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Abstract

The facts of high cement content, high hydration heat and high rate of heat evolution have
seriously impeded the application of super high strength concrete. Mineral admixture is one of
the best materials which can reduce the hydration head and the hydration exothermic rate of
high performance concrete. The influences of silica fume, fly ash and ground granulated blast-
furnace slag on the hydration heat and the hydration exothermic process of mortar in super
high strength concrete at water to binder ratio of 0.24 were studied by the means of hydration
heat experiments. The results show that the hydration exothermic process is accelerated, but
the hydration exothermic peak is reduced with the addition of silica fume. On the other hand,
with the addition of fly ash or ground granulated blast-fumnace slag, the hydration exothermic
process is delayed, the arrival time of the highest hydration exothermic rate is postponed, and
the hydration heat and hydration exothermic rate are markedly reduce.

1. INTRODUCTION

With the advent of superplasticizers or high-range water reducing admixturss, high and super/ultra high strength concrete with
campressive strength of more than 100 MPa is now eommercially available in many metropolitan areas. Highand super/ultra high strengih
concrete, on account of their low water fa binder ratio, generally perform well on exposure (o some aggressive environmental conditions that
are know to cause early deterioration of ardinary concrete [1- 3] In recent years, with the development of superplasticizers based on
polycarboxylate, the high flowable concrete with compressive strength of more than 200 MPa has been developed [4 - 6]. The main
characieristics of polycarboxylate based superplasti¢izers are the following: (1) high water reduction (up to 40%); (2) high flowability, (3)
palymer-design allows to conwol the mam characteristics {sciling time and workability), (4)biending of differemt poiymers is possible:
formulation of customized solutions [7)-

The super high strength concrets has very high compressive sirength and llent durability. However, the facts of high cement content,
figh hydration heat and high Tate. of heat evolution have seriously impeded the application of super high
strength conerete. Mineral admixture is one of the best materials which can reduce the
hydration head and the hydration exothermic rate of high performance concrete. Zhang et al.
{8] indicated that the addition of mineral cementitious components greatly reduced the 3-day
hydration heat and exothermic rate and retarded the arrival time of highest temperature of the
binder paste in HPC at water ta binder rate of 0.30, particularly when two or three types of

mineral admixtures were added at the same time, Langan et al. [9] investigate the influence of
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silica fume and fly ash on the hydration of cement based mixtures with water to binder rate of
0.35, 0.40 and 0.50.

Few attentions were taken on the hydration heat of super high strength concrete at low
water to binder ratio. Therefore, the influences of silica fume, fly ash and ground granulated
blast-furnace slag on the hydration heat and the hydration exothermic process of mortar in
super high strength concrete at water to binder ratio of 0.24 were studied by the means of
hydration heat experiments in this paper.

2. EXPERIMENTATION

2.1 Materials

A Chinese standard(GB175-2007) type P-1152.5 Portland cement similar to the ASTM type
Il ordinary Portland cement, with a compressive strength of 57.8 MPa at an age of 28 days
was supplied by Jingyang cement corperation in Jiansu province, China. Class F fly ash,
granulate blast-furnace slag and silica fume were employed for mineral admixtures to replace
partial cement. The chemical composition and physical properties of Cement, fly ash, slag and
silica fume were shown in Table 1.

Polycarboxylate-based superplasticizer PCA supplied by Jiansu Bote New Materials CO.
was incorporated. The water-reducing rate was much than 30% and the solid content was
20.2%. ISO standard sand was used in this research.

Table 1: Chemical composition and physical properties of cement, silica fume, fly ash and slag

. Chemical composition /% Specific gravity Specific surface
Materials - 3 2
8i0, | Ca0 | Fe;0x | ALOs | MpO | LOI fkg'm fm™ kg
Cement 18.6 | 64.5 | 3.28 | 4.88 | 1.61 | 3.22 3.06 388
Silica fume | 94.2 | 023 | 044 | 072 [ 0.12 | 2.38 2.20 Approximately 20000
Fly ash 548 242 | 494 [ 325 ] 072 | 1.27 1.90 420
slag 31243731 136 | 17.8 | 736 [ 171 2.82 334

2.2 Mixture proportions

Table 2 summarizes the mixture proportions of the 9 investigated mortars, similarly to the
composition of mortar in super high strength concrete. Four sets of mortar, which differed in
the composition of binder were tested. In the first set, only Portland cement was used as the
cementitious material. Tn the second set, silica fume was added as a partial replacement of the
cement at levels of 10% and 20% by weight of the total cementitious materials. In the third
set, fly ash was added as a partial replacement of the cement at levels of 10%, 30% and 50%
by weight of the total cementitious materials. In the fourth set, slag was also added as a partial
replacement of the cement at levels of 10%, 30% and 50% by weight of the total cementitious
materials. All the mortars were designed to preserve the following parameters: the water to
binder rate was fixed to 0.24, the sand to binder rate was 1.2, and superplasticizer content was
1.2% by weight of the total cementitious materials.
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Table 2: Mixture proportions

Composition of binder /% i : Superplasticizer
No. Gaisht| Sificafume | Flyssh | siag Sand/binder | Water/binder P F:,%
C100 100 0 0 0 12 0.24 1.5
C90SF10 90 10 0 0 1.2 0.24 1.5
CBOSF20 80 20 0 0 1.2 0.24 1.5
C90FALD 90 0 10 0 12 (.24 1.5
C70FA30 70 0 30 4} 12 0.24 1.5
C50FAS5D 50 0 50 0 1.2 0.24 1.5
C90SL10 90 0 0 10 1.2 0.24 1.5
C708L30 70 0 0 30 1.2 0.24 1.5
C50SL30 50 0 0 50 1.2 0.24 1.5
2.3 Test procedures

All the materials and the caloriment instrument were placed in the room with the
temperature of 20+1 °C for more than 24 hours. The mortar proportioned according to table 2
was mixed by stirrer for 3 minutes. Each test consisted of a 800-g sample that casted into a
cylindrical plastic cup. The cup was immediately put into the vacuum flask, and thermocouple
was inserted into the mortar. The vacuum flask was then sealed and stored in a water tank
with the temperature of 20£0.1°C to simulate semiadiabatic conditions. The temperature of
mortar was monitored and recorded by data acquisition system at 1-min intervals for 72 h.

2.4 Calculation of hydration heat and exothermic rate

Firstly, heat-dissipating coefficient of heat-preserving instrument (K) is measured, and
thermal capacity of the instrument including the mortar in it (Cp), is calculated before the
hydration heat test. Secondly, the hydration heat test is carried out and the temperature rise-
time cure is plotted. An area value ¥ 5, (where tis time) is acquired through the integral of

the temperature rise-time curve. Thirdly, the total liberation heat of the mortar at t hours is
caleulate: 9 =C(Z,~T;)+ K3 £, » where 7, is the temperature at t hours and 7, is the initial

temperatute. Finally, hydration heat is caleulated: 9=0,/G, where G is the mass of the

cementitious materials (357g in this research).
The exothermic rate can be obtained through differentiat of the hydration heat-time curve.

3 RESULTS AND DISCUSSION

3.1 Effect of silica fume on hydration

Silica fume is one of most important components of super high strength concrete. In Figure
1, the effect of silica fume at replacement levels of 10% and 20% on the temperature rise,
exothermic rtate and hydration of the total cementitious materials was shown. Table 3
summarized the hydration heat characteristies of cement and silica fume mixtures.

According to Figure 1 and Table 3, it was observed that the hydration exothermic process
of cementitious materials had been changed with the increase in silica fume replacement
level, When 10% and 20% of cement was replaced by silica fume, the temperature rise peak
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value was reduced from 59.6 °C (C100) to 57.0 °C (C90SF10) and 53.6 °C (C808F20). For
plain cement (C100) , the highest exothermic rate was 76.3 Jg-h and arrived at 9.7h, The silica
furme mixtures differed in that the exothermic rate peak value was lower that that of plain
cement about 26~38 J/g-h , but the arrival time of the exothermic rate peak was shortened for
about 0.5~1.1h. During the first 12h of hydration, the hydration heat of plain cement was
lower than that of silica fume mixtures. However, after 24h the hydration heat of the silica
fume mixture was lower than that of plain cement. In a word, these results indicated that the
hydration exothermic process was accelerated, but the hydration exothermic peak was
reduced with the addition of silica fume.

60

_ 80
=
I5] i
< 504 2 60
a o
s g
1]
= 404 o 40
& £
O @
E' 304 % 20
o 2y
frut 3]
0 ; = . v = ‘ v o
0 8 16 24 32 40 48 56 64 72 8 24
Time { h Time ! h

(a) Curves of temperature rise-time (b) Curves of exothermic rate-time

250
GaosF10
T 2004 - C90SF20
é i
w150+
(7]
=
& 100
-
®
2 50 J

0 T r
0 8 16 24 32 40 48 58 B4 72
Time/h

(c) Curves of hydration heat-time

Figure 1: Effects of silica fume on the temperature rise, exothermic rate and hydration
heat of mortar in super high strength concrete
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Table 3: Hydration heat characteristics of cement and silica fume mixtures

Temperature | Time of Hydration heat /J-g"* Exothermic | Time of
No. 5 temperature rate peak | exothermic
peak /°C peak /h 12h 24h 48h 72h g ! rate peak /h
C100 59.6 11.4 198.3 | 2141 | 221.5 | 226.6 76.3 9.7
C908F10 57.0 12.1 184.4 | 2154 | 216.0 | 2174 50.2 92
C80SF20 53.6 12,0 175.6 | 204.1 | 206.1 | 207.7 38.5 8.6

3.2 Effect of fly ash on hydration

Fly ash is another important component of super high strength conerete. In Figure 2, the
effect of fly ash at replacement levels of 10%, 30% and 50% on the temperature rise ,
exothermic rate and hyderation of the total cementitious materials was shown. Table 4
summarized the hydration heat characteristics of cement and fly ash mixtures.
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Figure 2: Effects of fly ash on the temperature rise, exothermic rate and hydration heat
of mortar in super high strength concrete
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Table 4: Hydration heat characteristics of cement and fly ash mixtures

Temperature | Time of Hydration heat /J-g* Exothermic | Time of
He. peak °C te’;‘g:;aﬂt;"e 12h | 24h | 48h | 72n ;}";?eﬁf f;gt;::kn}ﬁ
C100 59.6 11.4 198.3 | 214.1 | 221.5 | 226.6 763 9.7
C0FA10Q 58.3 11.9 186.0 | 214.1 | 2209 | 222.7 65.4 9.7
C70FA30 45,7 18.8 216 | 2180 | 1728 | 1764 314 153
C50FASD 31.1 21.6 1.4 62.8 70.1 75.0 14.1 20.3

From figure 2 and Table 4, the following trends could be noted with an ingrease in fly ash
replacement level: the hydration process was similar between the plain cement (C100) and the
cementitious material with the fly ash replacement level of 10%, but the hydration heat and
exothermic rate of fly ash mixture was reduce and hydration process was obviously postponed
with the continued increase in fly ash replacement level. For example, the highest temperature
and the highest exothermic rate of C30F10 existed litile lower than that of plain cement(C100),
s0 10% fly ash could not influenced the hydration process of cementitious materials at low
water to binder. On the other hand, as for the mixture in C70FA30 and C50FAS0, 30% and
50% fly ash reduced the temperature rise peak value for 23% and 48% respectively, and
retarded the arrival time of temperature peak for 7.4h and 10.2h. This means that as the
increase of fly ahs replacement level, the retarding offect of fly ash increases. When 30% fly
ash was added to cementitious materials, the exothermic rate peak value was reduce from 76.3
J/g-h of plain cement mixture to 31.4 J/g-h, and the arrival time of exothermic rate peak was’
postponed from 9.7h of of plain one to 15.3h, When 50% fly ash added, the exothermic rate
peak value was reduced by 82%, and the arrival time of exothermic rate peak was delayed for
10.6h. At same time, the total hydration heat of 12h, 24h, 48h, and 72h was significantly
reduced with the increase in fly ash replacement level.

3.3 Effect of slag on hydration

Granulate blast-furnace slag is also another one of the most important components of super
high strength concrete. In Figure 3, the effect of slag at replacement levels of 10%, 30% and
50% on the temperature rise, exothermic rate and hydration of the total cementitious materials
was shown. Table 5 summarized the hydration heat characteristics of cement and slag
mixtures.

The curves in Figure 3 and the data in Table 5 indicated that, as with fly ash, the use of
slag also significantly reduced the temperature rise peak and the exothermic rate of cement-
slag system, and delayed the arrival time of the highest hydration exothermic rate. The effects
of slag on hydration of mortar in super high strength concrete was similar to that of fly ash. In
C905L10, C70SL30 and C50SL50, the temperatute rise peak values were 56.9 °C, 51.8 °C
and 40,3 °C, and the arrival time of temperature: peak was 12.4h, 15.4h and 20.h,
respectively. By adding 10%, 30% and 50% slag to the mixture, the exothermic rate peak
value of cementitious materials were reduced by 17%, 55% and 67%, and the arrival time of
exothermic rate peak was postponed for 0.4h, 1.7h and 4.8h, respectively. The total hydration
heat of 12h, 24h, 48h, and 72h was also reduced with the increase in slag replacement level.
However, when the replacement level was not less than 30%, slag makes greater contribution
to reducing hydration heat and exothermic rate and retarding the arrival time of highest
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temperature of the cementitious materials in super high strength concrete with low water to
binder ratio than fly ash.
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Figure 3: Effects of slag on the temperature rise, exothermic rate and hydration heat of
mortar in super high strength concrete

Table 5: Hydration heat characteristics of cement and slag mixtures

Exothermic

Time of Hydration heat /J-g' Time of
No. Tﬁmperfture ‘temperature — ——— rate Peak exothermic
peak (°C) peak (h) 12h 24h  48h 72h (g by rate peak h)
C100 59.6 114 198.3 2141 2215 2266 76.3 9.7
C908L10 56.9 12.4 1793 2121 2171 2171 63.1 10.1
C70SL30 51.8 15.4 803 1623 1817 1871 34.0 11.4
C50SL50 40.3 20.9 22.5 1419 1531 1392 253 14.5
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4 CONCLUSION

In this study, the effects of silica fume, fly ash and slag on the hydration heat and hydration
exothermic process of mortar in supet high strength concrete with low water to binder of 0.24
was clear. With the addition of silica fume, the hydration exothermic process is accelerated,
but the hydration exothermic peak is reduced. On the other hand, the hydration exothermic
process is delayed, the arrival time of the highest hydration exothermic rate is postponed, and
the hydration heat and hydration exothermic rate are markedly reduce with the addition of fly
ash or ground granulated blast-furnace slag. In addition, the work will provide important
insight in reducing the hydration heat of cementitious materials in super high strength
concrete with low water to binder ratio.

REFERENCES

[1] Metha, P. K. and Monteiro P. I, M., *Concrefe: microstructure, properties, and materials’, chap.
12, process in concrete technology, McGraw-Hill, New York,2003,

[2] - Lappa, E. 8, 'High strength fibre reinforced conciete static and farigue behaviour in bending',
PhD thesis, Delft University of Technology, Structural and Building Engineering, Faculty of
Civil Engineering and Geosciences, July 2007,

[3] Halit Yazic., ‘The effect of curing conditions on compressive strength of ultra high strength
concrete with high volume minetal admixtures’, Build, Env. 42 (2007) 2083-2089.

[4] Richard, P. and Cheyrezy, M., “‘Composition of reactive powder concretes’, Cem. Coner. Res.
25(1995)1501-1511.

[5] Richard, P. and Cheyrezy M., ‘Reactive powder concretes with high ductility and 200-800 MPa
compressive strength’, ACI SP144-24 144(1994)507-518.

[6] Scheydt, I. C., Gerold, G., Miiller, H. S, and Kuhnt, M., ‘Development and application of UHPC
convenience blends’, Progeeding of the second international sympesium of ultra high
performance concrete, edited by Fehling, E., Schmidt, M. and Stiirwald, S., 05-07 March 2003
(Kassel, Germany), pp.77-84.

[7] Hirschi, T. and Wombacher, F., ‘Influence of different superplasticizers on UHPC’, Proceeding
of the second international symposium of ultra high performance concrete, edited by Fehling, E.,
Schmidt, M. and Stirwald, S., 05-07 March 2008 (Kassel, Germany), pp.85-92.

[8] Zhang Yunsheng, Sun Wei, Liu Sifeng, ‘Study on the hydration heat of binder paste in high-
performance concrete’, Cem. Coner. Res. 32(2002)1483-1488.

(9] Langan, B. W., Weng, K. and Ward, M. A., “Effect of silica fume and fly ash on heat of
hydration of Portland cement’, Cem. Concr. Res. 32(2002)1045-1051.

206



