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Abstract

The calorimetric data of blended shrinkage-compensating binders with different compositions
were measured at 25°C at different water—binder ratios using an isothermal calorimeter. The
hydration characteristics of shrinkage-compensating binders were evaluated and their influence on
the expansive properties of blended shrinkage-compensating binders was determined. Composi-
tion and w/b ratio significantly affect the hydration rate and degree of shrinkage-compensating
binders, as well as their expansive and mechanical properties. The total heat of hydration of binders
decreases with w/c ratios. Its final hydration degree also decreases with w/c ratio. The ternary bind-
ers composed with Portland cement, mineral admixture and expansive agent show low hydration
heat and rate of heat evolution, but their total heat of hydration increases continuously and sur-
passes that of binary binder in later period at low w/b ratio.
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Introduction

Utilization of shrinkage-compensating concrete is one of important measures to mini-
mize cracks in concrete structures [1]. Nowadays, sulfoaluminate-based expansive agent
is widely used in China to prepare shrinkage-compensating concrete that is mainly for the
constructions of massive reinforced concrete foundation of high-rising buildings [2]. Be-
sides Portland cement and expansive agent, mineral admixture is also a key ingredient for
producing shrinkage-compensating concrete [3]. The w/b ratio of shrinkage-compensat-
ing concrete varies according to the required strength class. These factors significantly in-
fluence the hydration mechanism of complex shrinkage-compensating binders and its
properties [4].

The hydration mechanism of blended binder of Portland cement and mineral ad-
mixtures was studied intensively using calorimetry [5—7]. The rate of heat release and
heat of hydration is proportionally lowered with the decrease of Portland cement con-
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tent in the cementitious system of Portland cement-fly ash [8]. This conclusion was
confirmed by Atis using a concrete sample [9]. In contrast, no more than 15% of re-
placement of Portland cement by silica fume or metakaolin which possess high
hydration reactivity enhances the hydration of blended binders to increase the rate of
heat release and total heat of hydration [10, 11]. When silica fume and fly ash are
added together with Portland cement, the reactivity of silica fume is hampered and
the hydration of blended binder is significantly retarded [12]. The reactivity of
ground granulated blast-furnace slag substituting for Portland cement in blended
binder increases with the hydration temperature and w/b ratio [13].

The hydration reaction of calcium sulfoaluminate, one of the important clinker
minerals of expansive agent, differs from the main hydration reaction of Portland ce-
ment and the pozzolanic reaction of mineral admixtures. Calcium sulfoaluminate re-
acts with SO containing products and the Ca(OH), formed during the hydration of
Portland cement to form expansive hydration product, ettringite [ 14]. Mineral admix-
ture also needs Ca(OH), to trigger its pozzolanic reaction. Therefore, there are two
competing reactions taking place simultaneously in the hydration process of blended
ternary binders. The hydration mechanism of complex shrinkage-compensating
binder is more complicated than that of plain Portland cement. In order to accurately
understand the behavior and efficiency of complex shrinkage-compensating binder in
real concrete structure, the hydration characteristics of complex shrink-
age-compensating binder with different compositions was investigated using calo-
rimetry under the condition of different water-binder ratios.

Experiment

The used materials in this study included PO-42.5 ordinary Portland cement comply-
ing with Chinese National Standard GB 175-99 and a sulfoaluminate-based expan-
sive agent complying with Chinese National Standard JC476-1998. A fly ash com-
plying the quality requirement of Chinese National Standard GB 1596-91 for the
second class and a ground granulated blast-furnace slag (GGBS) with specific sur-
face of 458 m? kg ' were used. Their chemical compositions are shown in Table 1.
The mineral composition calculated by Bogue Equation and physical properties of
used Portland cement are shown in Table 2.

Four samples were prepared. PC: plain Portland cement; PC-EX: binary binder
of 92% Portland cement and 8% expansive agent; FA-EX: ternary binder of 62%
Portland cement, 8% expansive agent and 30% fly ash; SL-EX: ternary binder of 62%
Portland cement, 8% expansive agent and 30% GGBS. Rate of heat release and total
heat of hydration of samples were recorded isothermally at 25°C respectively at three
water-binder (w/b) ratios of 0.3, 0.4 and 0.5 using a ToniCal differential calorimeter
made by Toni Technik. The mass of the samples was 10 g and the continuous measur-
ing time 96 h.
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Results and discussion

Effect of the w/b ratio on hydration

The curves of the rate of heat release and the total heat of hydration of 4 samples at
different water-binder ratios are shown in Figs 1 to 4. The hydration characteristics of
binders with different compositions vary, as well as those of the same binder at differ-
ent w/b ratios. All binders show typical hydration characteristics with two peaks of
heat release. The first peak emerging immediately after the introduction of water is
attributable to a combination of exothermic wetting and the early-stage reactions of
cement. The second peak emerging after a short induction period corresponds to the
main hydration reaction of the binders.

The hydration of plain Portland cement (Sample PC) goes on quickly and
acutely (Fig. 1). It possesses the largest second peak among the 4 binders. There is
only small alternation of the rate of heat release and almost same heat of hydration in
the first hydrating day for PC hydrating at different water—cement (w/c) ratio. The
hydration processes of PC at different water cement ratio alter little in this stage. The
rate of heat release falls quickly and the heat of hydration increases little in the later
period of hydration in the sample with low w/c ratio. The heat of hydration of PC at
w/c of 0.3 differs much from which at w/c of 0.4 and 0.5. There is not enough water
for hydration in the sample at w/c of 0.3. The migration of water in the dense hard-
ened paste with low w/c ratio is more and more difficult with the prolongation of hy-
drating time, which hinders the continuous advancement of hydration. Therefore, the
total heat of hydration of PC decreases with its w/c ratio.
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Fig. 1 Heat evolution rate and total hydration heat of paste PC at different values of w/b

The initial hydration process of PC-EX substituting 8% of expansive agent for
Portland cement (Fig. 2) is similar to that of PC at w/b of 0.4 and 0.5. The rate of heat
release is larger and continuing time of reaction is shorter for the hydration of cal-
cium sulfoaluminate, which is a main clinker mineral of expansive agent than that of
Portland cement [1]. It induces a greater rate of heat release and a shorter continuing
time of reaction for the hydration of PC-EX than PC. Hydration of expansive agent to
form ettringite, which contains 32 molecules of H,O consumes a huge amount of wa-
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Fig. 2 Heat evolution rate and total hydration heat of paste PC-EX at different values of w/b

ter and forms a dense hydrate film deposited on anhydrous binder particles. Along
with the progress of hydration, the effect of w/b ratio on the hydration reaction
emerges gradually. The curves of heat of hydration for PC and PC-EX are nearly the
same at w/b of 0.5 (Figs 1 and 2). At w/b ratio of 0.4, the rate of heat release falls rap-
idly and the heat of hydration increases little for PC-EX in the later period of
hydration. Remarkably suppressed hydration reaction of PC-EX results in a much
lower total heat release than PC-EX at w/b ratio of 0.5. The lack of water in the
PC-EX paste at w/b of 0.3 results in an insufficient hydration reaction because there is
not enough water supply for simultaneous hydration of Portland cement and expan-
sive agent. Its peak rate of heat release of the second peak fallsto 5 Jh ™' g ', smaller
than half of that at w/b ratio of 0.4. The total heat of hydration of PC-EX decreases
significantly with its w/c ratio. Its final hydration degree also decreases significantly
with its w/c ratio. The low expansive efficiency of ettringite formed in the loose paste
of PC-EX at w/b ratio of 0.5 with a low strength results in a small expansion. The
paste of PC-EX at w/b ratio of 0.4 is denser and has higher strength than PC-EX at
w/b ratio of 0.5. Its huge expansion destroys the glass tube containing paste in the cal-
orimeter on the 60™ measuring hour to interrupt the test. Absence of ettringite in the
paste of PC-EX at w/b ratio of 0.3 because of its low hydration degree results in a lit-
tle expansion. A high expansive efficiency of shrinkage-compensating concrete can
be obtained only under the condition of appropriate w/b ratio.

The rate of hydration reaction of ternary binders replacing Portland cement by
8% of expansive agent and 30% of fly ash or GGBS (Figs 3 and 4) is reduced to about
the half of that of PC or PC-EX cases. The second main peak shifts to later period and
the total heat of hydration in the first day decreases. There is a step on the declining
side of the second peak for SL-EX. It is due to the pozzolanic reaction of GGBS. Less
water is consumed because of slower reaction rate and lower degree of hydration in
the ternary binder pastes than in PC and PC-EX. Thus, the variation of w/b ratio has
less influence on the reaction rate and hydration degree of the pastes. The difference
of the reaction rate and hydration degree in FA-EX and SL-EX at different w/b ratios
is much lesser than in PC-EX, although there is a little decrease in FA-EX and SL-EX
at w/b ratio of 0.3. The reactivity of GGBS is higher than fly ash. Thus, total heat re-
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Fig. 3 Heat evolution rate and total hydration heat of paste FA-EX at different values of w/b
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Fig. 4 Heat evolution rate and total hydration heat of paste SL-EX at different values of w/b

lease is higher and the effect of w/b ratio on the hydration reaction is greater for
SL-EX than for FA-EX.

Effect of binder composition on hydration

The time-dependent changes of total heat of hydration of binders with different com-
positions are shown in Figs 5 to 7. The heat release in 3 days is determined by real
measurement. The one after 7 days is extrapolated using a linear regression method
according to its developing tendency on the end of measuring. The difference be-
tween extrapolated values and real values measured till 7" day is less than 5% in the
cases of the rate of heat release on 96" measuring hour less than 0.5 J h™' g'. The
used commercial software was developed by Toni Technik.

Under the condition of w/b ratio of 0.5, the total heat release of PC-EX is slightly
higher in 12 h and lower in later period than that of PC. The hydration reaction of ex-
pansive agent needs the participation of Ca(OH), formed during the hydration of
Portland cement; the consumption of Ca(OH), also enhances the hydration of Port-
land cement. The hydration reaction of both Portland cement and expansive agent is
accelerated each other to increase the hydration degree of PC-EX in the initial period
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Fig. 5 Measured and estimated heat evolution of pastes prepared with w/b=0.5
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Fig. 6 Measured and estimated heat evolution of pastes prepared with w/b=0.4
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Fig. 7 Measured and estimated heat evolution of pastes prepared with w/b=0.3

when there is enough water supply in loose paste structure. The heat release in the
first day of PC is less than 50% of its total heat release, but one of PC-EX is more than
60% of its total heat release. The heat release in the first day of ternary binders,
FA-EX and SL-EX, is significantly smaller than that of PC and PC-EX due to the
slow pozzolanic reaction of mineral admixtures. The slower hydration rate in early
period results in less hydrates, looser paste structure and lower strength for FA-EX
and SL-EX pastes than for PC and PC-EX ones. The forming rate of ettringite is not
harmonious with the strength development of pastes. It results in a low expansion of
ternary pastes in the early period [4]. The slow reaction rate of mineral admixtures
and its small participation on hydration in the initial period, increases the available
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w/c ratio of Portland cement involved in the ternary binders, which accelerates its
hydration reaction [4]. The enhanced hydration of Portland cement and the continu-
ous pozzolanic reaction of mineral admixtures increase the total heat release of ter-
nary binders in later periods. The total heat release of FA-EX reaches 80% of that of
PC-EX; the one of SL-EX containing GGBS, whose reactivity is higher than fly ash,
reaches even 90% of that of PC-EX. Along with the increase of hydration degree of
ternary binders, the quantity of C—S—H gel and ettringite increases simultaneously. A
little expansion appears in the dense hardened pastes [4].

Hydration reaction of PC-EX is suppressed in a short time after the beginning of
the accelerating stage of hydration at w/b ratio of 0.3 because the hydration of Port-
land cement and the formation of ettringite quickly result in the lack of water in the
paste at this low w/b ratio. The hydration rate of PC-EX decays firstly and it has low-
est total heat of hydration at w/b ratio of 0.3 because it needs largest water supply in
4 binders. Especially total heat of hydration increases little after 3 days of hydration.
Portland cement is replaced partly by fly ash or GGBS with slow hydration rate in the
ternary binders FA-EX and SL-EX. Therefore, their water demand correspondingly
reduces and their hydration time is prolonged comparing to PC-EX. The total heat of
hydration of ternary binders increases continuously and surpasses that of PC-EX in
7 days at w/b ratio of 0.4 and in 3 days at w/b ratio of 0.3.

Conclusions

Composition and w/b ratio affect significantly the hydration rate and degree of
shrinkage-compensating binders, as well as their expansive and mechanical proper-
ties. Hydration is limited at low w/b ratios. The lower is the w/c ratio, the lower are
the total heat of hydration of binders and their final hydration degree. The rate of heat
release and total heat of hydration of ternary binders composed by Portland cement,
expansive agent and mineral admixtures are lower than that of binary binder com-
posed by Portland cement and expansive agent for the highest w/c ratio Their water
demand correspondingly reduces the hydration of the other components and their
hydration time is prolonged comparing to the binary binder. At low w/b ratio the total
heat of hydration of ternary binders increases continuously and surpasses that of bi-
nary binder for higher hydration times.
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