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Study of hydration of OPC/PFA blend with various
activators using microwave technique

X. ZHANG, Y. YANG, C. L. WONG, C. K. ONG
Department of Physics, National University of Singapore, Lower Kent Ridge Road,
Singapore 119260, Republic of Singapore

The early hydration of ordinary Portland cement (OPC) pulverized fly ash (PFA) blends with
various PFA proportions was investigated using microwave technique and conduction
calorimeter. It is found that PFA acts as almost inert filler in the OPC/PFA blends during the
first 40 h of hydration, thus it retards the early hydration of the blends. To accelerate the
pozzolanic hydration of the PFA, three different additives were studied. It is found that both
Ca(OH)2 and Na2SO4 can accelerate the early hydration of the OPC/PFA blends, but Na2SO4 is
more effective than Ca(OH)2, whereas NaOH is not suitable for the acceleration of the early
hydration of the OPC/PFA blend.  1998 Kluwer Academic Publishers
1. Introduction
Pulverized fly ash (PFA) is an industrial waste produc-
ed by the combustion of finely ground coal in the
furnaces of electricity generating stations. PFA con-
sists mainly of glassy spherical particles and is being
increasingly used as a replacement for cement in con-
crete, because of its low cost and it improves the
workability of fresh concrete [1]. The concrete using
PFA also possesses very high scaling resistance and
can provide excellent durability in a freezing and
thawing environment.

Huang [2] conducted a study on the strength devel-
opment and hydration of fly ash cement, and the
influence of the addition of gypsum at normal and
elevated temperatures. He found that addition of
a proper amount of gypsum to fly ash cement could
accelerate the possolanic reaction between Ca(OH)

2
and fly ash, resulting in the increase in the strength of
the fly ash cement paste after 28 days. The result is
supported by the study of Gifford et al. [3]. They
found that fly ash concrete met the requirements of
28-day strength. Torrii et al. [4] found that the re-
placement of Portland cement by a relatively large
amount of fly ash effectively improved the resistance
of concrete to sulphate attack. This result is supported
by the work of Mangat et al. [5]. Ma et al. [6]
performed a calorimetric study of cement blends con-
taining fly ash at elevated temperatures, and found
that the heat generated by fly ash blended cement is
lower than that required by ordinary Portland cement
(OPC). They reported that presence of low-lime fly ash
might actually retard the hydration of Portland ce-
ment. Thus different ways of activating fly ash such as
addition of Ca(OH)

2
or CaSO

4
2H

2
O were investi-

gated. It was reported that the possibility of fly ash
activation by Ca(OH)

2
mainly lies in facilitating the

pozzolanic reaction which involves breaking of bonds
and dissolution of the three-dimensional network
structure of the glass [7, 8]. Another work showed that
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replacement of part of the cement by fly ash decreased
early heat output and a good correlation between
pozzolanic and hydration heat was found [9].

We have successfully developed a microwave tech-
nique to study the early hydration of OPC [10, 11],
slag cement [10, 11], mortar [12] and OPC/high
alumina cement (HAC) blend [13] by measuring the
change in dielectric constant during cement hydration.
We found [14] that there is a good correlation be-
tween the rate of change in dielectric constant
(!de/dt) measured by our microwave technique and
the heat evolution rate measured by the conduction
calorimeter. Thus the traditional definition of the four
periods of cement hydration based on the heat-evolu-
tion rate curve can be applied to the !de/dt curve for
monitoring cement hydration. We also found that the
!de/dt curve measured using the microwave tech-
nique provides more information than the heat evolu-
tion rate curve, which is useful for study of early
hydration of cement systems.

In this work, we used a microwave technique, to-
gether with a conduction calorimeter, to study the
early hydration of OPC/PFA blend and the effects of
various activators on the acceleration of OPC/PFA
blend.

2. Experimental procedure
Investigation of the hydration of OPC/PFA blend
using a microwave technique was conducted by filling
a rectangular wave-guide section with a sample of the
material and then measured the variation of complex
dielectric constant with time at a microwave frequency
of 9.5MHz. The details of the measurement are shown
in references [10, 11].

The compositions of the OPC and PFA used in this
work are given in Table I. The OPC/PFA blends were
prepared by mixing the required amounts of solids
with de-ionized water at a water to solid ratio (w/c) of
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TABLE I Component oxides (wt%) of OPC and PFA

SiO
2

Al
2
O

3
Fe

2
O

3
CaO MgO SO

3
Na

2
O K

2
O TiO

2
Mn

2
O

3
P
2
O

5

OPC 21.2 5.5 3.2 63.4 1.7 2.4 0.13 0.68
PFA 59.9 24.5 3.7 7.6 1.3 0.17 0.45 0.60 0.72 0.07 0.25

Figure 1 Changes in (a) heat evolution rate; (b) dielectric constant e; and (c) electrical conductivity r of OPC/PFA blends with various PFA
proportion during the early hydration. —, OPC; n PFA 20%; d , PFA 40%; h, FA 70%.
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0.4. The first microwave measurement was made
about 5min after mixing with water. Further measure-
ments were made at intervals of 5—10min during the
first 5 h and then at intervals of 0.5—2h over the next
25 h. The heat evolution rate was measured using
a JAF conduction calorimeter. All measurements were
made at 23 °C.

3. Results and discussion
3.1. Hydration of OPC/FPA blend without

additives
The effect of replacement of cement by different
amounts of PFA on heat evolution rate is shown in
Fig. 1(a). The ratios between the maximum heat
evolution rate of OPC with 20, 40 and 70%
PFA/OPC blends is 1 : 0.81, 1 : 0.68, 1 : 0.32, respect-
ively, indicating that the decrease in the maximum
heat evolution rate is approximately proportional to
the PFA proportion in the blends, which is in
agreement with the experimental results [6]. The
length of the induction period is found to increase with
increasing the PFA proportion in the blend, which
agrees with the experimental result [6]. This result
indicates that presence of PFA retards the hydration
of OPC.

The time of the appearance of the first peak of the
heat evolution rate curve is also slightly retarded as
the PFA proportion increases whereas the time of the
occurrence of the second peak is retarded significantly.
With the increase of the PFA proportion the peaks of
the heat evolution rate curve become more diffuse. It is
also found that the full-width-half-maximum (FWHM)
of the peak in the heat evolution rate curve increases
with increasing the PFA proportion. This retarding
effect of PFA on cement hydration is also reflected in
the microwave responses of the OPC/PFA blends.
The initial value of e is reduced as the PFA proportion
increases (Fig. 1b). After that, the e enters the slow
change stage and the length of the slow change
stage varies with the PFA proportion. The higher the
PFA proportion, the longer the slow change stage
lasts. At the end of the 40-h hydration, the 70%
PFA/OPC blend has the highest value of e, followed
by the 40% PFA/OPC blend, 20% PFA/OPC blend
and OPC.

The rate of decrease in e (!de/dt) is found to be
dependent on the PFA proportion in the blends
(Fig. 2a). It is also found that the number of peaks
in the !de/dt curves for the blends with 40 and
70% PFA differs from that of the OPC and the blend
with 20% PFA. It is found that the electrical conduct-
ivity r of the PFA/OPC blends increases quickly
immediately after mixing with water (Fig. 1c). After
the initial increase, the r value of all blends remains
fairly constant for a period of time. The duration
of this slow change stage in r increases with increasing
the PFA proportion. The rate of the decrease in
r (!dr/dt) is also found to be dependent on the
PFA proportion in the blends (Fig. 2b). The higher
the PFA proportion, the fast the r decreases.
The overall decrease in r is similar to the overall
decrease in e: the more PFA in the PFA/OPC blend,
the larger the decrease in r during the early stage of
hydration.

From the results of the microwave studies, it is
obvious that increasing the PFA proportion in OPC/
PFA blend will result in small value and slow change
in both the dielectric constant e and the electrical
conductivity r. This is because of the low reactivity of
the PFA compared with the OPC. It seems that the
PFA makes little contribution to the hydration in the
early period.

3.2. The effect of additives on the hydration
of PFA/OPC blends

The retardation of the early hydration of OPC/PFA
blend because of the slow reactivity of the PFA is
associated with the reduction in some engineering
properties such as early strength, which greatly limits
the utilization of the PFA. Thus, activators are
needed for accelerating the pozzolanic hydration of
the PFA. Two commonly used activators, Ca(OH)

2
and CaSO

4
)2H

2
O, have been investigated [3, 7, 8].

However, the investigation of other activators is still
inadequate. In order to investigate the effects of the
various activators on the early hydration of
OPC/PFA blends, we studied the effect of Ca(OH)

2
,

NaOH and Na
2
SO

4
on the early hydration of

OPC/PFA blends.

3.2.1. The effect of Ca(OH)2 on the early
hydration of OPC/PFA blends

It is found that the addition of 2% Ca(OH)
2

reduces
the initial e value of the 20 and 40% PFA/OPC
blends, but increases the initial e value of the 70%
PFA/OPC blend. The final e values at the end of
the 40 h hydration are reduced by the addition of
2% Ca(OH)

2
for the blend with 40% PFA, but

almost not affected for the blends with 20 and 70%
PFA (Fig. 3a).

For the 20% PFA/OPC blend, after about 10 h the
e values of the blend with 2% Ca(OH)

2
are more or

less the same as that of the blend without Ca(OH)
2

(Fig. 3a). It is found that within the first 16 h of
hydration, value of the !de/dt of the blend with
2% Ca(OH)

2
is lower than that without Ca(OH)

2
.

After 16h there is no significant difference in the
value of !de/dt for these two samples (Fig. 3b). It
appears that the addition of 2% Ca(OH)

2
does not

accelerate the early hydration of the 20% PFA/OPC
blend.

For the 40% PFA/OPC blend, the addition of 2%
Ca(OH)

2
results in the overall e decrease increasing by

only 0.3 and the maximum value of !de/dt increas-
ing a little. It seems that the addition of 2% Ca(OH)

2
has a little effect on the hydration of the 40%
PFA/OPC blend. For the 70% PFA/OPC blend, the
addition of 2% Ca(OH)

2
plays an obvious acceler-

ation role in the early hydration. The overall e de-
crease increases by 1.7; the slow change stage in e is
shortened by 4.6 h; and the value of !de/dt also
significantly increases.
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Figure 2 Rate of change (a) in dielectric constant e and (b) in electrical conductivity r of OPC/PFA blends with various PFA proportions. —,
OPC; n, PFA 20%; d , PFA 40%; h, PFA 70%.
3.2.2. The effect of NaOH on the early
hydration of OPC/PFA blend

It is found that the addition of 2% NaOH reduces the
initial e value for all the blends but raises the final
e value at the 40 h of hydration for the OPC/PFA
blends with 20 and 40% PFA (Fig. 4a). For the 40 and
70% PFA/OPC blends, the !de/dt curve of the
blend with 2% NaOH is different from that without
2% NaOH in both the number of the peaks and the
maximum value of the !de/dt (Fig. 4b). In addition,
the occurrence of the peak of !de/dt curve is shifted
to the earlier time and the duration of the slow change
stage in the !de/dt curve is shortened by the addi-
tion of 2% NaOH. The overall e decrease e

*/*
!e

&*/
and the percentage overall e decrease (e

*/*
!e

&*/
)/e

&*/
at
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the 40-h hydration are reduced by the addition of 2%
NaOH for all the blends (Table II). This result indi-
cates that the early hydration of the OPC/PFA blend
is actually retarded by the addition of 2% NaOH.

Although the addition of 2% NaOH retards the
early hydration, it does significantly accelerate the
hydration of C

3
S, thus shortens the slow change stage

and advances the appearance of the maximum de-
creasing rate. The reduction in overall e decrease for
the blend with 2% NaOH is probably a result of the
greatly accelerated hydration of C

3
S which results in

the accumulation of the hydrates and thus impedes the
further hydration. Thus, NaOH seems not to be suit-
able for the activation of the pozzolanic reactivity
of PFA.



Figure 3 The effect of 2% Ca(OH)
2
on (a) dielectric constant e and (b) rate of change in dielectric constant for OPC/PFA blends with various

PFA proportions (a): d , 20% PFA; C, 20% PFA #2% Ca(OH)
2
; j, 40% PFA; h, 40% PFA#2% Ca(OH)

2
; m, 70% PFA; n, 70%

PFA#2% Ca(OH)
2
. (b) :—, 20% PFA; C, 20% PFA#2% Ca(OH)

2
; — —, 40% PFA; e, 40% PFA#2% Ca(OH)

2
; — - -, 70% PFA; n, 70%

PFA#2% Ca(OH) .

2

3.2.3. The effect of Na2SO4 on the early
hydration of OPC/PFA blends

The addition of 2% Na
2
SO

4
reduces the e value

significantly for all OPC/PFA blends during the 40-h
hydration (Fig. 5a). The overall e decrease and the
percentage overall e decrease after 40 h of hydration
are greater for the 40 and 70% PFA/OPC blends with
2% Na

2
SO

4
than that without Na

2
SO

4
(Table III),

indicating the early hydration of these two blends are
accelerated by the addition of 2% Na

2
SO

4
. However,
the addition of 2% Na
2
SO

4
seems not to accelerate

the early hydration of the 20% PFA/OPC blend, as
the overall e decrease of the blend with 2% Na

2
SO

4
is

less than that without Na
2
SO

4
, although the corres-

ponding percentage overall e decrease increases.
It is found that by the addition of 2% Na

2
SO

4
,

value of the !de/dt increases for the 40 and 70%
PFA/OPC blends but decreases for the 20 % PFA/
OPC blend, the peak of the !de/dt curve also ap-
pears earlier for all OPC/PFA blends. It is also found
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Figure 4 The effect of 2% NaOH on (a) dielectric constant e and (b) rate of change in dielectric constant !de/dt for OPC/PFA blends with
various PFA proportions. (a): d , 20% PFA; C, 20% PFA #2% Ca(OH)

2
; j, 40% PFA; h, 40% PFA#2% Ca(OH)

2
; m, 70% PFA; n,

70% PFA#2% Ca(OH)
2
. (b): —, 20% PFA; s, 20% PFA#2% Ca(OH)

2
; — —, 40% PFA; e, 40% PFA#2% Ca(OH)

2
; —- -, 70% PFA;

n, 70% PFA#2% Ca(OH)
2
.

TABLE II The decrease in the dielectric constant e of OPC/PFA blends hydrating with or without 2% NaOH

OPC/PFA e
*/*

e
&*/

e
*/*
!e

&*/
(e

*/*
!e

&*/
)/e

&*/
blend (t"40 h) (%)

Hydrating PFA 20% 32.3 18.9 13.4 41.5
without PFA 40% 31.3 20.4 10.9 34.8
2% NaOH PFA 70% 30.1 23.2 6.9 22.4

Hydrating PFA 20% 29.8 19.4 10.4 34.9
with PFA 40% 30.7 22.1 8.6 27.0
2% NaOH PFA 70% 26.2 22.3 3.9 14.8
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Figure 5 The effect of 2% Na
2
SO

4
on (a) dielectric constant e and (b) rate of change in dielectric constant !de/dt for OPC/PFA blends with

various PFA proportions. (a): d , 20% PFA; s, 20% PFA #2% Ca(OH)
2
; j, 40% PFA; h, 40% PFA#2% Ca(OH)

2
; m, 70% PFA; n,

70% PFA#2% Ca(OH)
2
. (b):—, 20% PFA; s , 20% PFA#2% Ca(OH)

2
; — —, 40% PFA; e, 40% PFA#2% Ca(OH)

2
; —- -, 70% PFA; n,

70% PFA#2% Ca(OH)
2
.

TABLE III The decrease in the dielectric constant e of OPC/PFA blends hydrating with or without 2% Na
2
SO

4
additive

OPC/PFA e
*/*

e
&*/

e
*/*
!e

&*/
(e

*/*
!e

&*/
)/e

&*/
blend (t"40 h) (%)

Hydrating PFA 20% 32.3 18.9 13.4 41.5
without PFA 40% 31.3 20.4 10.9 34.8
2% Na

2
SO

4
PFA 70% 30.1 23.2 6.9 22.4

Hydrating PFA 20% 29.3 16.4 12.9 44.0
with PFA 40% 28.9 16.8 12.1 41.9
2% Na

2
SO

4
PFA 70% 28.3 19.0 9.3 32.9
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Figure 6 The comparison of the effect of 2% Ca(OH)
2
and 2% Na

2
SO

4
on (a) dielectric constant e and (b) rate of change in dielectric constant

!de/dt for 70% OPC/PFA blends. (a): T, PFA 70%; h, PFA 70%#2% Ca(OH)
2
; n, PFA 70%#2% Na

2
SO

4
. (b): d, PFA 70%; h, PFA

70%#2% Ca(OH)
2
; n, PFA 70%#2% Na

2
SO

4
.

that by the addition of 2% Na
2
SO

4
, the slow change

stage in the !de/dt curve is slightly prolonged for the
20% PFA/OPC blend, not affected for the 40% PFA/
OPC blend but obviously shortened for the 70%
PFA/OPC blend. The shape of the !de/dt curve is
also found to be altered by the addition of 2%
Na

2
SO

4
. It appears that the addition of 2% Na

2
SO

4
does accelerate the early hydration of the 40 and 70%
PFA/OPC blends, but not the early hydration of the
20% PFA/OPC blend.
4198
3.2.4. Comparison of the effect of Ca(OH)2

and Na2SO4 on the early hydration of
OPC/PFA blends with high PFA
proportion

From previous section, it is clear that both Ca(OH)
2

and Na
2
SO

4
additives have an obvious acceleration

effect on the early hydration of the OPC/PFA blends
with high PFA proportion. The acceleration effect of
Ca(OH)

2
and Na

2
SO

4
on the 70% PFA/OPC blend is

compared in Fig. 6. It is found that the addition of 2%



Ca(OH)
2

and the addition of 2% Na
2
SO

4
cause e to

drop rapidly, but the acceleration effects of the two
activators are different. The addition of 2% Na

2
SO

4
caused a larger overall e decrease, a larger percentage
overall e decrease, and significant increase in the value
of !de/dt than the addition of Ca(OH)

2
. The results

indicate that Na
2
SO

4
has a larger acceleration effect

on the early hydration of the 70% PFA/OPC than
Ca(OH)

2
. The slow change stage in the !de/dt curve

of the blend is also considerably shortened by the
addition of 2% Ca(OH)

2
or 2% Na

2
SO

4
. However,

the occurrence of the first peak in the !de/dt curve is
only advanced by the addition of 2% Na

2
SO

4
, indic-

ating again that Na
2
SO

4
is a better activator than

Ca(OH)
2

for early hydration of the 70% PFA/OPC
blend.

4. Conclusions
PFA acts as almost inert filler in OPC/PFA blends
during the first 40 h of hydration and it retards
the early hydration of the blends. Both Ca(OH)

2
and Na

2
SO

4
can accelerate the early hydration of

the OPC/PFA blends, especially those blends
with high PFA proportion, while NaOH is not suit-
able for the acceleration of the hydration of the
OPC/PFA blend. For OPC/PFA blend with high
PFA proportion, Na

2
SO

4
is a better activator than

Ca(OH) .

2
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