates the accuracy of the experimental results obtained from the XRD-Rietveld
method by comparing the non-evaporable water content (Wn) calculated from the degree of
hydration of individual cement components with those obtained from ignition loss measurements.
The experimental data for the non-evaporable water and the degree of hydration presented in this
paper is an average of the values obtained from three samples, these data show maximum
standard deviations below 0.005 for non-evaporable water and below 0.032 for the degree of

hydration.

By assuming the amounts of non-evaporable water per gram of the various cement components
as 0.234 for CsS, 0.178 for C,S, 0.514 for C;A, and 0.158 for C4AF [26], the total non-
evaporable water content of the hydrated cement can be calculated from the weighted summation
of the individual components. The results for the data in this study are plotted in Figure 2 (a) —
(b) and show a linear relationship between the Wn values calculated from the Rietveld data and
those obtained from the ignition loss.  Figure 3 shows the development of the degree of
hydration of the cement in the pastes cured at 20 °C. The degree of cement hydration after 672 h
of curing is about 0.65 and 0.80 for pastes with w/b of 0.25 and 0.35, respectively. These values

are below the theoretical upper limits calculated from (w/c)/0.38 [6, 27]. This result confirms

that the degree of cement hydration obtained in this study is reliable and that its accuracy is in

the acceptable range.
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4.2 Model evaluation

To evaluate the applicability of our model, a comparison of the degree of cement hydration in
OPC paste with a w/b of 0.35 obtained from 1) our model, 2) the Park model, and 3) the
experiments is illustrated in Figure 4. Figure 4 (a) shows the effect of the C-S-H particle
deposition on the hydration kinetics. It is clear that our model, which considers the effect of C-S-
H particle deposition, exhibits a better agreement with the experimental data than the Park model.
The Park model shows overestimated degrees of cement hydration for hydration values above
0.65. From the ideas used in the model modification (Section 2.3 above), the deviations between
the results are mainly due to differences in the effective diffusion coefficient. Our model has a
lower effective diffusion coefficient at a later age because of the deposition of C-S-H particles
blocking the diffusion paths. Figure 4 (b) shows a comparison of the results when our model
considers only the effects of differences in effective diffusion coefficients of the inner and the
outer C-S-H gel on the cement hydration. As can be seen, there are no differences between the
results obtained by our model and the Park model (the continuous and dotted curves overlap,
apparently showing only one curve at each temperature). This means that the idea of dividing the
C-S-H gel into two zones with different effective diffusion coefficients as in our model did not
lead to observable differences in the overall hydration kinetics. This may be ascribed to the small
differences in the effective diffusion coefficients (only 22%) and probably also the thinness of
the layer of the outer C-S-H gel. Therefore, it can be concluded here that the key mechanism
leading to differences between our model and the Park model is the deposition of C-S-H particles

blocking the diffusion paths.



19

4.3 Effect of fly ash on the overall hydration kinetics of Portland cement

In this section, our model is used to simulate the experimental results of the cement hydration in
fly ash — cement pastes with a w/b of 0.25. The simulated results are presented by curves in
Figure 5 (a) - (d). As can be seen, the simulated results are generally in good agreement with the
experimental data for all fly ash-cement pastes and all curing temperatures. This demonstrates
that our model is valid throughout the period of hydration starting from the onset of the

acceleration period to the deceleration period of hydration.

For OPC paste (Figure 5(a)), the curing temperature shows the acceleration effect on the early
hydration rates. The higher curing temperatures lead to faster hydration rates at an early age.
However, the degrees of hydration converge to the same level, approximately 0.65, at 1000 hours
of hydration for all the curing temperatures here. This is consistent with the conclusion of
Schindler [28] where there was little or no reduction in the final degree of hydration of Portland
cement as a result of curing at different temperatures. Cervera et al. [29] used model simulation
to establish that the final degree of hydration of the same sample cured at any temperature only
depends on the initial water content of the mixture. This is different from the strength
development in which a cross over of strength of pastes cured at different temperatures has been

observed [30-32].

For FA25 paste, a similar effect of curing temperature as found in the OPC paste here is also
observed, as shown in Figure 5(b). In this case, the fly ash replacement ratio is about 19.73% by
weight of cement. Therefore there is only a moderate effect of fly ash on the overall hydration

kinetics of the cement. Overall, the early hydration rates are very similar to those for OPC paste
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(Fig. 5(a)). For 20 °C curing, the acceleration period of FA25 paste starts at around 10 hours
which is later than that of the OPC paste. The degree of hydration at 1000 hours of all FA25

pastes converges to about 0.75, which is slightly higher than with the OPC pastes.

For FAS0 pastes as seen in Figure 5(c), retardation of the cement hydration at the early period is
more pronounced than that found in FA25 pastes. A longer induction period is observed at all
curing temperatures. The degree of hydration at 1000 hours reaches a level higher than 0.80 for
pastes cured at 20 °C and 35 °C. However, for the paste cured at 50 °C, the degree of cement
hydration levels off below 0.80 after 100 hours of curing. These observed phenomena are related
to the effects of fly ash replacement. According to [9] the effect of fly ash on the hydration of the

cement includes a dilution effect, an early age physical effect, and a chemical effect.

1) The dilution effect

It is generally accepted that the final degree of cement hydration increases with the effective w/c
ratio [27], and the incorporation of fly ash results in increasing the effective water to cement
ratio (w/c). Therefore, the incorporation of fly ash may be seen to enhance the long-term
hydration of cement with what has been termed a “dilution” effect [33]. In the results here, this
effect can be observed by comparing the final degrees of hydration of the OPC, FA25, and FA50
pastes in Figure 5(a)-(c). Here the degree of hydration of the cement late in the curing period
increases with the fly ash replacement ratio, regardless of curing temperature. To show this more
clearly, the hydration kinetics of the cement in pastes containing different replacement ratios of

fly ash at 20 °C are compared in Figure 5(d). The figure shows a clear increase in the long-term
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degree of hydration with higher replacement ratios of fly ash, especially at the high fly ash

replacement condition (FA50).

2) The physical effect

The effect of fly ash replacement is also related to the physical properties of fine fly ash particles.
There are two kinds of physical effects of fly ash on cement hydration: early retardation of
hydration and an increase in available nucleation sites. The early slowing down of hydration in
the presence of fly ash been reported by numerous papers [34-38]. This is related to the condition
of the fly ash surface. Calcium ions adsorb on the fly ash surface, thus lowering the [Ca’] in the
bulk solution. It is may be that the reduction of [Ca**] could lead to a lower Ca/Si ratio in the
solution and also in the initial shell of the fly ash-cement pastes. Gartner et al. [23] and Gartner
and Jennings [39] have shown that the degree of instability of the metastable C-S-H layer
(termed the initial shell in this paper) is related to its Ca/Si ratio, and that lower Ca/Si ratios lead
to less instability of the C-S-H layer. Garrault and Nonat [40] and Bullard and Flatt [41], in
studies on C3S hydration in dilute solution (liquid/solid = 50), pointed out that nucleation and
growth of C-S-H nuclei at the initial period are faster at low lime (Ca(OH),) concentrations. It is
difficult to extrapolate these findings to explain the hydration kinetics of the fly ash-cement
pastes presented here. This is due to the differences in the liquid/solid ratios and the presence of
the surface of fly ash. Generally, the [Ca*'] in solutions of fly ash-cement pastes is lower than
that in OPC paste; but the findings in [40] can not explain the hydration phenomena in fly ash-

cement pastes.
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However, it could be hypothesized that the initial shell with a lower Ca/Si ratio in fly ash-cement
pastes would transform to a more stable C-S-H at a slower rate than that with higher the Ca/Si
ratio in OPC paste. This could partly explain the extended induction period of hydration in fly
ash-OPC paste. The retardation effect, early slowing down, is compensated by a physical
acceleration effect in that the fly ash surface provides additional nucleation sites for hydration
products to precipitate on [9]. This is indicated in Figure 5(d) where the cement hydration in fly
ash-cement paste shows a longer induction period and a higher hydration rate thereafter for the

fly ash containing samples.

3) The chemical effect

Fly ash is chemically involved in the cement hydration in two ways. First, cement produces
Ca(OH), in the hydration while fly ash consumes Ca(OH ), in the pozzolanic reaction. Second,
both cement and fly ash consume water in their hydration reactions [9]. The first effect results in
a lower Ca(OH), concentration that would contribute to an acceleration of Ca** dissolution

from the cement particles. With the second effect, and for high fly ash replacement ratios the
pozzolanic reaction of the large volume of fly ash could significantly contribute to increases in
water consumption, even when fly ash needs much less water for its reaction than cement, and
the water consumed here could consequently hamper the cement hydration. It has been reported
that the complete reaction 1 ml of fly ash produces 2.52 ml and 3.25 ml net volumes of hydration
products for 25% and 50% replacement ratios of fly ash, by volume of binder [2]. The marked
difference between the volumes of the unhydrated cement and the volumes of the hydration

products strongly contributes to filling the capillary space.
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All of the above mentioned effects may not be clearly observable at low curing temperatures
when the pozzolanic reaction of fly ash is slow. However, at higher curing temperatures these
effects may become observable. As in the case of FA50 cured at 50 °C in Figure 5(c), the degree
of hydration of the cement at the later curing stage is lower than when cured at 20 °C and 35 °C.
This slowing down at high curing temperature is supported by the reaction kinetics of fly ash in
Figure 6. Figures 6(a) and (b) show the development of the pozzolanic reaction of fly ash in
FA25 and FAS5O0 pastes at different curing temperatures. The results for both mixtures show that
at 50 °C the pozzolanic reaction of fly ash starts with a high rate of increase as early as 12 hours
after mixing, while at 35 °C and 20 °C the high rate of increase starts after 72 hours and 336
hours, respectively. The early high pozzolanic reaction of fly ash in FA50 paste at 50 °C
confirms that the contribution of fly ash in consuming water and producing C-S-H to fill the

capillary pores is the main factor that impedes the hydration of the cement phase.

From the results reported here, the effect of the curing temperature on cement hydration as
reported by Schindler [28] and Cervera et al [29] may not be valid when the cement does not
hydrate without additives like fly ash. The results here further show that the effect of fly ash on
hydration of the cement depends on the fly ash replacement ratio and the timing of the onset of
the pozzolanic reaction, not on the extent of pozzolanic reaction. Also, the results suggest that, in
low w/b pastes containing high replacement volumes of fly ash and subjected to curing at high
temperatures, the hydration of the cement is more likely to become retarded because of
insufficient water and/or insufficient space for the C-S-H gel from the cement hydration is able

to grow.
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4.4 Effect of fly ash on the reaction coefficients of hydration in different processes

Model coefficients determined by the best-fit analysis are given in Table 5. It can be seen that
B,, and k,,, are constant for all mixtures. This suggests that the rate of formation of the initial
shell in the induction period and the rate of chemical reaction are independent of the
incorporation of the fly ash admixture and water to binder ratio. The C,,and D[',, reaction
coefficients vary with the fly ash replacement ratio and/or w/b ratio, and the effect of fly ash on
cement hydration discussed in this section is focused on the change in C,, rather than k, (for the
early period) and D", (for the later period). It must be kept in mind that the coefficient C,,
controls the rate of decay of the initial shell (a semipermeable, metastable C-S-H layer). The
growth of the more stable C-S-H nuclei, indicated by the onset of the acceleration period, is
associated with a conversion of this metastable layer [42]. A decrease in C,, suggests that the
rate of decay of the initial shell becomes slower, resulting in a delay of the onset of the

acceleration period. In this study, the value of C,, could be influenced by two factors: the

presence of superplasticizer and the presence of fly ash, and this will be discussed next.

In Portland cement paste without fly ash replacement, an increase in the w/c ratio has a limited
effect the hydration kinetics before the acceleration period [43], therefore the change in C,,
observed in the results reported here can be attributed to the presence of the superplasticizer. It is
generally accepted that the addition of a superplasticizer delays the onset of the acceleration
period [44]. Molecules of superplasticizer hinder water and Ca’" ion diffusion across the
solution-cement interface. Also, Ca*" ions form complexes with the superplasticizer molecules,

inhibiting the nucleation and growth of Ca-rich species [45]. Therefore addition of
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superplasticizer delays the acceleration of hydration, in other words it retards the rate of decay of
the initial shell layer. The effect of the superplasticizer can be seen by comparing the two OPC
pastes of different w/b ratios in Table 5. The value of C,, of the OPC paste with w/b=0.25 is
lower than that of the paste with w/b=0.35. This suggests that the onset of acceleration period

would start at a later time, as also shown in Figure 3.

For fly ash-cement pastes, the delay of the onset of the acceleration period is due to a combined
effect of the superplasticizer and the fly ash contents. For example, at w/b=0.25 the FA50 paste
contains much less superplasticizer than the OPC paste and as a result its acceleration period

would start earlier. However, a smaller C,, value and a longer induction period are observed as
shown in Table 5, Figure 7, and Figure 5(d). The effect of fly ash on the reduction of C,, can be

explained by adsorption of Ca** on the fly ash surface as described in the previous section. In
addition, the fly ash could supply significant amounts of silicate ions to the solution since the
early age [41]. This effect also leads to a lower Ca/Si ratio of the solution and in the initial shell
of fly ash-cement pastes [23, 39], and results in a longer induction period for the hydration in fly
ash-OPC pastes. The results suggest that the retardation effect due to adsorption of Ca** on the
fly ash surface and/or additional supplies of silicate ions is stronger than that caused by the

addition of superplasticizer.

Figure 7 shows that the initial effective diffusion coefficient D', increases with the fly ash
replacement volume. Especially, when the fly ash content increases from 25% to 50% by volume,

the D", increases considerably. This indicates that fly ash influences the diffusion process of
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the cement hydration. This could be explained by the silica-rich characteristics of fly ash.
Dissolved silica ions Si(OH )f[ from the fly ash could diffuse into the cement particles [34]. The

fly ash would then serve as an additional silica source for hydration product formation, thus
lowering the Ca/Si molar ratio of the overall C-S-H product including the C-S-H around cement
grains. This could eventually lead to a higher effective diffusivity of water into the C-S-H gel.
The average Ca/Si molar ratio of the overall C-S-H gel in fly ash — cement pastes, calculated by
the mass balance method [46-47], is plotted as a function of the fly ash replacement ratio in
Figure 8. It is clear that, with 28 days of hydration time, the average Ca/Si molar ratio measured
in the present study decreases linearly from 2.1 for OPC paste to 1.55 for FA50 paste which
agrees with data in the literature [47-51]. Although there are differences in the absolute Ca/Si
values among the data reported in Figure 8, because of the differences in material compositions
and age of test pieces, the tendency towards lowerings of the Ca/Si molar ratio is similar. Wang
et al. [49] and Escalante and Sharp [50] reported very similar slopes of Ca/Si reductions
specifically for C-S-H gel around cement particles. Sagawa et al. [52] reported that the density of
the C-S-H gel in blast furnace slag-cement paste increases with the Ca/Si ratio, and decreases
with increasing H/Si ratios (H = H,O). Suda et al. [53] also reported that the average density of
the C-S-H gel from various cementitious materials increased linearly with the Ca/Si molar ratios.

This relationship can be described as p.q, =0.241-(Ca/Si)+1.72 (g/em’). In fact, a higher

density of the C-S-H gel is associated with a greater packing density of the C-S-H particles.
Therefore, the lower Ca/Si molar ratio of the C-S-H gel of paste containing fly ash can be

interpreted to be a cause of the lower packing density and the higher diffusivity of the C-S-H gel.

4.5 Effect of fly ash on temperature sensitivity coefficients
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The temperature sensitivity of individual hydration processes can be considered via the

coefficients B, f,, f;, and E/R listed in Table 5. These coefficients were determined from

hydration data of the cement phase obtained at three different curing temperatures. The results
show that the temperature sensitivity factors ( 4 and f,) for the formation and the decay of the
initial shell are the same for all pastes. For neat OPC pastes with different w/c ratios, it has been

found that the temperature sensitivity factor for the diffusion process ( f,) is unchanged. This

result has also been reported in Park et al. [3].

The data also suggests that the chemical reaction and diffusion processes are most sensitive to

changes in curing temperatures, as represented by E/R and f,, respectively. The degree of
temperature sensitivity of the process of formation and decay of the initial shell represented by
p,and S, are much lower than the chemical reaction and diffusion processes. The low £, and 3,

values suggest that the rates of cement hydration in the induction period of pastes cured at

different temperatures are similar. The detailed reasons for this similarity are not established.

Incorporation of fly ash in the cement paste clearly reduces the E/R and g, values, as shown in

Figure 8. This suggests that the chemically controlled and the diffusion controlled processes of
cement hydration are less sensitive to changes in temperature when fly ash is added. Related to
this, Ma et al. [54] also reported that E/R reduced from 4690 J/K for pure Portland cement
paste to 3210 J/K for Portland cement paste containing 17 percent of low-calcium fly ash. Based
on available information from the literature, the mechanism of this phenomenon is still not
clearly elucidated. To fully and satisfactorily explain the mechanism, more detailed investigation

1s necessary.
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4.6 Applicability of the model to other fly ash-cement mixtures

To verify our model with other fly ash-cement mixtures, both the degree of cement hydration and
the degree of pozzolanic reaction of fly ash are needed. However, there is very little data in the
literature that reports both the kinetics of hydration and the pozzolanic reaction together. One
report however, Warangkana et al. [12], provides both kinds of data, quantitatively, and from

here the data there will be used to discuss the applicability of our model in the paper.

In [12], the degree of hydration and pozzolanic reaction in cement pastes with fly ash
replacement ratios of 0%, 25%, and 50% (by volume) were studied at a water to binder ratio of
1:1 by volume fraction (approximately 0.31 by weight). Curing conditions were varied and only
the case of sealed curing at 20°C is used in the simulations detailed here. The chemical and

physical properties of cement and fly ash used in [12] are given in Tables 1 and 2.

Since the hydration data for early curing ages is not provided in [12], it is assumed here that the
fly ash in [12] would display similar influences on the early age hydration of the cement as those

established in our study. Therefore, the model coefficients B,, and C,, obtained earlier for this

study were applied to [12]. Only the D", and Kk,,, were determined from fitting the model to

the experimental data.

Based on the above and with the material properties of [12], the hydration kinetics of cement was
simulated by our model, and the results of the simulation are shown with curves in Figure 10. It

can be seen that the model developed here is in reasonably good agreement with the [12]
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experimental data for OPC paste but slightly overestimates the hydration of cement in the fly
ash-cement mixtures at later aging times. Table 6 indicates that k ,,is not changed and D",
increases with the fly ash replacement ratio. This is consistent with the findings with the cement
and fly ash that we report. However, the increment in the D!, values in [12] at the same fly
ash replacement ratios is lower than the results with the fly ash in this investigation. Sakai et al.
[47] reported that the amorphous content affects the pozzolanic reaction of the fly ashes at later

ages. A higher amorphous content leads to a greater degree of pozzolanic reaction of the fly ash,

and this effect is reduced when the fly ash replacement ratio increases. It may be expected that
the fly ash with a higher amorphous content is more effective in enhancing the DY, of C-S-H
gel than that with low amorphous content. However, the results reported here show that the fly
ash in [12] which has slightly higher amorphous content is less effective in enhancing the D",

of the C-S-H gel, as shown in Table 6. This indicates that the diffusive properties of C-S-H

around cement grains may be controlled by the chemical properties of the cement.

Park et al. [3] reported that cement with a higher C;S content have a lower D' ,,. The OPC
used in [12] contains much more C;S than the OPC used in this study, as shown in Table 2.
Considering this, it may be that the D", of the C-S-H around the cement particles is primarily

controlled by the chemical composition of the cement grains, and that it is modified when fly ash

is added. Therefore, in modeling the D", with other fly ash-cement mixtures, the C3S content

in the cement and the amorphous content in the fly ash are important factors.
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Besides, the kinetics of cement hydration can be affected by the minor components of the cement.
Rahhal et al. [55] found that a high content of sulfate in the form of gypsum slowed down the
rates of hydration of cements and lengthened the induction period if the cement had a low C;A
content. Schindler and Folliard [56] have also shown that the induction period of the hydration
tended to become extended when the sulfate content increased. The rate of hydration in the
acceleration period increased considerably with sulfate content. These are consistent with Brown
et al. [57] who previously reported that the presence of calcium sulfate (CaSOs) in solution
slightly retards hydration of pure CsS at the early age but accelerates it thereafter. This suggests
that to apply our model to fly ash-cement mixtures with different sulfate contents it may be
necessary to adjust the model coefficients B and C in Eq.(2) which express the hydration rate in
the induction and acceleration periods. However, at present, the mechanisms for the effect of
sulfate on the hydration of the cement have not been well established. It would be premature to

consider including the effect of sulfate in the model.

In summary, the model can be used to simulate the hydration kinetics in a fly ash-paste mixture
with fairly good accuracy by using the same expression of effective diffusion coefficients as in
Eq.(11). The results show that fly ash has some influence on the diffusive properties of C-S-H
around cement grains. Regardless of the chemical composition of the cement and fly ash, higher
fly ash replacement ratios give rise to increases in the diffusive properties of the C-S-H around
cement grains. The magnitude of increase in the diffusive properties of C-S-H due to fly ash
replacement appears to be governed by the chemical composition of the cement grains,

presumably the C;S content.
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5. Conclusions

In this paper, the effect of fly ash on the hydration kinetics of Portland cement in fly ash —

Portland cement mixtures of low w/b ratios were studied at three curing temperatures. The

shrinking-core model was used in a modified form in quantifying the kinetics parameters of the

cement hydration. Based on the results, the following conclusions may be drawn.

5.1 With the concept of densification of C-S-H gel due to deposition of C-S-H particles in gel
pores, the model can better simulate the hydration kinetics of cement in the later hydration
period than the Park model.

5.2 The effect of fly ash on the hydration of cement is dependent on the curing temperature and
the fly ash replacement ratio. At commonly encountered curing temperatures (not higher than
35 °C), the presence of fly ash at all replacement ratios accelerates hydration of cement due
to the cement dilution effect. However, at higher curing temperatures (50 °C) and high fly
ash replacement ratios, the pozzolanic reaction of fly ash becomes important because it
competes with the cement hydration in consuming water and producing large amounts of
reaction product from early ages, and this may counteract the dilution effect. As a result,
hydration is impeded.

5.3 When fly ash is incorporated, the effective diffusion coefficient of C-S-H around cement
particles increases. This facilitates water diffusion through the C-S-H layer, and consequently

contributes to an acceleration of the cement hydration at later aging times.
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Figure Captions

Figure 1 Illustration of the C-S-H particle deposition blocking the pore system

Figure 2 Correlation between non-evaporable water calculated from the degree of hydration and
non-evaporable water measured from the ignition loss; (a) w/b = 0.25 and (b) w/b = 0.35

Figure 3 Degree of hydration of OPC pastes cured at 20 °C

Figure 4 Simulation of the progress of the degree of cement hydration of Portland cement paste
with w/b = 0.35, (a) effect of C-S-H particle deposition, (b) effect of differences in effective
diffusion coefficients of the inner and the outer C-S-H gel

Figure 5 Simulation of the progress of the degree of cement hydration of fly ash-cement paste
with w/b = 0.25: (a) OPC paste, (b) FA25 paste, (c) FA50 paste, (d) different fly ash-cement
pastes at 20 °C

Figure 6 Progress of the degree of pozzolanic reaction of fly ash at three curing temperatures (20
°C, 35 °C, and 50 °C): (a) FA25 paste, (b) FA50 paste

Figure 7 Effect of the fly ash replacement ratio on the reaction coefficient C,, (left, blue) and the

effective diffusion coefficient D!, (right, purple)

Figure 8 Effect of the fly ash replacement ratio on the Ca/Si molar ratio of C-S-H gel
Figure 9 Effect of the fly ash replacement ratio on the temperature sensitivity of the diffusion
process S, (left, blue) and of the chemical reaction E / R (right, purple)

Figure 10 Simulation of the progress of the degree of cement hydration in Warangkana's work

[12]
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Table Captions

Table 1
Table 2
[12]

Table 3
Table 4

Table 5

Table 6:

Chemical composition of the Portland cement and fly ash here and in [12]

Mineralogical components of the Portland cement and fly ash in this study and in

Mixture proportions of the cement fly ash mixtures used here
Input modeling parameters and coefficients calculated by the modeling
Model coefficients of Eq.(5) obtained from the regression analysis

Model coefficients for fly ash-cement paste in Warangkana [12]
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Figure Captions

Figure 1 Illustration of the C-S-H particle deposition blocking the pore system
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Figure 2 Correlation between non-evaporable water calculated from the degree of hydration and
non-evaporable water measured from the ignition loss; (a) w/b = 0.25 and (b) w/b = 0.35
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Figure 3 Degree of hydration of OPC pastes cured at 20 °C
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Figure 4 Simulation of the progress of the degree of cement hydration of Portland cement paste
with w/b = 0.35, (a) effect of C-S-H particle deposition, (b) effect of differences in effective
diffusion coefficient of the inner and the outer C-S-H gel
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Figure 5 Simulation of the progress of the degree of cement hydration of fly ash-cement paste
with w/b = 0.25: (a) OPC paste, (b) FA25 paste, (c) FA50 paste, (d) different fly ash-cement

pastes at 20 °C
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Figure 6 Progress of the degree of pozzolanic reaction of fly ash at three (20 °C, 35 °C, and 50
°C) curing temperatures: (a) FA25 paste, (b) FA50 paste
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Figure 7 Effect of the fly ash replacement ratio on the reaction coefficient C,, (left, blue) and the
effective diffusion coefficient D", (right, purple)
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Figure 9 Effect of the fly ash replacement ratio on the temperature sensitivity of the diffusion
process S, (left, blue) and of the chemical reaction E / R (right, purple)
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Figure 10 Simulation of the progress of the degree of cement hydration in Warangkana's work

[12]
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Table Captions

Table 1. Chemical composition of the Portland cement and fly ash here and in [12]
Oxide (%) This study Warangkana’s work [12]
OPC Fly ash OPC Fly ash
SiO; 21.06 59.10 21.26 68.94
Al,O3 5.77 20.20 5.28 16.44
Fe,03 2.67 8.85 2.82 3.25
Cao 63.55 3.36 64.36 1.58
MgO 1.85 1.17 2.16 1.05
SOs 2.28 0.12 1.97 0.18
TiO, 0.29 1.90 0.25 0.74
MnO 0.07 0.14 0.07 0.03
P20s 0.25 2.58 0.19 -
Na,O 0.26 0.34 0.25 0.23
K20 0.38 1.87 0.41 1.06
Blaine (cm“/g) 3,400 3,740 3,520 3,970
Density (g/cm?) 3.16 2.33 3.17 2.15
LOI (%) 0.614 0.960 0.56 1.25
Table 2: Mineralogical components of the Portland cement and fly ash in this study
and in [12]
Mineral (%) This study Warangkana'’s work [12]
OPC Fly ash OPC Fly ash
CsS 64.54 - 73.03 -
C.S 14.04 - 10.40 -
CsA 4.40 - 6.50 -
C4AF 9.16 - 9.37 -
Gypsum 0.19 - 0.13 -
Mulite - 7.09 - 2.92
Quartz - 8.02 - 6.07
Hematite - 1.23 - 1.67

Amorphous - 81.97 - 87.57




Table 3: Mixture proportions of the fly ash-cement mixtures used here
Mix w/b Fly ash/Cement Superplasticizer ¥
(mass fraction) (vol. fraction) (% of binder weight)
OoPC 0.25 0/100 2.0
0.35 0/100 0.65
FA25 0.25 25/75 1.30
FA50 0.25 50/50 0.65

¥ To control the flow diameter of paste at 200 mm

50

Table 4. Input modeling parameters and coefficients calculated by the modeling
Input parameters Output coefficients

Water to binder ratio, w / b =

Density of cement, p, Cy

Blaine surface area of cement DM L,

Chemical bound water for cement hydration, v = 0.23 K,

Physical bound water in hydration product, W, =0.15 B

Fly ash replacement ratio (0%, 25%, 50%) 5,

Density of fly ash, pg, 5

Blaine surface area of fly ash E/R

Degree of pozzolanic reaction of fly ash, & ; (t)

Chemical bound water for pozzolanic reaction = 0.10
Physical bound water in pozzolanic reaction product = 0.15
Curing temperatures (20 °C, 35 °C, 50°C)

Table 5: Model coefficients of Eq.(5) obtained from the regression analysis
wib (y;SFAy BZO CZ() Dei?)n_z() ) kr20 ﬁl 182 ﬂ3 E / R
(x10®%) (x10% (x10®%) (x10™
0.25 0 1 3.81 4.62 1.52 10 900 6000 6173
25 1 2.79 5.10 1.52 10 900 4500 5075
50 1 2.18 7.55 1.52 10 900 4300 3022
0.35 0 1 4.83 4.62 1.52 10 900 6000 6173

) D;’(‘)rlzo is the initial effective diffusion coefficient of the inner C-S-H gel at 20 °C



Table 6: Model coefficients for fly ash-cement paste in Warangkana's work [12]
w/b % Fly pimn k
ash €0-20 f20_
(x10%)  (x10%)
0.31 0 4.32 1.67
25 4.84 1.67

50 5.21 1.67
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