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SYNOPSIS

In this paper, the rate of heat liberation of cement was formulated and a new
prediction method for temperature rise in concrete was established. It was
found that cumulative heat liberation of cement is an effective parameter for
uniquely expressing the hydrated state of cement and the activation energy of
cement hydration can be expressed as a function of cumulative heat liberation
and the rate of heat liberation at any temperature determined. A method of pre-
dicting temperature rise of concrete was proposed based on rate of heat libera-
tion at any temperature of cement expressed by cumulative heat liberation. By
this method, temperature prediction were made of adiabatic conditions such as in
mass concrete and good results were obtained.
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1. INTRODUCTION

Prediction of temperature rise of concrete is presently being done by various
methods in order to analyze thermal stresses of concrete. Factors that deter-
mine temperature rise of concrete are of diverse kinds such as type and content
of cement, kind of aggregate, and variation in outside air temperature(1][2]1[3].
In spite of the fact that temperature rise of concrete is due to heat of hydra-
tion of cement, in almost all cases, it is determined based only on the results
of adiabatic temperature rise tests. To take mass concrete as an example, when
the center portion which can be considered to be close to an adiabatic condition
and the surface portion where radiation of heat is great are compared, the
respective temperatures are different. Accordingly, it is conceivable that the
states of progress of hydration and the rates of heat liberation will differ.

In this way, in case of making temperature predictions for non-adiabatic por-
tions of concrete or under special conditions such as when performing pipe cool-
ing, it will be insufficient to have only the results of adiabatic temperature
rise tests, and it is necessary for analyses to be made from the hydration reac-
tion of cement itself.

Therefore, the authors carried out formulation of the rate of heat liberation
through measurements of the rate of heat liberation of cement under various con-
stant temperatures and proposed a method of predicting temperature rises of con-
cretes having all kinds of temperature paths.

2. HEAT OF HYDRATION OF CEMENT

The most effective method by which continuous measurements can be made is
measurement of rate of heat liberation by conduction microcalorimeter (hereafter
abbreviated as "calorimeter")[4]. The basic diagram of the device's principle
is shown in Fig. 1. The entire tank is maintained at constant temperature, and
the variations in heat of hydration (calorific value released to the outside
from the reaction vessel) can be directly measured continuously from immediately
after injection of water. The authors used this device for measurement of "heat
of hydration at constant temperature."
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Fig. 1 Principle of conduction microcalorimeter.

Fig. 2 shows the rate of heat liberation curves of 6 kinds of cement commer-
cially available. The conditions for hydration were temperature of 20°C and
water-cement ratio of 0.65. The rate of heat liberation curve of cement is very
complex in this way and differs greatly according to the variety of cement.
Further, the rate of heat liberation varies greatly according to quality and
quantity of admixture added as with blended cements such as portland blast-
furnace slag cement and portland fly ash cement{5]. Besides this, many factors



such as fineness and particle-size distribution of cement have large effects on
the rate of heat liberation of cement.

The rate of heat liberation curves under various temperatures are shown in Fig.
3 for ordinary portland cement. It can be seen that the shape of the rate of
heat liberation curve differs greatly depending on the temperature of the sys-
tem. The early-age heat liberation peak is "larger" the higher the temperature
of the system regardless of variety of cement, while moreover, the time in which
the peak appears" shifts to the short-term side", while contrastedly, on the
long-term side, a trend is seen for heat liberation to be rapidly decreased.

30F
1: ordinary portland cement
2: moderate heat portland cement
1 3: Class B portland fly ash cement

.~
T ————,

] 1 1 1 ] 1 1

4: Class A portland
blast-furnace slag cement
5: Class B portland
blast-furnace slag cement
6: Class C portland
blast-furnace slag cement

RATE OF HEAT LIBERATION (cal/ghr)

15

TIME(hr)
Fig. 2 Rate of heat liberation curves of commercially available cements.
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Fig. 3 Temperature dependence of rate of heat liberation of ordinary portland
cement (with numbers in figure representing measurement temperatures).



3. HYDRATION AND CUMULATIVE HEAT LIBERATION OF CEMENT

There have been many findings with regard to variations in the hydrated state of
cement under constant conditions, especially, under conditions of constant
temperature[6][7]). However, with a system such as mass concrete in which tem-
perature changes with time, and moreover, the cause of the change is the heat of
hydration of cement, the situation is completely different from what have been
found under constant temperatures. Because of this, it is necessary to set up a
different parameter to take the place of hydration time and express the hydrated
state of cement by it. Furthermore, whatever the temperature hysteresis of the
cement, this parameter must be capable of uniquely expressing the hydrated state
of the cement at any time.

3.1 Cumulative heat liberation as parameter

The hydration reaction of cement is very complex and it is difficult to express
it by a simple numerical equation, but the hydration reaction will be considered
here simply as "cement + water = hydrate + Q (heat of hydration)".

In chemical reactions in general, reaction rate is expressed as a function of
reaction ratio, and the reaction heat is considered as being proportional to
reaction ratio. In effect, the reaction rate is expressed as a function of the
reaction heat. When this is replaced by the hydration of cement, the cumulative
heat liberation, which is considered to be the parameter expressing the degree
to which hydration of the cement had progressed at that time and the degree of
the subsequent rate of heat liberation. When a certain cement has been mixed
with identical mix proportions but made to hydrate at different temperatures,
the period of time in which a given cumulative heat liberation is attained will
be shorter the higher the temperature, but it can be considered that the
hydrated states of cement at the time the given cumulative heat liberation is
attained will be equal.

Therefore, ordinary portland cement pastes were cured at different temperatures
and at the times that identical cumulative heat liberation were attained,
hydration arresting and D-drying treatment (vacuum drying) were done, and the
hydration ratio of alite in the cement was calculated by the X-ray diffraction
method. Also, the amount of bonding water was measured by heat-weight analysis.
As a result, it was shown that although samples of identical cumulative heat
liberation had different hydration times, hydration ratios and bonding water
quantities indicated very similar trends, and it was recognized that cumulative
heat liberation is effective as a parameter uniquely expressing the hydrated
state of cement[8].

3.2 Cumulative heat liberation model

Fig. 4 shows cumulative heat liberation expressed by models. It is assumed
there is a cement with cumulative heat liberation at constant temperatures of
20, 30, and 409C, and the temperature of the system accompanying progress of
hydration varies in steps from 20°C to 40°C. The cumulative heat liberation
while the temperature of the system is 20°C coincides with 0A. In the case tem-
perature rises to 30°C at time ty, and this temperature is maintained until tg,
AB which is obtained by shifting parallel to Point A, the heat liberation after
Point D for 30°C, which is the same cumulative heat liberation as Point A, may
be considered as the cumulative heat liberation of this section.

Further, the section of 40°C (tp-ts) is BC with FG for 40°C shifted similarly,
and in effect, it can be considered that OABC is the cumulative heat liberation



curve of this system. Since actual temperature variation is continuous, the
rate of heat liberation must be obtained from an optional cumulative heat
liberation and temperature.
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Fig. 4 Model diagram of cumulative heat liberation.

3.3 Rate of Hydration of Cement

With cumulative heat liberation at absolute temperature T and time t as Hn, and

with rate of heat liberation as hq (= dHp/dt), hp may be expressed by a function
£(Hp) such the following:

where, rate constant of hydration kT may be expressed as follows by the equation
of S. Arrhenius.

kp = Aexp(-E/pqp) (2)
provided, however, that A is frequency factor, E is activation energy, and R is

gas constant.
From Eq. (1) and (2)

hy = Aexp(~E/pp)f(Hy) (3)

When in Eq. (3) cumulative heat liberation HT0 is the same as HT at reference
temperature To,

hTO = AexP('E/RTo)f(HTo) (4)

and the rate ratio of heat liberation for temperature T in relation to reference
temperature To at the same cumulative heat liberation will be

3.4 Rate of Heat Liberation Based on Cumulative Heat Liberation

Fig. 5 shows the rates of heat liberation of ordinary portland cement plotted in
relation to cumulative heat liberation. Even though temperaures are different,
the heat liberation patterns and peak locations show very similar trends.
However, the following may be said when ordinary portland cement is taken as the



example: Taking the measured temperature 25° as the reference temperature in
Fig. 3 and plotting the rate ratios of heat liberation of other temperatures in
relation to the reference temperature, the results will be as shown in Fig. 6.
It can be seen that a shape with a peak at around 35 cal/g becomes more
pronounced the higher the temperature. In other words, the higher the tempera-
ture the more difficult will it be to represent from beginning to end of the
reaction by the average value of rate ratio of heat liberation as reported by
the authors in a separate paper[8].
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Therefore, the authors divided the cumulative heat liberation into sections of
every 10 cal/g, took the logarithm of the average ratio of the rate of heat
liberation to the reference rate of heat liberation, for every section at each
temperature and carried out Arrhenius plotting for 1/T as shown in Fig. 7. A
good correlation is seen for each section. The inclination (-E/p) of the
straight line in each section plotted according to representative cumulative
heat liberation is shown in Fig. 8. It is clearly seen that the apparent ac-
tivation energy varies according to cumulative heat liberation as stated by
Copeland and Kantro[9].

Generally speaking, the activation energy of a chemical reaction does not vary
according to reaction ratio. However, it is thought the apparent activation
energy of cement varies according to cumulative heat liberation in the way be-
cause cement is a mixture of several kinds of minerals. If the function of this
is taken as g(Hp), the -E/p in Eq. (5) may be expressed by g(Hp), and will
result:

ln(hT/hTo) = g(HT) (6)

In this paper, this was cubically regressed and g(HT) was approximated in the
form of Eq. (7).

g(Hp) = aHp + bHp +cHp +d (7)

where, a, b, c, and d are constants.
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4. PREDICTION OF TEMPERATURE RISE

In order to predict the temperature rise of actual mortar or concrete by the
method described in the foregoing, the value of g(HT) must be established
measuring beforehand the rate of heat liberation of the cement to be used at two
or more temperature levels including the reference temperature. When a chemical
admixture is to be used, it will be necessary to make the measurements adding
that admixture since the rate of heat liberation will vary depending on retard-
ing component, accelerating component, etc. The specific heats of the cement
and aggregates to be used must also be measured. ;

The prediction is made by diving the time elapsed into unit periods of time,
determining the cumulative heat liberation and temperature after the next unit
period of time based on the cumulative heat liberation and temperature at cer-
tain time, and repeating this process. The flow of prediction calculations
within a unit period of time is shown in Fig. 9.

The rate of heat liberation hm at cumulative heat liberation Hp and temperature
T, is obtained by Eq. (6), ang after elapse of the unit length of time, heat
liberated of Hp was released, and the cumulative heat liberation became
Hpo(=Hpq+ Hpo)e Further, specific heat is estimated by Eq. (10), and the tem-
perature T, after elaspe of the unit length of time is obtained from Hpye  Tem-
perature is predicted by repeating the above process. And in case there is ir-
regularity in the heat as at the surface portion of mass concrete, prediction is
made correcting Hp at the part of * in Fig. 9.

Accordingly, the temperature at which prediction is started, that is, the tem-
perature as mixed itself is an important parameter deciding the subsequent rate
of heat liberation and has a great influence on the prediction. In general,
during the several minutes in which concrete is mixed, there is contact moisture
pressure of cement and the rapid heat liberation 4 to 5 cal/g of 03A and Ca0,
and because of this, the temperature rises slightly after mixing compared with
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before introduction of water. Further, there is frictional heat of apparatus
and aggregates so that it is difficult to accurately predict this temperature
difference. Therefore, it was decided that the temperature at which prediction
is started is to be the temperature as mixed, and the cumulative heat liberation
at this time was taken as 5 cal/g.
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Fig. 9 Flow chart of temperature prediction.

5. COMPARISONS WITH ACTUAL MEASUREMENTS

The prediction is made by dividing the time elapsed into unit periods of time,
determining the cumulative heat liberation and temperature after the next unit
period of time based on the cumulative heat liberation and temperature at a cer-
tain time, and repeating this process. Temperature rises of actual mortar and
concrete were predicted based on the method described in_the foregoing. The mix
proportions werg as follow; the mor%ar contained 352kg/m”’ cement, 266kg/m3
water, 1525kg/g sand and 0.106%g/m air-entrained agent, and the concrete con-
tained 212kg/m” cement, 158kg/m” water, 812kg/m3 sand, 1118kg/m’ aggregate and
0.424kg/m” air-entrained agent.

Mass blocks of 2-m cubes (volume 8 m3) covered on all sides by foamed polys-
tyrene insulation material 20 cm in thickness were placed with mortar and con-
crete of these mix proportions, and the temperatures at various mass sections
were measured immediately after placement. Furthermore, adiabatic temperature
rises of mortar and concrete of the same mix proportions as mentioned above were
measured using an improved water-circulation type adiabatic temperature testing
apparatus[6].

For making predictions, rates of heat liberation were measured by calorimeter at

temperatures of 20°C and 40°C on the cement used in the mortar and concrete.
Arrhenius plotting was done by section based on the results, and the variations



in -E/R in relation to cumulative amount of heat evolution were plotted and
regression was done by cubical curve. The four coefficients of its function
g(Hp) are given in Table 1.

Table 1. Coefficients of function g(HT) used in predictions.

a b c , d
Mortar 4L 616E-2 -5.148 1.623E+2 -6.319E+3
Concrete 2.588E-2 -1.293 -1.040E+2 -2.649E+3

In Fig. 10, the results of predicting temperature rise using the prediction
method proposed in this study for mortar and concrete and the results of
adiabatic temperature rise tests[10] are shown respectively. The adiabatic tem-
perature rise testing apparatus used in these experiments are performance of
which had been ascertained by Suzuki et al[10]. +through comparisons with mass
blocks. The appropriateness of the prediction method under adiabatic conditions
was examined in these experiments. As shown in the figure, the initial tempera-
ture reached was approximately 3°C lower with mortar of high cement content and
approximately 3°C higher with concrete, while the ultimate temperatures reached
were roughly the same regardless of cement content to show good correspondence.

Fig._11 show the variations in the temperatures at the centers of the 2-m cube
(8-m” volume) mass blocks and the results of predictions by this method. This
takes into account the additions and deductions of heat and verifies that it be-
comes unifiedly possible for concrete temperature to be predicted for tempera-
ture paths of all kinds. Although actually covered with insulation material
over the entire surface, heat had escaped after all from the mass block, and
temperature at the center began to decline from the third day. Regarding com-
parisons with predicted results, although there are parts which are lower than
the measured values, it can be seen that correspondence is good. Good cor-
respondence is also indicated in case of concrete with comparatively small tem-
perature rise.
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Fig. 10 Predicted values of adiabatic temperature rises of mortar and concrete
and results of adiabatic temperature rise tests.
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Fig. 11 Predicted and measured values of temperature at center of mass block.

6. Conclusions

The study described in this paper consisted of an attempt for formulation of the
rate of heat liberation of cement at any temperature from the results of
measurements by conduction calorimeter under various constant temperatures. The
results may be recapitulated as follows;

(1) As a result of measuring hydration ratio of cements under different tempera-
tures, the cumulative heat liberation are of equal values if the hydration
ratios of the cement are the same, and it was found that cumulative heat libera-
tion is an effective parameter for uniquely expressing the hydrated state of ce-
ment.

(2) By dividing cumulative heat liberation into sections of 10 cal/g and assum-
ing that the rate of heat liberation in that section conforms to Arrhenius'
equation concerning temperature dependence of chemical reaction, the activation
energy at that section was determined from the ratio of rates of heat liberation
at the reference temperature and any temperature. As a result, the activation
energy of hydration reaction can be expressed as a function of cumulative heat
liberation and the rate of heat liberation at any temperature determined.

~(3) A method of predicting temperature rise of concrete was proposed based on
rate of heat liberation and specific heat of cement paste at any temperature of
expressed by cumulative heat liberation.

(4) Temperature predictions were made of adiabatic conditions such as in mass
concrete by the method of temperature prediction proposed and good results were
obtained. This verifies the appropriateness in an adiabatic condition of the
method of prediction proposed based on the rate of heat liberation under a con-
stant temperature where heat liberation is not accumulated at all.

(5) On predicting the temperatures of mass blocks of mortar and concrete from
which there was actual release of heat by the proposed method of predicting tem-

perature, good correspondence was indicated and the appropriateness of this pre-
diction method in a non-adiabatic condition was shown.

According to the foregoing, since the prediction method here is based on the



rate of heat liberation of cement obtained under a constant temperature, it is
possible for transfer of heat to be incorporated simply into the prediction
method to make possible a unified explanation of prediction of temperature rise
at a non-adiabatic portion which had been impossible with the conventional
method that had been based only on amount of adiabatic temperature rise.

It is intended for further studies to be made on prediction of temperatures in
structures subject greatly to influences of outside air temperature and struc-
tures under special conditions such as performance of pipe cooling.
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