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In this paper, experimental and numerical results on two types of semi-adiabatic tests have been com-
pared. The semi-adiabatic tests are of particular interest since they are simple and easy to perform. How-
ever, their analysis may be still difficult since they are based on several assumptions that need to be
addressed. In this paper, a numerical study has been undertaken for validating and rejecting some of
these assumptions which may lead to misleading results. Moreover, the effect of apparent activation
energy, which is a key role parameter for the prediction of hydration, has been studied. It shows that a
dual study is required for both the identification and the prediction of early-age behavior of massive con-
crete structures.

� 2012 Published by Elsevier Ltd.
1. Introduction

Prediction of hydration degree and temperature evolution is a
major concern for massive concrete structures such as foundations,
dams, nuclear containment structures, gas and water tanks, and
tunnels. Indeed, temperature gradients may lead to early-age
cracking and thus reduce the serviceability of these structures
(due to faster migration of aggressive species, reduction of the
tightness, etc.) This cracking is also strongly dependent upon the
evolutions of Young modulus, tensile strength, creep strains, which
are also affected by the evolution of hydration degree and
temperature.

In order to identify the release of heat (and temperature field)
or the evolution of hydration degree in concrete elements, semi-
adiabatic tests are of particular interest, since they are simple
and easy to perform. They require only the measure of tempera-
tures, in comparison with adiabatic tests for instance, as described
below (e.g. [1–4]). Indeed, in adiabatic tests, the curing chamber
(or calorimeter), surrounding the concrete specimen, is kept at
the same temperature as the concrete specimen to reduce heat
losses. A perfect insulation is impossible to provide. Therefore, it
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requires a control system and an active circulation of a fluid (air
or water) around the concrete specimen (e.g. [5–8]). An exhaustive
review of semi-adiabatic and adiabatic testing has been made by
Springenschmidt [9].

In semi-adiabatic tests, heat losses are strongly limited by a
thermal insulation. They can be classified in two categories,
depending on the type of insulation (insulation material or vac-
uum). Both types are studied in this paper:

� The Langavant insulated bottle (type of insulation: vacuum),
which is a normalized device commonly used in France [10]
and which has been recently normalized by the European com-
munity [11].
� A quasi-adiabatic test (type of insulation: insulating material),

developed at the Laboratoire Central des Ponts et Chaussées
(LCPC), commonly used in France in laboratory or in building
sites [12] and which will be called QAB test. The principle of this
test is to measure the temperature evolution of a concrete spec-
imen (a cylinder with a 16 cm diameter and a 32 cm height)
placed into an insulated box.

The interpretation of the results for both methods requires first
the calibration of the device (heat capacity l and heat loss a). Next,
knowing the heat capacity of the concrete specimen (Ccon [J �C�1]),
the temperature of the concrete specimen Tcon and the exterior
temperature Text, the release of hydration heat (q) reads:

http://dx.doi.org/10.1016/j.cemconcomp.2011.09.001
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qðtsaÞ ¼ CconðTadðtsaÞ � Tadðtsa ¼ 0ÞÞ ¼ CtotðTconðtsaÞ � Tconðtsa ¼ 0ÞÞ

þ
Z tsa

0
ðaþ bhðtÞÞhðtÞdt ð1Þ
where Ctot [J �C�1] is the total heat capacity (concrete + calorimeter),
a [W] and b [W �C�1] are coefficients of heat loss of the calorimeter
(with a = a + bh), tsa [s] is the «real» time related to the semi-
adiabatic test, h = Tcon � Text is the heating of the concrete specimen
and Tad is the theoretical adiabatic temperature. The right term of
Eq. (1) corresponds to the compensation, deduced from the calibra-
tion of heat loss. It is usual to calculate the theoretical adiabatic
temperature in order to identify the material parameters involved
in the prediction of hydration degree and temperature profile in
concrete structures (e.g. [13–16]).

Since the hydration is an exothermic reaction, time must be cor-
rected and related to a reference temperature (20 �C or the theoret-
ical adiabatic temperature Tad for instance), like in the maturity
concept (e.g. [15]). Thus, the release of heat during an adiabatic test
will be faster (compared to a semi-adiabatic test) and the link
between the time scale associated with the semi-adiabatic test
tsa and associated to the adiabatic test tad is obtained through the
following relationship (supposing that the thermo-activation is
governed by the Arrhenius law [17]):
tad ¼
Z tsa

0
e

Ea
R

1
ð273þTad ðtÞÞ

� 1
ð273þTcon ðtÞÞ

h i
dt ð2Þ
where Ea is the apparent activation energy of cement [J mol�1] and
R is the constant of perfect gas [8.314 J mol�1 K�1]

From these results, the release of hydration heat and the hydra-
tion degree can be predicted whatever is the history of tempera-
ture (e.g. [14]).

However, some shortcomings need to be addressed:

� The apparent activation energy has to be determined. This can
be done approximately from the knowledge of some chemical
characteristics of the cement [18] or from experiments (e.g.
[19,18]). However, it depends upon temperature (several chem-
ical reactions, with different kinetics and different values of
apparent activation energy, occur during hydration of cement)
and the type of experimental devices (e.g. Grube quoted in
[9,20,21]). For the sake of simplicity, it is assumed here, as is
done for most of the models (e.g. [14,22,23,16]), that this
parameter is constant.
� The calibration of the semi-adiabatic devices is performed in

steady state conditions, although the analysis of the results
(Eq. (1)) is performed in transient conditions. The heat loss
coefficient a is supposed to be linear with respect to the
temperature difference between concrete and environment
(hypothesis 1).
� The heat loss compensation is based on the assumption that the

temperature in the calorimeter and the concrete specimen are
equal and uniform (Eq. (1); hypothesis 2).

Therefore, a numerical analysis of these semi-adiabatic devices
has been undertaken in order to check the ability of conventional
models [13,14,23,16] to reproduce experimental results and also
to justify the two aforementioned hypotheses. In addition, the
location of the temperature sensor is discussed. Finally, a paramet-
ric study has been performed in order to emphasize the role played
by the apparent activation energy in the process of identification of
material parameters (for the prediction of temperature in a mas-
sive concrete structure).
2. QAB (semi-adiabatic) test

2.1. Mesh and model

2.1.1. Mesh
In the QAB test, the concrete specimen is cylindrical and the cal-

orimeter is parallelepipedic. Therefore, a 3D mesh is required. Due
to symmetry, only 1=4 of the concrete specimen + calorimeter sys-
tem is meshed (see Fig. 1). The insulation is provided by the use
of a polyurethane foam and air.
2.1.2. Thermal model
The evolution of temperature is obtained from the energy bal-

ance equation, which includes the release of heat due to the hydra-
tion reaction:

c _T ¼ rðkrTÞ þ L _n ð3Þ

in which L is the latent heat of hydration [J m�3], T is the tempera-
ture, n is the hydration degree, k is the thermal conductivity
[W m�1 K�1] and c is the volumetric heat capacity [J m�3 K�1]. The
latent heat of hydration, the thermal conductivity and the volumet-
ric heat capacity are kept constant [24,25]. Considering an evolution
of the thermal conductivity and the volumetric heat capacity of
concrete (with respect to hydration degree and temperature) leads
to a difference of only few degrees [26]. Also, convection and radi-
ation in the air inside the calorimeter (between the concrete spec-
imen and the polyurethane, see Fig. 1) are taken into account by
modifying the value of its thermal conductivity (cf. Table 2, Section
3.1.2 and [27]).

The hydration of cement paste is a thermo-activated process,
which can be taken into account through an Arrhenius type law
(e.g. [17]). Its evolution is modeled by the following relation
[14,23]):

_n ¼ eAðnÞ exp � Ea

RT

� �
ð4Þ

in which eAðnÞ is the normalized chemical affinity, associated with
the micro-diffusion process of water which reacts with unhydrated
cement [14].

In Eqs. (4) and (5), latent heat of hydration and normalized
chemical affinity are identified from a QAB test (after the use of
Eqs. (1) and (2), and the procedure given by Ulm and Coussy
[14]) performed at the LCPC on a ordinary concrete (see Table 1
for the mix composition).

The boundary conditions are assumed to be of convective type.
The convective heat flux (u) [W m�2] reads:

u ¼ hðTs � TextÞn ð5Þ

where h is the coefficient of exchange [W m�2 K�1], Ts is the tem-
perature on the surface [K]; Text is the ambient temperature [K]
and n is the normal unit vector to the surface (oriented towards
the exterior). It should be emphasized that parameter h includes
convection and radiation (which is linearized since the low varia-
tion of temperature, see Section 3.1.2 and [27]).

Thermal parameters are given in Table 2. Classical values for
material parameters (thermal conductivity, heat capacity) have
been used, expect for the heat capacity of the insulating material
which has been deduced from the calibration of the calorimeter
(which gives a global heat capacity equal to 3266 J K�1). The chem-
ical affinity and hydration heat release have been deduced analyt-
ically from Eq. (1) using several aforementioned hypothesis.
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Fig. 1. Mesh of 1=4 of the QAB device.

Fig. 2. Evolution of temperature at the center of the concrete specimen (point O in
Fig. 1).
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Fig. 3. Evolution of temperature with distance from the center ofthe QAB test
specimen (see Fig. 1) at different times.
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2.2. Analysis of results

Calculations are performed using subroutines developed by the
authors of Cast3m finite element code developed at the Commis-
sariat à l’Energie Atomique [29]. Experimental and predicted evo-
lutions of temperature are plotted in Fig. 2.

A relative good accordance between experimental and numeri-
cal results is achieved in terms of kinetics and maximal value.
Indeed, the adopted modeling is simplified: the thermal bridges
(at the level of the cover and the passage of thermal sensor toward
the exterior) and the rigid envelop of the calorimeter, for instance,
are not taken into account. Moreover, the precision of the thermal
sensors is around a few degrees.

In Fig. 3, the temperature profile with respect to time shows
that the temperature is almost homogeneous in the concrete spec-
imen (abscissa less than 0.08 m). It can also be shown on the tem-
perature field at different times displayed in Fig. 4. Therefore, it is
Table 1
Mix of concrete.

Aggregates (kg m�3) Sand (kg m�3) Cement CEM I

12.5/25 5/12.5
OC 783 316 772 350

Table 2
Thermal parameters used in the numerical simulations of the QAB test.

h (W m�2 �C�1) k (W m�1 �C�1)

Air 0.088a

Insulating 0.03
Concrete 1.7
Down face 0.6 [28]
Up and lateral faces 9

a Thermal conductivity of air is equal to 0.0257 W m�1 �C�1 at 20 �C. The (greater) valu
[27].
not necessary to place precisely the temperature sensor inside the
concrete specimen (an accuracy of about 1 or 2 cm is sufficient).

Fig. 5 compares the results in transient (at 25 h) and steady-state
conditions (the temperature is imposed uniformly at 51.5 �C and
20.2 �C in the concrete specimen and the exterior, respectively,
which corresponds roughly to their values at 25 h in transient con-
ditions). It should be emphasized that the steady-state conditions
are reached rapidly (after about 10 h). The two evolutions are
almost identical.
I/A 52.5 (CPJ 55 PM) (kg m�3) Water-reducing
plasticizer (L m�3)

Water (L m�3)

1.22 201

C (J m�3 �C�1) L (W m�3) Ea/R (K)

1200
14,680
2.4 � 106 140.1 � 106 5500

e proposed in this table takes also into account of convective and radiative transfers
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Fig. 4. Temperatures fields at different times during the QAB test.
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Fig. 5. Spatial evolution of temperature in the QAB test along the x axis (see Fig. 1)
at 25 h (transient conditions) and steady-state conditions. Temperature of the
concrete specimen is imposed uniformly at 51.1 �C.
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Fig. 6. Evolution of accumulated heat in the insulating qi1 (a) and in the whole
system (b) (concrete specimen and calorimeter = qt1). Comparison with the value
proposed in compensation of heat loss in the QAB test: qi2 (a) and qt2 (b).
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The heat loss compensation, proposed in Eq. (1), supposes that
the temperature inside the calorimeter is uniform and equal to the
concrete one. However, Figs. 3 and 4 show that this is not the case.
In order to evaluate the limit of this assumption, the quantities
qi1 ¼

R t
0 cisoðTisoðtÞ � Tisoð0ÞÞdViso which correspond to the real accu-

mulated heat in the insulation (ciso = 14,680 J m�3 K�1, cf. Table 2,
is the insulating heat capacity) and qi2 ¼ CisoðTconðtÞ � Tconð0ÞÞ
which correspond to the accumulated heat in the insulation calcu-
lated with the assumption that the temperature inside the calorim-
eter is uniform and equal to the concrete one (Ciso = 3266 J K�1 is
the total heat capacity of the calorimeter) are compared in
Fig. 6a. A huge difference between this quantities is obtained (a ra-
tio of about 135, constant in time), which suggests that Eq. (1) is
not valid. It should be noticed that the contribution of air can be
neglected (total heat capacity of 3.4 J K�1).

Nevertheless, the total heat capacity of concrete is equal to
Ctot = 15,440 J K�1, which is about five times greater than the one
of the calorimeter (3266 J K�1). Therefore, the quantities
qt1 ¼

R t
0 cisoðTisoðtÞ � Tisoð0ÞÞdViso þ cconðTconðtÞ � Tconð0ÞÞdVcon and

qt2 ¼ CtotðTconðtÞ � Tconð0ÞÞwhich correspond respectively to the real
accumulated heat in the whole system and to the accumulated heat
in the whole system calculated with the assumption that the tem-
perature inside the calorimeter is uniform and equal to the concrete
one are compared in Fig. 6b (which corresponds to the correction
proposed in Eq. (1). A weak role of the insulating is shown in the
accumulation of heat (but not for the heat loss, since it reduces it
through the a and b coefficients). Indeed, the ratio of about 680 is
predicted between the accumulation of heat in the concrete and
the insulating (
R t

0 cconðTconðtÞ � Tconð0ÞÞdVcon � 680
R t

0 cisoðTisoðtÞ�
Tisoð0ÞÞdViso). Therefore, the accumulated heat in the calorimeter
can be neglected and Eq. (1) remains valid.

Fig. 7 confirms that a law for the heat loss of the form y = a(h) � h
(with a(h) = a + bh and b less than a) is valid. Numerical results are
close to the experimental ones. Moreover, the coefficient b (which
has no real physical meaning) can be neglected (up to heating of
Dh = 40 �C).

Finally, Fig. 8 shows that most of the heat is loss through the lat-
eral sides, as expected (since the lateral surface is greater than the
top and bottom ones).



Fig. 8. Evolution of heat loss in the QAB with respect to time through different
sides.

Fig. 9. Axisymetric mesh of the Langavant test.

θθ

Fig. 7. Evolution of heat loss with respect to heating h (difference between the
concrete specimen and the exterior).
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3. Langavant test

3.1. Mesh and model

3.1.1. Mesh
Unlike the QAB test, the calorimeter used in the Langavant test

and the concrete specimen placed inside it both have a cylindrical
shape. This allows axisymmetric numerical simulations to be per-
formed (Fig. 9).

3.1.2. Thermal model
The main difficulty for the Langavant test modeling is to take

into account the radiation heat transfer into the vacuum. To sim-
plify the simulations, the heat transfer due to the radiation has
been considered as equivalent (non-linear) conduction after linear-
ization of the heat flux. Effectively, the heat flux transmitted
between two plates by radiation can be written as following:

u ¼ erðT4
int � T4

extÞ ð6Þ

where e is the emissivity of the surface [–], r is the Stephan–Boltz-
mann constant [5.67 � 10�8 W m�2 K�4], Tint is the temperature of
the first plate [K] and Text is the temperature of the second plate [K].

Eq. (6) can be transformed to obtain an equivalent (non-linear)
conduction coefficient:

u ¼ erðTint � TextÞðT3
int þ T2

intText þ TintT
2
ext þ T3

extÞ

� 4erT3
moyðTint � TextÞ ¼

keq

e
ðTint � TextÞ ð7Þ

where Tmoy = (Text + Tint)/2, e is the tightness of the vacuum room
and keq [W m�1 K�1] is the equivalent thermal conductivity.
This approximation which is regularly used (see for example
[27]), can only be done if the temperature difference Tint� Text stays
in a small interval compared with the radiation heat transfer.

Thus, the Langavant test modeling can be assimilated to a con-
ductive problem. In the virtual mesh of the vacuum room, the con-
ductivity coefficient depends upon the temperature. The model
used is the same as presented in Section 2.1.2.

The used thermal parameters are summarized in Table 3.

3.2. Analysis of results

The specimens used in a Langavant test do not have sufficient
size to be representative of concrete. Therefore, Schwartzentruber
[30] has developed the concept of the equivalent concrete mortar
(MBE in French). The principle is to replace the volumetric propor-
tion of aggregates which have a diameter greater than 5 mm by
sand by keeping the same specific area with the concrete aggregate
one. Designed at first for rheological study, Schwartzentruber [30]
has shown that the MBE is also representative of the concrete for
calorimetric tests.

Experimental tests and numerical simulations were performed.
The evolutions of temperatures are measured or calculated in two
distinct locations (the first one is the middle of the specimen of
MBE and the second one is the middle of the air located above
the specimen; see Fig. 9). These points have been chosen because
although the norm recommends placing the temperature sensor
in the mortar specimen, it can be interesting to reuse the temper-
ature sensor (by placing it above the specimen). Fig. 10 presents
the temperature evolution at two aforementioned points with
respect to time.

The results of the comparison are very interesting. Firstly,
although the parameter used in the thermo-chemical simulation
(chemical affinity) comes from a QAB test, one can observe a good
concordance between experimental and numerical results. Thus,
the hypothesis of a good representativeness of the MBE with
respect to the referenced concrete is validated.

Secondly, one can observe a non-negligible temperature differ-
ence between points 1 and 2. This difference invalidates the
hypothesis of an almost constant temperature throughout the cal-
orimeter room. This may have important consequences on the total
heat release calculation and on the prediction of the hydration



Table 3
Thermal parameters used for the Langavant test simulation.

e (–) h (W m�2 �C�1) k (W m�1 �C�1) C (J m�3 �C�1) L (W m�3) Ea/R (�K�1)

Air 0.088 1200
Insulation 0;043 13,000
Concrete equivalent mortar 2 2.460 � 106 172.1 � 106 5500
Duraluminium 200 860
Vacuum room face 0.03
Free face 9
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Fig. 10. Temporal evolution of the temperature (points 1 and 2, see Fig. 9) in a
Langavant test.
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degree kinetics. Effectively, the hydration degree evolution is cal-
culated from the adiabatic temperature evolution (normalized by
the final adiabatic temperature). So, as the temperature evolution
kinetics presented in Fig. 10 seems to be approximately the same,
it is possible that the hydration degree evolution will not be af-
fected by the temperature difference. Nevertheless, with this
approach, the thermo-activation (more important at point 1 than
at point 2) is not taken into account. The results of the classical
interpretation of Langavant test (through heat losses compensation
to obtain the adiabatic temperature and time correction to take
into account the thermo-activation) are displayed in Figs. 11 and
12.

Fig. 11 shows an important difference between the two adia-
batic temperature evolutions which finally gives an error of 22%
on the calculation of the total heat release. For the hydration de-
gree (Fig. 12), the error done is lower but reaches a mean value
of 8%.

The comparison of the heat losses obtained by numerical simu-
lation and by the calorimeter calibration is presented in Fig. 13. The
heat losses obtained by finite element calculations are slightly
lower than the calibration one but a quasi-linear relation is
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Fig. 11. Calculated adiabatic temperature evolution (from the temperature mea-
surement at points 1 and 2, see Fig. 9).
obtained (following the form: y = ah) with a = a + bh like in the
QAB test.

4. Influence of apparent activation energy

As we have seen previously, the cement apparent activation en-
ergy is needed in the QAB and Langavant tests analysis for the
determination of the hydration degree evolution. Moreover, it
appears in the calculation of the chemical affinity (equally deter-
mined from the calorimetric test results) through the following
equation [14]:

AðtÞ ¼ n1
dTad

=dt

Tad
1 � Tad

0

exp
Ea

RTðtÞ

� �
ð8Þ

where n1 is the final hydration degree [–] (which could be obtained
with the empirical law proposed by Waller [24]).

Thus, in a numerical simulation, this parameter appears two
times (one time explicitly in the calculation of the hydration de-
gree, Eq. (5), and a second time implicitly in the calculation of
the chemical affinity, Eq. (8). A parametrical study based on the
apparent activation energy has been performed to highlight the



Fig. 14. Wall dimensions and temperature sensor positions (distance in cm).
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Fig. 15. Evolution of the predicted temperature inside the wall at different
locations (see Fig. 14) for different activation energies.
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effect of this parameter on the calculation of temperature evolu-
tion in a massive structure. A simple geometry, representative of
a massive wall cast on a massive slab, has been considered and
the temperature fields during the hydration have been calculated.
The wall dimensions and the position of the temperature sensor
are displayed in Fig. 14. The evolution of the adiabatic temperature
used comes from a QAB test.

A constant value of the apparent activation energy has been
used for each simulation (see the introduction). The simulations
performed covers a large scale of apparent activation energy values
(from Ea/R = 4000 K�1 to Ea/R = 7000 K�1). Fig. 15 shows the para-
metrical study results. In the simulation, the chemical affinity is
recalculated for each value of apparent activation energy.

The simulations results highlight a weak effect of the apparent
activation energy on the maximal temperature reached for each
temperature sensors but also on the temperature evolution kinet-
ics. This can be explained by the fact that the chemical affinity
calculated from a semi-adiabatic (or adiabatic) test plays a com-
pensatory role of the energy activation value. So, it is necessary
to consider the couple (A(n), Ea/R).

Furthermore, this study shows that an approximate value of the
apparent activation energy (calculated for example from the ce-
ment chemistry given by Kishi and Maekawa [31] quoted in
Buffo-Laccarrière [32] or Schindler [18]) is sufficient to predict
correctly the temperature field evolution of a massive structure.
Thus, only one calorimetric test (semi-adiabatic or adiabatic) is
necessary if the chemical affinity is calculated with this apparent
activation energy.
5. Conclusion

Simulations of (semi-adiabatic) calorimetric tests like QAB and
Langavant test allow us to validate some hypotheses made for
the interpretation (through heat loss compensation) and to invali-
date some simplifications of the test protocol (and quantification of
the mistakes):

� Even though the calorimeters calibration is performed under
steady-state conditions, whereas the test is performed under
transient conditions, the heat losses can be calculated by the
following equation y = ah, with a = a + bh.
� In the QAB test, the accumulated heat in the insulation can be

neglected. Therefore, the analytical equation (Eq. (1)) proposed
which includes the accumulated heat and the heat losses are
validated by numerical simulations.
� Even though the use of a size of calorimeter compatible with the

aggregate size of the tested material is always preferred, the
used of an equivalent concrete mortar and a Langavant calorim-
eter can be sufficient to obtain the total heat release and the
chemical affinity of the concrete.
� A wrong position of the temperature sensor (outside the speci-

men) in a Langavant test leads to an important error on the total
heat release calculation and to a non-negligible error on the
hydration degree evolution. Nevertheless, an accuracy of about
1 or 2 cm on the temperature sensor position inside the speci-
men is largely sufficient.

Finally, a parametrical study of the apparent activation energy
effect has shown the possibility to use an approximate value of
it, provided that the couple (A(n), Ea/R) is considered. The experi-
mental determination of an accurate value needs to perform two
semi-adiabatic tests in two different environments (two external
temperatures for example). This requires adequate equipment
and increases the cost of conducting the experiments. The results
of this study seem to show that only one semi-adiabatic test is suf-
ficient to predict correctly the temperature field evolution inside a
massive concrete structure.
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