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Hydration kinetics of fly ash-Portland cement paste

with low water to cementitious powder ratio
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Fly ash is widely used in high performance concrete due to its benefits in improving concrete
properties and in promoting eco-friendly construction. The enhancements of concrete properties such
as improvement of workability of fresh concrete, enhancement of compressive strength in the later
age and reduction in permeability of hardened concrete are attributed to the pozzolanic reaction of
fly ash. In the past decade, numerous investigations have been carried out to elucidate the interaction
between the hydration reaction of Portland cement and the pozzolanic reaction of fly ash. However,
the real mechanisms of this interaction are still complicated to fully understand. In particular for
modem high-performance concretes with low w/b, the effect of fly ash on the cement hydration may
be different from traditional concrete. In addition, the effect of curing temperature on the kinetics of
fly ash-Portland cement hydration has not been well established.

This research aims to quantify the effect of fly ash replacement ratio and curing temperature on
the hydration kinetics of Portland cement and the kinetics of pozzolanic reaction of fly ash in fly ash-
cement pastes with a low water to binder (w/b) ratio at different curing temperatures by using the
XRD-Rietveld method and the selective dissolution method.

The major findings of this research are summarized as follows.

Chapter 1 provides a general introduction and objectives of this research.

Chapter 2 focuses on quantifying the effect of curing temperature on hydration of OPC. The results
show that hydration of OPC in the early stage is accelerated by an increased curing temperature.
However, at high fly ash replacement, hydration of the OPC in later stage is retarded. This finding is
the important evidence that explains why fly ash concrete cured at high temperature has a relatively
high strength at early age and a relatively low strength at later age, as compared with Portland cement
concrete. This is because strength of concrete is governed by the hydration of OPC and fly ash. It was
also found that temperature sensitivity of hydration of OPC obeys the Arrhenius law. The apparent
activation energy (Ea) of Portland cement decreases with increasing fly ash replacement. In addition,
the hydration of Portland cement at later age is improved in the presence of fly ash. This is basically
due to an increase in effective water to cement ratio. However, the degree of improvement of hydration
at later age decreases with increasing curing ternperature.

In Chapter 3, the degree of pozzolanic reaction of fly ash has been measured by using the selective
dissolution method. It was found that the start of the main pozzolanic reaction of fly ash is strongly
accelerated by increasing temperature. After that the higher the curing temperature and the lower the
fly ash replacement ratio, the higher is the degree of pozzolanic reaction of fly ash. However, high

curing temperature retards the reaction rate at later age. Moreover, the kinetic analysis reveals that the
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pozzolanic reaction of fly ash in fly ash-cement pastes with low w/b ratio, which is the case of this
stﬁdy, progresses through 3 processes: 1) a slow diffusion through the dense glass wall of the fresh fly
ash particles, 2) a diffusion through porous product layer, 3) diffusion through a dense product layer.
No dissolution process has been observed.

In Chapter 4, to quantify the effect of fly ash on the hydration kinetics of Portland cement, the
shrinking-core model was modified by introducing a new concept of densification of C-S-H gel due to
deposition of C-S-H particles in the gel pores. Results show that the modified model used in this study
can better simulate the hydration curves of the cement, particularly at later age. The results show that
the effect of fly ash on hydration of the cement is dependent on the curing temperature and the fly ash
replacement ratio. At normal curing temperature (not higher than 35 oC), the presence of fly ash at
all replacement ratios accelerates hydration of the cement due to the cement dilution effect. However,
at curing temperatures (50 oC) and high fly ash replacement ratio, the pozzolanic reaction of fly ash
becomes important because it competes with the cement hydration in consuming water and producing
large amount of reaction product, and this can compensates the dilution effect. As a result, hydration of
the cement is impeded. It was also found that when fly ash is added, 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 acceleration of the cement hydration at later aging time.

In Chatter 5, a single kinetic equation consisting of three reaction resistances from nucleation and
growth, chemical interaction, and diffusion, was built. This equation takes the dilution effect and the
pozzolanic reaction of fly ash into account through the initial water content and the total water con-
sumption, and this equation was used in quantifying the constants of reaction rates in various processes.
It was found that increased curing temperature shows a general acceleration effect on hydration kinet-
ics of all cement components in all hydration mechanisms; including nucleation and growth, chemical
interaction, and diffusion. For C3S, C2S and C4AF, the acceleration effect of curing temperature be-
comes decreases with increasing fly ash replacement ratios. Furthermore, the fly ash generally retards
the hydration kinetics of all cement components in early periods during nucleation and growth process
and chemical interaction process. At later period, the hydrations are accelerated in the presence of fly
ash due to the increase in diffusion rate coeflicients.

Finally, general conclusions and recommendations for future research are summarized in Chapter 6.
The degree of hydration of Portland cement and the degree of pozzolanic reaction of fly ash in low w/b
fly ash-cement pastes can be quantified separately by XRD-Rietveld method and selective dissolution
method, respectively. The effect of curing temperature on the kinetics of hydration of Portland cement
and pozzolanic reaction of fly ash can be described by Arrhenius principle. The shrinking-core model
can predict the hydration kinetics of OPC and its components in low w/b fly ash-OPC paste at different
curing temperatures. In future research, the shrinking-core model will be applied to calculate the
pozzolanic reaction of fly ash, in parallel with the hydration of cement. Furthermore, this hydration
model will be applied to predict strength development, shrinkage, and durability of concrete.
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