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Abstract Fly ash has been widely used as supplementary
cementitious material in concrete industry. Hydration
mechanism of composite binder containing fly ash is much
more complicated due to the mutual effect of the hydration
of cement and the pozzolanic reaction of fly ash. This paper
involves the hydration kinetics of composite binder con-
taining up to 65 % of fly ash and comparison of the results
with data on composite binder containing slag that are
previously published. The hydration heat evolution rate and
cumulative hydration heat of composite binder containing
fly ash were measured at 298, 318 and 333 K with an
isothermal calorimeter. Based on the hydration kinetics
model, three hydration processes, namely nucleation and
crystal growth (NG), interactions at phase boundaries
(D and diffusion (D) were characterized, the relationship
between the hydration rate and hydration degree was dis-
cussed at different stages, and kinetics parameters, n, K and
E,, were calculated and analyzed. Results show that the
hydration heat evolution rate and cumulative hydration
heat of composite binder obviously decrease with
increasing the replacement ratio of fly ash. Elevated tem-
peratures promote the hydration process, especially for
composite binder containing high amount of fly ash. The
kinetics model could simulate the hydration process of
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composite binder containing no more than 65 % of fly ash,
whose hydration process sequence is NG — I — D at 298
and 318 K, but it becomes NG — D at 333 K. Fly ash has
relatively smaller effect on the overall reaction of com-
posite binder than slag. The reaction rates of composite
binder containing fly ash at different stages are higher than
those of composite binder containing slag at the same
replacement ratio. The value of E, for the overall reaction
of composite binder decreases first and then increases with
increasing the content of fly ash, and it is lower than that of
composite binder containing slag at the same replacement
ratio.

Keywords Composite binder - Fly ash - Hydration -
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Introduction

Fly ash has been widely used as a supplementary cemen-
titious material in modern concrete industry due to its
benefits in improving properties of concrete and reducing
carbon dioxide emissions, which promotes eco-friendly
construction. The hydration of composite binder containing
fly ash includes two interrelated processes: the hydration of
Portland cement and the pozzolanic reaction of fly ash [1].
Ca(OH), is produced by the hydration of cement, and it
consumes by the pozzolanic reaction of fly ash. The two
reactions may occur simultaneously, and they are influ-
enced by each other. Besides the chemical effect (i.e.,
pozzolanic reaction), fly ash also has physical effect that
promotes the hydration of cement. The hydration rate and
reaction degree of composite binder are also affected by
elevated temperature [2, 3]. Due to the different chemical
compositions and hydration activity, the hydration kinetics
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of composite binder containing fly ash is different from that
of composite binder containing slag.

The hydration kinetics of composite binder containing
fly ash has been studied extensively. Narmluk et al. [4]
found that the hydration kinetics of composite binder
containing fly ash depended on the replacement ratio of fly
ash and curing temperatures. At 20 and 35 °C, fly ash
retarded the hydration of cement in early period and
accelerated the hydration of cement in later period. But at
50 °C, for composite binder containing high amount of fly
ash, the hydration of cement retarded at later ages.
Deschner et al. [5, 6] investigated the hydration kinetics of
composite binder containing 50 % of fly ash, and the
results were compared with a reference composite binder
containing 50 % of inert quartz powder. It was found that
the influence of fly ash on the hydration was mainly related
to the filler effect until 2 days and the pozzolanic reaction
was observed from 7 days on. The elevated temperatures
accelerated both the hydration of cement and the reaction
of fly ash. In general, replacement of cement by fly ash
leads to a retarding effect on the hydration [2, 7-9].
Dittrich et al. [10] found that a retarding effect of fly ash on
the silicate reaction was detected due to the adsorption of
Ca®" ions on the surface of fly ash and the aluminate
reaction was influenced by fly ash due to the additional
nucleation sites provided. Nocun-Wezelik [11] pointed out
that the hydration heat evolution rate and cumulative
hydration heat of composite binder containing 5 % of fly
ash were almost unchanged compared to Portland cement,
but when the replacement ratio of fly ash was larger than
30 %, the hydration process is severely retarded.
Kumar et al. [3] revealed that for composite binder con-
taining 20 % of fly ash, the hydration heat evolution rate
decreased at 35 °C due to the dilution effect. Morever, the
induction period and the appearing time of the second
exothermic peak were prolonged. But at 45 °C, the rate of
hydration increased obviously and the time of hydration
was also shortened. Langan et al. [12] found that fly ash
retarded cement hydration more significantly at high water-
to-binder ratio. Furthermore, numerous kinetics models
have been proposed to quantify the hydration kinetics of
cement [13]. Wang et al. [14, 15] predicted the hydration of
composite binder containing fly ash based on the shrinking-
core model. The mutual interactions between the hydration
of cement and the reaction of fly ash are considered
through the available amounts of calcium hydroxide and
capillary water in the system. Thomas [16] applied
boundary nucleation and growth (BNG) theory to charac-
terize the hydration kinetics of tricalcium silicate and alite.
Scherer et al. [17] used this model for the hydration of
cement, and it was shown good fits to calorimetric and
chemical shrinkage data with the assumption that nucle-
ation and growth rates are constant. Furthermore, he
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suggested that BNG of C-S—-H is more likely to occur
within confined pores [18]. Krstulovic and Dabic [19, 20]
investigated the hydration kinetics of cement according to
the hypothetical mathematical model, which provides for
the fact that the process takes place in a heterogeneous
system involved three basic processes: nucleation and
crystal growth, interactions at phase boundaries and
diffusion.

Based on the current literatures, it is apparent that the
investigation of hydration kinetics of composite binder
containing fly ash is mainly on calcium hydroxide, and like
the reaction of slag, the stoichiometric coefficients of
reaction of fly ash is still dubious and poorly understood
[21]. Moreover, the development of the degree of hydration
of composite binder containing fly ash has not been fully
elucidated [4]. For BNG model, it must only be used during
the period when the reaction is dominated by a single phase
[17], which is not applicable for composite binder con-
taining fly ash. There is little information about the
apparent activation energy of composite binder containing
fly ash in the current literatures, which is important to
understand the hydration mechanism.

The purpose of this work is, therefore, to investigate the
hydration kinetics of composite binder containing fly ash
based on the kinetics model proposed by Krstulovic et al.
[19] and compare the results with data on hydration
kinetics of composite binder containing slag that are pre-
viously published [22]. The samples were examined using
an isothermal calorimeter. The kinetics model and the
methods of determination of the kinetics parameters have
been detailedly described in the literature [22]. The kinetics
analysis was mainly on the overall apparent hydration
process.

Experimental
Materials

P.I 42.5 Portland cement and Class I fly ash conforming to
Chinese National Standards GB 175-2007 and GB/T
1596-2005, respectively, were used in this paper. The
chemical compositions of cement and fly ash determined
by X-ray fluorescence (XRF) are given in Table 1.

The water requirement ratio of fly ash is 95 %. The
specific surface area of cement is 350 m* kg~'. The par-
ticle size distributions of cement and fly ash measured by a
laser particle size analyzer (MASTER SIZER 2000) are
shown in Fig. 1. It is apparent that fly ash is finer than
cement. The median particle diameters of cement and fly
ash (i.e., D50) are 17.17 and 9.77 pm, respectively.

The water-to-binder ratio for all samples is 0.4. The mix
proportions of pastes are presented in Table 2.
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Table 1 Chemical compositions of cement and fly ash (w/%)

Composition SiO, Al,O3 Fe,03 CaO MgO SO; Na,0Oq f-CaO LOI
Cement 20.55 4.59 3.27 62.50 2.61 2.93 0.53 0.83 2.08
Fly ash 57.60 21.90 7.70 3.87 1.68 0.41 4.05 - 0.43

w-Mass fraction
Na;Oq = Na,O0 + 0.658K,0

Cement

Particle size distribution/%

LI R T T T T T T T T

0.01 0.1 1 10 100 1000
Particle size/um

Fig. 1 Particle size distributions of cement and fly ash

Table 2 Mix proportions of pastes

Sample Water-to-binder ratio Mass fraction/%
Cement Fly ash
Cem 0.4 100 0
FA20 80 20
FA35 65 35
FAS50 50 50
FA65 35 65

Test methods

The hydration heat evolution rate and the cumulative
hydration heat of composite binder containing fly ash were
measured with an isothermal calorimeter (TAM Air from
TA instruments). The tests were performed at three con-
stant temperatures (298, 318 and 333 K) within 72 h. After
stirring evenly, the samples were immediately placed into
the chamber. Then the hydration heat evolution rate and
cumulative hydration heat could be monitored continu-
ously as a function of hydration time. The cumulative

hydration heat released during initial period and induction
period accounts for few percentage [23], which could be
negligible. Therefore, the hydration kinetics of composite
binder containing fly ash was studied since the ending time
of induction period.

Results and discussion

Hydration heat characteristics of composite binder
containing fly ash

The hydration heat evolution rate curves of composite
binder containing fly ash at 298, 318 and 333 K are shown
in Fig. 2. It can be seen from Fig. 2a that the hydration
process of cement is significantly affected by the curing
temperatures. An increase in temperature accelerates the
hydration heat evolution rate. The peak value of the second
exothermal effect increases by more than two times from
298 to 318 K and by more than four times from 298 to
333 K. The ending time of induction period and the
appearing time of the second exothermal peak obviously
reduce. The intension hydration shortens from more than
20 h at 298 K to about 10 h at 333 K. As shown in
Fig. 2b-e, the trend of hydration heat evolution rate curves
of composite binder containing fly ash is similar to that of
cement (Fig. 2a). But the peak value of the second
exothermal peak evidently decreases at three examined
temperatures with increasing the replacement ratio of fly
ash. Moreover, the ending time of induction period and the
appearing time of the second exothermal peak increase
significantly, which indicates that fly ash has a retarding
effect on the hydration. The results are consistent with
previous studies [3, 7-12]. Compared to composite binder
containing slag [22], incorporation of fly ash could obvi-
ously retard the hydration of cement. The reactivity and the
water absorption of fly ash are lower than those of slag, and
then the ion concentration of pore solution reaches super-
saturation for long time. It is noted that there is a third
exothermal peak on the hydration heat evolution rate
curves of composite binder containing 50 or 65 % of fly
ash (Fig. 2d, e). The third exothermal peak is obviously
observed at 333 K. The exothermal effect is caused by the
pozzolanic reaction of fly ash. For composite binder
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Fig. 2 Temperature-dependent hydration heat evolution rate curves for: a Cem, b FA20, ¢ FA35, d FAS0 and e FA65

containing high amount of fly ash, the initial hydration of
cement is significantly promoted. The alkalinity of pore
solution reaches to a sufficient value that could break down
the glass phase of fly ash, and then hydration heat is
released. Increasing temperature to 333 K, the depoly-
merizing ability of vitreous fly ash increases [2]. Thus, the
hydration heat evolution rate increases significantly. For
composite binder containing small amount of fly ash, the
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dominant reaction is the hydration of cement, and the
exothermal effect of reaction of fly ash is not obvious.
Figure 3 presents the cumulative hydration heat curves
of composite binder containing fly ash at 298, 318 and
333 K. As shown in Fig. 3a, an increase in temperature
evidently increases the cumulative hydration heat of
cement. It can be seen from Fig. 3b—e that the cumulative
hydration heat curves of composite binder containing fly
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Fig. 3 Temperature-dependent
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ash present similar trend to that of cement. However, the
cumulative hydration heat significantly decreases with
increasing the content of fly ash at all studied temperatures
in this paper. Due to the filler effect and pozzolanic reac-
tion of fly ash, the decreased ratio of hydration heat is
lower than the replacement ratio of fly ash. An increase in
temperature from 298 to 333 K increases the 72-h cumu-
lative hydration by 30.78, 31.38, 31.76 and 32.03 % for
samples FA20, FA35, FA50 and FA6S5, respectively, while
it increases by 21.78 % for cement. It is indicated that
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elevated temperature has a great effect on the hydration of
composite binder containing fly ash, especially for com-
posite binder containing high amount of fly ash. Thus, an
exothermal peak is observed on the deceleration period of
hydration heat evolution rate curves for samples FA50 or
FA65 (Fig. 2d, e). But compared to composite binder
containing slag [22], the promoting effect of temperature
on the composite binder containing fly ash is relatively
small. Due to the high activity of slag, an obvious
exothermal peak of slag reaction is observed at 298 K, and
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it is overlapped by the main exothermal peak at 318 and
333 K. The 72-h cumulative hydration heat of composite
binder containing no more than 50 % of slag is almost
same as that of Portland cement at 333 K. However, the
cumulative hydration heat of composite binder containing
fly ash is still lower than that of Portland cement at ele-
vated temperatures.

Kinetics of hydration process of composite binder
containing fly ash

The hydration rate curve, do/df, and the simulated curves,
Fi(), Fo(a) and F3(x), of composite binder containing fly
ash at 298, 318 and 333 K are shown in Figs. 4-6,
respectively. As shown in Fig. 4, curves, F(«), F»(o) and
F3(a), could well segmentally simulate the hydration rate
curve of composite binder containing fly ash at 298 K. The
hydration process of composite binder containing no more
than 65 % of fly ash successively experiences NG, I and D,
elucidating that the reaction of hydration is controlled by a
multiple reaction mechanism.

It can be seen from Fig. 4 that the simulation error has a
little increase with increasing the replacement ratio of fly
ash. The hydration of composite binder containing fly ash
is similar to that of composite binder containing slag,
which consists of the rapid hydration of cement and the
slow reaction of fly ash. The influence of fly ash on the
overall reaction increases with increasing fly ash content.
However, fly ash has relatively small effect on the reaction
of composite binder compared with slag at the same
replacement level [22]. The early-age reaction of fly ash is
very slow at ambient temperatures, and after long hydration
time (>7 days), fly ash starts to react with Ca(OH), [24-26].
Thus, the contribution of reaction of fly ash to the overall
hydration is relatively small in 72-h hydration at 298 K.
But a certain amount of slag has reacted at early age, which
has a great influence on the overall reaction. After mixing
composite binder with water, the changes in hydration
kinetics are dominated by the filler effect of fly ash.
Incorporation of fly ash increases the water-to-clinker ratio
that results in more space for the hydration products of
cement. Moreover, the particle size of fly ash is finer than
cement (Fig. 1) and the surface of fly ash provides addi-
tional sites for the precipitation of hydration products of
cement. Thus, the reaction of cement is accelerated. Some
researchers also found that the amount of Ca(OH), had a
certain increase at early stage of hydration [8, 24, 26-28].
Therefore, the simulation value of hydration rate for NG
process is a little lower than the actual hydration rate and
this phenomenon becomes obvious for composite binder
containing 65 % of fly ash. After that, the hydration pro-
cess enters phase-boundary controlled process (i.e., I pro-
cess). The controlled time by I process prolongs with
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increasing the replacement ratio of fly ash (Fig. 4). It is due
to the retarding effect of fly ash on the hydration. The
exothermal rate of composite binder decreases signifi-
cantly, and the reaction lasts for a long time (Fig. 2b—e).
The hydration products gradually generate in the system,
and the controlling mechanism changes smoothly. In the
later period of hydration, a thick layer of hydration prod-
ucts is formed around the unhydrated particles. Water and
ions react with unhydrated particles by diffusion. The
hydration kinetics is dominated by D process. Due to the
small exothermal effect generated by the pozzolanic reac-
tion of fly ash, there is a small deviation between the
simulation value and actual value of hydration rate
(Fig. 4d, e).

It can be seen from Fig. 5 that an increase in tempera-
ture from 298 to 318 K increases the simulation error. The
hydration kinetics model could be used to well simulate the
NG process and D process, but the simulation value of
hydration rate is a little lower than actual value for I pro-
cess. It is apparent that increasing temperature shortens the
time controlled by I process. In the initial time, the rate of
nucleation and crystal growth of hydration products
increases due to the acceleration of hydration at elevated
temperature [29]. Much more hydration products generate
in a short time and cover on the unhydrated particles that
lead to high reaction resistance. The controlling mecha-
nism of the hydration reaction directly transforms from NG
process to D process with respect to sample Cem (Fig. 5a).
But for composite binder containing fly ash, the hydration
process successively experience NG — I — D (Fig. 5b—e).
Itis related to the small amount of cement and low activity of
fly ash, which could not be stimulated fully at 318 K. After
intension reaction, the time of hydration entering diffusion
controlled process shortens, and the hydration is dominant by
D process for a long time.

As shown in Fig. 6, increasing temperature to 333 K
significantly increases the rate of hydration. The driving
force provided by the elevated temperature promotes
plenty of nucleuses generated rapidly. The time of inten-
sion reaction of composite binder continues just about 10 h
at 333 K (Fig. 2). Hydration products growing from any
nucleation site rapidly impinge with adjacent hydration
products [30], which results in a dense microstructure. The
hydration process might not experience I process and
directly controlled by D process. Thus, the hydration pro-
cess experiences NG — D. From Figs. 5 and 6, it is found
that elevated temperatures have a great effect on the
hydration mechanism controlled by chemical reaction (i.e.,
NG process and I process), whose controlled time is long at
298 K but becomes short at 318 and 333 K in 72-h
hydration compared to mechanism controlled by diffusion
(i.e., D process). For D process, the simulation value is
relatively accurate.
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Fig. 4 Hydration rate curves of composite binder containing fly ash at 298 K. a Cem, b FA20, ¢ FA35, d FA50 and e FA65

Kinetic parameters analysis of composite binder
containing fly ash

Table 3 gives kinetic parameters of hydration process of
composite binder containing fly ash. An increase in the
dosage of fly ash increases the value of the exponent,
n. The change rule is different from composite binder
containing slag, which presents decreasing trend with
increasing the content of slag [22]. It is elucidated that the
influences of fly ash and slag on the crystal growth
geometry are different. This might be related to the
inherent properties of fly ash that has low activity and low

water absorption as well as finer particle size than slag.
These characteristics promote significantly the rate of
nucleation and crystal growth of hydration products. Due to
the driving force of elevated temperature, the value of the
exponent, n, is large at elevated temperature.

It can be seen from Table 3 that the rate of hydration for
NG process is highest during the overall hydration process,
and the rate of hydration for I process is higher than that for
D process. An increase in temperature increases the dif-
ference of rate of hydration among three processes. As
discussed above, elevated temperatures have greater effect
on the chemical reaction than diffusion. The initial
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Fig. 5 Hydration rate curves of composite binder containing fly ash at 318 K. a Cem, b FA20, ¢ FA35, d FA50 and e FA65

hydration process is controlled by nucleation and crystal
growth, which is the autocatalytic reaction. After mixing
composite binder with water, many soluble compounds
from cement are dissolved and the pore solution reaches
supersaturation in a few hours. Then many stable nucleuses
formed and started to grow. Due to the driving force pro-
vided by the elevated temperatures, the rate of dissolving
ions increases and the time of reaching supersaturation
shortens. Thus, increasing temperature increases the rate of
hydration for NG process (Table 3). When the reactants
required to supply the transformation reaction are contin-
uously replenished so that the level of supersaturation is
constant, then the hydration kinetics are controlled by
phase-boundary reaction [13]. It is apparent that the value
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of hydration rate for I process increases with increasing
temperature due to the shortened time reaching a certain
constant supersaturation. For D process, the rate at which
reactants are supplied to region is the rate-controlling step.
Increasing temperature to 318 or 333 K promotes the
movement of water and ions to approach the surface of
unhydrated particles, then the rate of hydration increases.
As shown in Table 3, the change rule of hydration rate
of composite binder containing fly ash is not similar to that
of composite binder containing slag [22]. The values of K|
and K, increase first and then decrease with increasing the
replacement ratio of fly ash at three temperatures. Fly ash
acts as inert material at early ages. When the content of fly
ash is small, the decrease of cement content has little
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Fig. 6 Hydration rate curves of composite binder containing fly ash at 333 K. a Cem, b FA20, ¢ FA35, d FA50 and e FA65

influence on the overall reaction. Meanwhile, owing to the
filler effect of fly ash, the hydration rate of cement is
promoted. However, when the dosage of fly ash is large,
the reduction of cement content is significant. Many cal-
cium ions are absorbed on the surface of fly ash that leads
to a reduction of calcium concentration in the first hours
[31]. Then the nucleation and crystallization of Ca(OH),
and C-S-H are delayed [32]. The time of pore solution
reaching to a constant supersaturation is also prolonged;
thus, an increase in fly ash content decreases the value of
K},. However, the inverse trends of K} are observed. The

value of K} increases with increasing the dosage of fly ash
at 298 K. Addition of fly ash results in a loose
microstructure due to the small mass fraction of cement
and low reactivity of fly ash at 298 K. Moreover, the
effective diffusion coefficient of C—S—H around cement
particles increases. It facilitates water diffusion through the
C-S—H layer [33]. Thus, the low diffusion resistance of
reactants makes high reaction rate in composite binder
containing fly ash. The value of K} is almost same for all
the samples at 318 K. It is indicated that elevated tem-
perature stimulates the activity of fly ash and the hydration
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Table 3 Kinetic parameters of hydration process of composite binder containing fly ash

Temperature Sample n Kj K} K} Hydration mechanism o o

25 °C Cem 1.84218 0.04823 0.01120 0.00218 NG-I-D 0.12 0.26
FA20 1.83798 0.04914 0.01234 0.00344 NG-I-D 0.14 0.36
FA35 1.87806 0.04597 0.01237 0.00357 NG-I-D 0.17 0.37
FAS0 2.00658 0.04505 0.01199 0.00384 NG-I-D 0.16 0.39
FA65 2.00013 0.04121 0.01150 0.00371 NG-I-D 0.18 0.40

45 °C Cem 1.91691 0.10136 - 0.00474 NG-D 0.21 0.21
FA20 2.22589 0.11414 0.02531 0.00481 NG-I-D 0.11 0.26
FA35 2.22826 0.10684 0.02338 0.00475 NG-I-D 0.11 0.27
FAS0 2.2176 0.09558 0.02232 0.00477 NG-I-D 0.12 0.28
FA65 2.05048 0.08413 0.02022 0.00464 NG-I-D 0.13 0.30

60 °C Cem 2.01047 0.177481 - 0.00800 NG-D 0.18 0.18
FA20 2.35678 0.15177 - 0.00554 NG-D 0.18 0.18
FA35 2.34352 0.13055 - 0.00514 NG-D 0.19 0.19
FAS0 2.46704 0.13652 - 0.00771 NG-D 0.23 0.23
FA65 2.71422 0.13591 - 0.00842 NG-D 0.24 0.24

products fill the pores that leads to dense microstructure as
Portland cement. At 333 K, the value of Kg for composite
binder containing no more than 35 % of fly ash is lower
than Portland cement, which further confirms that the
hydration of cement and the pozzolanic reaction of fly ash
are obviously promoted by elevated temperature. It is noted
that the hydration rate of composite binder containing 50 or
65 % of fly ash is relatively high during D process. It might
be related to the pozzolanic reaction of fly ash during D
process (Figs. 2d, e, 6d, e).

As shown in the literature [22] and Table 3, compared to
composite binder containing 50 % of slag, the values of K/,
K} and K for composite binder containing 50 % of fly ash
are large. For NG process, as mentioned above, the fly ash
could not involve into the reaction due to its low activity at
298 K. Furthermore, the reaction degree of fly ash is still
low at elevated temperatures [2]. Thus, much of the water
is provided for cement hydration. But a small amount of
slag is activated by the alkali released by cement hydration
and temperature rise during the early hydration process
provides energy to activate alkali-hydroxide attack on the
slag particles [34]. The reaction of slag will consume the
water that leads to relatively low water content provided
for cement hydration at early age. But the hydration rate of
slag is lower than that of cement; thus, the overall reaction
rate, K7, is low. From Fig. 2d in this paper and Fig. 3¢ in
the literature [22], it is apparent that the peak values of the
second exothermal effects of samples SL50 and FA50 are
3.90 and 5.60 J g~' h™', respectively. The experimental
results also verify that. When the temperature is rising to
318 and 333 K, the third exothermic effect of slag reaction
is overlapped by the second exothermic effect of cement
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hydration [22] that results in the peak value of the second
exothermal effect of sample SL50 which is larger than that
of sample FAS50. The morphology of hydration product of
slag appears to be finer than that of cement [35], and a large
amount of hydration products generates and interweaves,
which leads to the decreased surface area of crystal phases.
Meanwhile, the degree of supersaturation of pore solution
decreases due to the consumption of OH™ for the reaction
of slag. Then the value of K} is small. However, for
composite binder containing 50 % of fly ash, the degree of
reaction of fly ash is limited during I process. The growth
space of hydration products is large. The disperse effect of
fly ash on the hydration of cement increases the contact
area of cement and water. Thus, the degree of supersatu-
ration increases due to the continuous dissolution of ions
from cement particles, which increases the value of Kj.
Owing to the high activity of slag, plenty of hydration
products generated by the hydration of cement and the
pozzolanic reaction of slag makes the microstructure dense.
But the loose microstructure is observed for the composite
binder containing fly ash due to the low activity of fly ash
[33]. The reduction of diffusion resistance of water and
ions results in large value of Kj. It should be noted that the
values of K’ at different stages are the average rate of
reaction. Although the value of K’ of composite binder
containing slag is lower than that of composite binder
containing fly ash at the same replacement ratio, but due to
the high activity of slag, the cumulative hydration heat of
composite binder containing slag is relatively high [22].
o and o, represent the transition points of NG — D and
I — D, respectively. From Table 3, it can be seen that the
values of «; and o, increase with increasing the
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replacement ratio of fly ash. It is elucidated that the
transformation of controlling mechanism occurs at high
degree of hydration for composite binder containing fly
ash. It is related to the gentle reaction of composite binder
containing fly ash. An increase in temperature decreases
the values of «; and o,. It is indicated that the intension
reaction makes the transformation of controlling mecha-
nism which occurs at low degree of hydration. The results
are in agreement with previous studies that elevated tem-
peratures promote the early-age hydration of composite
binder, but it is harmful to the later-age hydration perfor-
mance [36-38]. It can be seen from Table 3 in this paper
and Table 3 in the literature [22] that the values of «; and
oy of sample FAS0 are larger than those of sample SL50.
As previously discussed, the activity of fly ash is very low
at early age. The filler effect of fly ash leads to a trans-
formation of the controlling mechanism at a higher degree
of hydration. However, the reaction of slag occurs at early
age and the reaction is enhanced by the elevated temper-
ature. The intense reaction makes the transformation of the
controlling mechanism at a lower degree of hydration. The
promoting effect of elevated temperature on the hydration
of composite binder containing fly ash is relatively small
compared to composite binder containing slag; thus, the
transformation of the controlling mechanism is relatively
gentle at elevated temperatures.

The apparent activation energies of composite binder
containing fly ash at different stages of hydration are
shown in Table 4. It is evident that the apparent activation
energies for NG process and I process are larger than D
process. It is indicated that chemical reaction needs much
more energy than diffusion. The apparent activation ener-
gies of samples FA20 and FA 35 during NG process are
almost same as Portland cement. But for composite binder
containing 50 or 65 % of fly ash, the promoting role of fly
ash to the hydration of cement is strong due to the high
water-to-clinker ratio and sufficient nucleation sites pro-
vided by the surface of fly ash. Thus, the reaction resistance
is small and E, becomes low. For I process, incorporation
of fly ash decreases the apparent activation energy. Fly ash
could disperse the cement particles, and then the reaction
resistance decreases. But for sample FA65, large amount of

fly ash reduces the concentration of pore solution and it
should be provided with more driving force for reaching a
constant supersaturation. Due to the loose microstructure of
composite binder containing fly ash, E, decreases with
increasing the replacement ratio of fly ash. The apparent
activation energies of composite binder containing fly ash
at different stages are low compared to composite binder
containing slag [22]. It is elucidates that the hydration of
composite binder containing slag is more sensitive to the
temperature. The results are in accordance with the
hydration heat evolution rate and cumulative hydration
heat [22]. Furthermore, it also explains why the rate of
reaction of sample FAS50 is higher than that of sample
SL50.

The apparent activation energies of the overall reactions
of composite binder containing fly ash in a temperature
range of 298-333 K are shown in Table 5. The value of E,
for the overall reaction of composite binder containing fly
ash decreases first and then increases with increasing the
replacement ratio of fly ash. For composite binder con-
taining small amount of fly ash, the interactions of cement
hydration and fly ash reaction promote the hydration of
composite binder, whose long-term compressive strength is
the same or higher than cement [39]. For composite binder
containing more than 50 % of fly ash, relatively small
quantity of Ca(OH), is produced due to the low mass
fraction of cement, and the alkalinity could not fully
stimulate the activity of fly ash. Thus, the apparent acti-
vation energy is larger. It is indicated that raising temper-
ature has a great promoting effect on the hydration of
composite binder containing high amount of fly ash. Thus,
the exothermal effect of the pozzolanic reaction of fly ash
could be obviously observed on the hydration heat evolu-
tion rate curves (Fig. 2d, e). The apparent activation energy
of the overall reaction of composite binder containing fly
ash is lower than that of composite binder containing slag
at the same replacement ratio [22]. Therefore, the hydration
of composite binder containing slag is evidently promoted
by the elevated temperatures.

Some researchers investigated the apparent activation
energy of cement, and the average value was about
40 kJ mol ™! [40—43], which is very close to E, determined

Table 4 Apparent activation energy of composite binder containing fly ash at different stages of hydration

Sample Water-to-binder ratio E /K] mol_l—temperature range (298-318 K)

NG process I process D process
Cem 04 30.60 29.47 30.64
FA20 31.85 22.02 12.67
FA35 31.87 23.08 14.05
FAS50 28.43 2291 10.22
FA65 28.13 25.97 8.45
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Table 5 Apparent activation energy of the overall reaction of com-
posite binder containing fly ash

Sample Water-to-binder Temperature E,/kJ mol™"
ratio range/K

Cem 0.4 298-333 40.01

FA20 28.70

FA35 31.76

FAS0 37.88

FA65 42.62

in this paper (40.01 kJ mol™"). But only little information
regarding the apparent activation energy of composite
binder containing fly ash is found. Han et al. [44] found
that the apparent activation energies of Type II cement and
composite binder containing 20 and 30 % of fly ash
determined on a basis of the proposed model with water-to-
binder ratio of 0.4 are 40.626, 42.226 and 43.017 kJ mol ",
respectively. It is evident that E, obtained for composite
binder containing fly ash is relatively higher than that
determined in this paper. Bentz [45] found that the
apparent activation energies of Type I/Il cement and
composite binder containing 40 and 60 % of fly ash in a
temperature range of 298-313 K are 34.5, 34.5 and
33.2 kJ mol ™', respectively. While in a temperature range
of 288-298 K, they become 44.0, 49.5 and 47.4 kJ mol ',
respectively. In the literature [45], the pastes were prepared
by volumetric proportion and the water-to-binder ratio by
mass is 0.35, which results in the difference with the values
determined in this paper.

Conclusions

This study involves the hydration kinetics of composite
binder containing up to 65 % of fly ash and comparison of
the results with data on the composite binder containing
slag, which has been published previously. The main
conclusions are as follows.

1. The hydration heat evolution rate and cumulative
hydration heat of composite binder decrease with
increasing the replacement ratio of fly ash. Elevated
temperatures promote the hydration process, especially
for composite binder containing high amount of fly
ash. But there is still a certain gap between the
cumulative hydration heat of composite binder con-
taining fly ash and that of Portland cement.

2. The kinetics model could determine the controlling
mechanism of the hydration reaction of composite
binder containing no more than 65 % of fly ash studied
in this paper. For composite binder, the controlling
mechanism of the reaction during hydration process is

@ Springer

NG - 1 - D at 298 and 318 K, and it becomes
NG — D at 333 K.

3. Increasing the replacement ratio of fly ash increases
the influence of fly ash on the overall reaction. But fly
ash has relatively small effect on the overall reaction of
composite binder compared with slag at the same
replacement level.

4. The value of the exponent, n, increases with increasing

fly ash content or temperature. An increase in the
content of fly ash increases first and then decreases the
values of kinetics parameters, Ki and Kg, but increases
K}. The rates of reaction of composite binder contain-
ing fly ash at different stages are higher than those of
composite binder containing slag at the same replace-
ment ratio.

5. The transformation of controlling mechanism occurs at
high degree of hydration for composite binder con-
taining fly ash at 298 K, but it occurs at low degree of
hydration at 318 and 333 K. Compared to composite
binder containing slag, the transformation of control-
ling mechanism occurs at high degree of hydration for
composite binder containing fly ash.

6. The value of E, for NG process is nearly three times as
large as that for D process. The value of E, for the
overall reaction of composite binder decreases first and
then increases with increasing the replacement ratio of
fly ash. The value of E, of composite binder containing
fly ash is lower than that of composite binder
containing slag at the same replacement level.
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