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 The heat of hydration is known as a measurement of the initial chemical reactions for 
the hydration of cement. The heat liberated during the hydration process affects the 
temperature rise in concrete, which may cause an early-age thermal cracking of a 
concrete structure. To address this thermal cracking issue, Portland cement/ground 
granulated blast furnace slag (PC/GGBS) is often used, due to the low heat hydration 
properties of GGBS. This paper presents the results of isothermal conduction 
calorimetry tests performed on GGBS binary cement, Portland cement/ground 
granulated blast furnace slag (PC/GGBS), GGBS ternary cement, and Portland 
cement/ground granulated blast furnace slag/metakaolin (PC/GGBS/MK). The tests 
covered a range of GGBS levels, which are up to 75% GGBS level and up to 15% MK 
content by mass for the ternary cement combinations. For PC/GGBS cement, the total 
heat of hydration is lower than that of PC, and an increase in the GGBS levels resulted 
in a decrease in the amount of heat liberated; however, for PC/GGBS/MK, the heat of 
hydration generated is lower than that of PC but is greater than those of the equivalent 
PC/GGBS, which has an equivalent PC content.  
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INTRODUCTION 

 
The heat of hydration is known as a measurement of the initial chemical reactions for the hydration of 

cement, which is generated from the chemical reactions between cement and water. The heat liberated during 
the hydration process affects the temperature rise in concrete. This temperature rise will affect the concrete 
serviceability if there is a greater difference between the external and internal temperatures of the concrete, 
which results in early-age thermal cracking. Prevention of early-age thermal cracking is important, particularly 
for both water retaining and massive concrete structures (Ramachandran and Beaudoin, 2001). Furthermore, this 
assessment is fundamental in a cement study, especially with various cement combinations that are widely used 
throughout the world in producing concrete with excellent long-term strength and durability properties. 

This paper describes a study performed on the heat evolution of various combinations of cements, which 
were produced by combining Portland cement (PC) with various proportions of ground granulated blast furnace 
slag (GGBS) for the combinations of binary cements and adding metakaolin (MK) for the combinations of the 
ternary cements. In addition, this study also examines the effect of various cement properties at the early stages 
of hydration.  

 
Experimental programme: 

In this study, isothermal conduction calorimetry tests for PC/GGBS and PC/GGBS/MK were performed to 
examine the influence of the additions and the effect of cement composition on the heat of hydration of the 
various combinations of the cements. To determine the influencing factors on the heat of hydration, the 
maximum heat of hydration, the time taken to achieve the maximum heat and the cumulative heat were analysed 
from the curves of the rate of heat evolution versus time.   
 
Materials: 

Portland cement, strength class 42.5N conforming to BS EN 197-1 was used throughout the study. The 
secondary constituent used was GGBS, and the tertiary constituent (referred to as pozzolana) was MK. Details 
of the chemical properties of the PC and the additions are provided in Table 1. 
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Table 1: Physical and chemical characterisations of the binder constituents 

Property CEM I GGBS MK 
Fineness (m2/kg) 409 450 3474 
Loss on Ignition 0.9 0.9 1.0 
Particle Density 3.14 2.91 2.59 
Bulk Oxide Composition, %    

CaO 64.6 39.6 0.15 
SiO2 20.0 35.5 57.3 
Al2O3 4.6 12.8 38.6 
Fe2O3 3.8 0.5 0.6 
MgO 2.5 8.4 0.3 
MnO 0.1 0.6 <0.1 
TiO2 0.3 0.5 <0.1 
K2O 0.6 0.5 2.3 
Na2O 0.3 0.2 0.1 
P2O5 0.1 - 0.1 
SO3 3.1 - 0.0 

 
Cement combinations and test programme: 

The effects of GGBS and MK addition on the heat of hydration of the binary cements and the GGBS 
ternary cement combinations, respectively, were studied. Isothermal calorimetry tests were performed at a range 
of cements combinations, including 100% PC, three GGBS levels of 35, 55 and 75% by mass and three MK 
levels of 5, 10 and 15% by mass.  

Each cement paste mixture was prepared using 30 g of cement and a fixed water/cement ratio (w/c) of 0.50. 
The isothermal calorimetry tests were performed using a JAF conduction calorimeter manufactured by Wexham 
Developments, UK. The heat of hydration process was recorded for 72 hours, and the heat liberated was 
determined using software supplied by the manufacturer.  

 
RESULTS AND DISCUSSION 

 
PC/GGBS: 

Figure 1 shows the rate of heat evolution versus time and the cumulative amount of heat for 72 hours. As 
expected, the heat liberated by PC is only higher compared to those of the GGBS blended cements.  

The effect of the GGBS content on the heat of hydration can also be seen in Figure 1. Note that typical 
curves of the rate of heat evolution versus time are those of PC only but that the heat evolved by PC/GGBS is 
generally lower than that of PC. The results agree with other researchers’ results in which the use of GGBS 
generated a low heat of hydration (Zhang et al., 2002; Paine et al., 2005 and Ballim and Graham, 2009). In the 
case of the PC/GGBS cements, slow initial hydration behaviours were noted because the glass structure of the 
materials must be broken by the alkaline provided by the PC hydration (Lang, 2002). Nevertheless, the dormant 
period is nearly identical for all cement combinations, which indicates that the addition of GGBS does not retard 
the hydration process (Lea and Hewlett, 1998). This lack of effect of adding GGBS is most likely because 
GGBS is a latent hydraulic material that reacts similarly to PC once in contact with water, but the initial reaction 
between GGBS and water occurs over a short period, as it results in the formation of an impermeable layer of 
water on the GGBS particle surfaces (Uchikawa and Okamura, 1993 and Domone and Sautsos, 1995). Later, the 
GGBS progress depends upon the alkali availability provided by the PC. Therefore, it can be said that the initial 
heat liberated is an effect of the rapid reaction of PC, but the total heat of hydration for the GGBS binary cement 
is a result of the heat from the early reaction of PC, a latent hydraulic reaction of the GGBS and the effects of 
the PC and GGBS reaction (Paine et al., 2005). 

However, the data in Table 2 indicates that increasing the GGBS levels proportionally reduced the amount 
and the time to reach the maximum heat, with a similar trend between the cumulative heat at 72 hours and the 
GGBS content. This behaviour clearly indicates that the GGBS level has a significant influence on the heat of 
hydration.  

 
Table 2: Heat of hydration for GGBS cement combinations 

COMBINATION Max. heat 
(W/kg) 

Time to max. 
heat 
(hour) 

Cumulative heat at  
70 h, Q 
(kJ/kg) 

PC 3.45 9.1 260.5 
35%GGBS  2.31 9.8 204 
65%PC+30%GGBS+5%MK 1.03 8.5 103.24 
55% GGBS 1.78 7.5 167.8 
45%PC+45%GGBS+10%MK 1.97 10.4 172.46 
45%PC+40%GGBS+15%MK 2.07 10.3 175.56 
75%GGBS 1.05 7.7 113.2 
25%PC+65%GGBS+10%MK 1.29 8.7 133.59 
25%PC+60%GGBS+15%MK 1.31 7.8 131.08 
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Fig. 1: Rate of heat evolution of cement pastes at various GGBS levels. 

 
In the particular case of low GGBS levels, the availability of CH is higher, thereby  accelerating the 

hydration reactions of GGBS, which can be attributed to its secondary reaction as a latent hydraulic material 
(primarily pozzolanic reactivity) (Domone and Sautsos, 1995). Consequently, this acceleration of the hydration 
reactions of GGBS increases the temperature (primarily due to PC hydration), thus resulting in the continuing 
reactions of GGBS over a longer period (Uchikawa and Okamura, 1993). However, in the case of high GGBS 
additions, both the time and the maximum heat are reduced simultaneously; according to (Escalante-Garcia and 
Sharp, 1998 and Zhou, 2006), this reduction can be attributed to the effect of dilution on both PC and GGBS 
reactions. This dilution may be explained by the increased water available for PC hydration with regard to the 
increased GGBS level, which accelerates the hydration of C3S and C3A in PC. Furthermore, the reaction is 
responsible for the reduced time to obtain the maximum rate of heat of hydration compared to the PC cement 
paste, particularly with an increased amount of GGBS addition (Escalante-Garcia and Sharp, 1998 and Zhou et 
al., 2006). In conjunction with this reduction in time, the hydration reaction of GGBS will be limited (due to a 
lack of CH available), which contributes to the low heat of hydration (Domone and Sautsos, 1995). However, 
the later rate of GGBS hydration is accelerated with the progressive release of alkalis by GGBS, together with 
the CH provided from PC hydration (Neville, 1995).  
 
PC/GGBS/MK: 

Figure 2 shows the effect of MK inclusion on the heat of hydration after 72 hours for GGBS ternary 
cements. From the typical curves of the rate of heat evolution versus time for PC/GGBS/MK cements, the 
ternary cement heat of hydration was found to decrease compared to those of PC paste but was greater than that 
of GGBS binary pastes, except at the 35% addition level. The results also show that the PC content had a greater 
influence on cement hydration for all cement mixes and that similar effects have been observed for GGBS 
binary hydration. Note that the results are in general agreement with other findings, where the binder 
composition influenced the hydration properties, leading to the generation of more heat (Uchikawa and 
Okamura, 1993 and Domone and Sautsos, 1995).  

It has been reported that the consumption of CH by GGBS is competitive with that of pozzolana. Apart 
from PC hydration, the heat of hydration obtained in the GGBS ternary cements system results mainly from the 
pozzolanic reactions (due to their highly reactive characteristics) followed by the secondary reaction of GGBS; 
GGBS hydration usually occurs at the later age of the test (Uchikawa and Okamura, 1993). Therefore, the 
hydration reaction of ternary blend cements tends to vary according to the chemical reaction mechanism of PC 
and the additions within the concrete mix.  

In Figure 2(a), the inclusion of 5% MK with low levels of GGBS (30% GGBS) was found to have a lower 
heat of hydration than that of PC and was much less than that of the GGBS binary paste. A greater reduction of 
the maximum rate of heat evolution and the time to achieve the maximum rate of heat evolution are given in 
Table 2. Note that the heat of hydration for GGBS ternary blend with 65% PC reduced by 40%-50% compared 
to those of PC, although it might be expected that a greater amount of heat would be generated due to the higher 
PC level. The possible explanation for this behaviour is lack of influence of the hydration reactivity at the low 
pozzolana level, on the early behaviour of the combination.  

Figure 2(b) shows the effect of the MK content on the heat of hydration as the GGBS content increased. It 
is clear that adding a greater proportion of GGBS and pozzolana were found to result in a reduction of the heat 
of hydration compared to that of the PC cement pastes. In general, the reduction in the heat of hydration in 
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comparison to the PC paste is expected due to the lack of CH required to activate GGBS and the pozzolana 
reaction for cements with high addition levels.  

The results also indicate that the hydration parameters were greater than those of the equivalent GGBS 
binary and ternary pastes with 65% PC. This behaviour is related to the presence of the greater pozzolana 
additions, which were in the range of 10% to 15%; the physical characteristics of the pozzolana increase the rate 
of PC hydration (Neville, 1995) and consequently enhance the precipitation of the products because more 
nucleation sites are available from a greater surface area. As consequence, this acceleration leads to an increase 
in the maximum heat in a shorter amount of time.     

The results also indicate that the hydration activity of the ternary cement blends increased with the addition 
of pozzolana. The results are in agreement with the effect of pozzolanas found with binary blends (Uchikawa 
and Okamura, 1993 and Kadri and Duval, 2009), and it has been noted that pozzolanic reactivity depends upon 
the level of pozzolana material (Neville, 1995 and Zhang et al., 1995). 

In the case of the 75% GGBS addition levels (see Figure 2(c)), the trends of the heat of hydration were 
found to be similar to the GGBS ternary cements blended with 45% PC (which decreased compared to those of 
PC pastes but were higher than equivalent binary blends). The effect on the heat of hydration of cement blends 
with 75% addition was a reduction in each parameter (such as the maximum heat, the time to reach the 
maximum heat and the total heat) compared to the cement blends at the 55% addition level. As noted earlier, 
this behaviour can be explained by the effect of the CH supply at the low PC level. Both types of additives, 
GGBS and pozzolana, are competing for CH with regards to their reactions and result in greater levels of 
anhydrous particles remaining as inert filler. As a consequence, the hydration reactions decrease, resulting in a 
reduction in the amount of heat released.  

 

 
 

Fig. 2: The influence of the addition of metakaolin on the rate of hydration of the GGBS cement combinations. 
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Conclusion: 

From isothermal conduction calorimetry tests performed on PC/GGBS and PC/GGBS/MK, the following 
conclusions are drawn. 

1). The heat liberated by PC is higher compared to those of the GGBS blended cements.  
2). Although GGBS blended cements generated a low heat of hydration, it does not retard the hydration 

process. 
3). The amount of GGBS used has a greater influence on the heat of hydration, the maximum heat and time 

taken to reach the maximum heat. An increase in the GGBS levels proportionally decreased these hydration 
parameters. 

4). The addition of MK decreased the heat liberated compared to the heat liberated of the PC paste but was 
greater than that of the GGBS binary cement.  

5). The hydration of GGBS ternary cement is influenced by the amount of PC and the additives within the 
concrete mix. This behaviour is due to the effect of the cement constituents on the chemical reaction 
mechanisms.  
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