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1 Experimental determination of
specific heat
Application of classical adiabatic-calorimetry methods in

measuring the specific heat of building materials can lead to
certain difficulties for the following reasons:
a) The samples of building materials have to be relatively

large because of their inhomogeneity
b) Due to the low thermal conductivity of most building mate-

rials it can take a relatively long time to reach temperature
equilibration over large dimensions, resulting in significant
heat loss.

Therefore, a nonadiabatic method was used for deter-
mining the temperature-dependent specific heat (see [1], for
details).

The nonadiabatic calorimeter that we used has a mixing
vessel with a volume of 2,5 liters. The volume of the measur-
ing fluid (water in this case) is about 1 liter. The maximum
volume of the measured samples is 1 liter. The amount of heat
loss of the nonadiabatic system is determined using a calibra-
tion. The calorimeter is filled with water, whose temperature
is different from the ambient air. Then, the relation of water
temperature to time, Tc(t), is measured.

The tests show that the calibration curve Tc(t) is nearly
exponential; small differences in measuring conditions cause
only small changes in the calibration curve. The experiments
have a replicability better than 1 %.

The measuring method itself is based on well-known prin-
ciples. The sample is heated to a predetermined temperature
Ts in a muffle furnace and then put into the calorimeter with
water. Then, the relation of water temperature to time Tw(t) is
measured, the water being slowly stirred all the time, until the
temperatures of the measured sample and the calorimeter are
equal. The duration of temperature equilibration ranges
from 20 minutes to 1 hour, depending on the thermal con-
ductivity and size of the material being measured.

The heat balance of the sample-calorimeter system can be
written in the form:

� � � �� �mc T T K m c T T m L Qs e w w e w r� � � � � � �0 � , (1)

where m is the mass of the sample, Ts is the temperature of the
sample prior to being put into the calorimeter, c is the specific
heat of the sample in the temperature interval [Te, Ts], K is the

heat capacity of the calorimeter, mw is the mass of the water, cw
is the specific heat of water, Tw0 is the initial water
temperature, L is the latent heat of evaporation of water, Qr is
the reaction heat, �m is the mass of evaporated water,

� � �m m m m m mcw s N sc� � � � � , (2)
mcw is the mass of the calorimeter with water before the
measurement, ms is the mass of the system calorimeter-wa-
ter-sample after measurement, �mN is the mass of the water
naturally evaporated during the measurement (this heat loss
is already included in the heat loss calibration curve), �msc is
the change of mass due to the chemical reaction of the sample
with water (e.g., hydrolysis). This value can be obtained as
�msc = m � mD , where mD is the mass of the dried sample after
the measurement.

Determining the specific heat c directly from equation (1)
we would obtain a mean value of specific heat, c, in the
interval [Te, Ts] by
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However, from the physical point of view, it is more correct
to determine the value of the specific heat “pointwise”, in
accordance with the definition of specific heat,
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where h is the specific enthalpy.

Using relation (4) to determine specific heat, we have to
specify the zero-point of the enthalpy scale, i.e., we have to en-
sure that all the enthalpy calculations are related to a certain
constant temperature. This reference temperature can be, for
example, Tk = 0 °C. Upon adding

� �Q m c T Te k� � � �0 , (5)

where c0 is the mean specific heat of the sample in the
temperature interval [0, Te ], to both sides of equation (1), and
dividing by m, we obtain

� � � �� � � �h T
K m c T T m L Q

m
c T Ts

w w e w r
e k�

� � � � �
� �0

0
�

.(6)

The value of c0 is considered to be constant, taking into
account the condition

T T T Ts e e k� �� � , (7)
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and it can be measured, for example, using the classical adia-
batic method.

Performing a set of measurements for various sample
temperatures Ti, we obtain a set of points [Ti, h(Ti )]. A reg-
ression analysis of this pointwise given function results in
a functional relationship for h � h(T) and, using relation (4),
also in the function c � c(T) as the first derivative of h with
respect to T.

2 Materials and samples
The experimental work was done with two types of high

performance concrete used in nuclear power plants: Penly
concrete and Temelin concrete.

Penly concrete was used for concrete containment
building in a nuclear power plant in France (samples were
obtained from M. Dugat, Bouygues Company, France). It had
a dry density of 2290 kg/m3, and consisted of the following
components: Cement CPA HP Le Havre (290 kgm�3), sand
0/5 size fraction (831 kgm�3), gravel sand 5/12.5 size fraction
(287 kgm�3), gravel sand 12.5/25 size fraction (752 kgm�3),
calcareous filler PIKETTY (105 kgm�3), silica fume
(30 kgm�3), water (131 kgm�3), retarder CHRYTARD 1.7,
super-plasticizer Resine GT 10.62. The maximum water
saturation was 4 %kg/kg.

The Temelin concrete used for the concrete containment
building of the Temelin nuclear power plant in the Czech
Republic had a dry density of 2200 kg/m3 and maximum
water saturation 7 %kg/kg. The composition was as follows:
Cement 42.5 R Mokrá (499 kgm�3), sand 0/4 size fraction
(705 kgm�3), gravel sand 8/16 size fraction (460 kgm�3),
gravel sand 16/22 size fraction (527 kgm�3), water
(215 kgm�3), plasticizer 4.5 lm�3.

The specimens for measuring the specific heat were cubic
in shape, 71 × 71 × 71 mm for both materials. Twenty
measurements were made for each material.

3 Measured results

3.1 Temperature dependence of specific heat
The measured results are summarized in Figs. 1a, b. In the

temperature range to 400 °C, both materials behaved in
a similar way, and we observed a characteristic increase of
specific heat with temperature. The measured data were
very close to those determined earlier for similar concrete
mixes [2]. For temperatures above 400 °C, the specific heat of
Temelin concrete slowed down its increase with temperature,
and for temperatures higher than 600 °C the specific heat
began to decrease. These changes in the character of the
specific heat vs. temperature relation can be explained by
structural changes of the material in this temperature range,
which are due to the loss of crystallically bonded water and de-
hydration of some components. The Penly concrete was
found (from the point of view of structural changes) to be
more stable against high temperature exposure. The spe-
cific heat vs. temperature relation remained increasing in
the whole studied temperature range, only the increase was
slower for temperatures above 400 °C.

3.2 Moisture dependence of specific heat
The measured results showed that the sensitivity of the

nonadiabatic method was not high enough to distinguish
between the changes of specific heat due to the moisture
variation in the whole range of moisture; only the differences
between the dry samples and the samples with very high
moisture content could be distinguished in a reliable way. The
comparative experiments with the classical adiabatic method
gave very similar results; again no reliable data were obtained.

Therefore, we employed a classical superposition princi-
ple of water and dry material and calculated the specific heat
according to the analytical formula given by I. Kašpar [3]:
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Fig. 1a: Dependence of the specific heat of Temelin concrete on
temperature

Fig. 1b: Dependence of the specific heat of Penly concrete on
temperature

Fig. 2a: Dependence of the specific heat of Temelin concrete
on the moisture content
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where cd is the specific heat of the dry material, cw the specific
heat of water, u the moisture in %kg/kg.

The results for the temperature 25 °C calculated accord-
ing to this formula are shown in Figs. 2a, b.

4 Conclusions
The specific heat of two types of high performance

concrete was determined in wide temperature and moisture
ranges. The temperature dependence was found to be very
important. Compared to the room temperature data, we ob-
served changes within the range of several tens of percent,
and for the case of Penly concrete the value at 1000 °C was
even approximately two times higher than at 100 °C. The

moisture dependence of specific heat was not found to be as
remarkable as the temperature dependence, but the changes
of the specific heat in the range of approximately 10 % com-
pared to the dry material were also not negligible as well.
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Fig. 2b: Dependence of the specific heat of Penly concrete on the
moisture content
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