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Abstract. The scenario of a severe accident in the containment building of a nuclear plant results in
an increase in pressure, temperature and relative humidity that can reach respectively 5 bars, 140 C
and the water vapour saturation. Accurate knowledge of the thermal and mechanical behaviour of ma-
terials and more specifically of concrete is required to carry out more precise numerical simulations,
in order to be able improve the precision of regulatory calculations.

Our study aims to investigate the mechanical behaviour of concrete under homogeneous conditions
of moisture and temperature. An experimental apparatus was designed in order to assess the evolu-
tions of the fracture energy, the modulus of elasticity and the traction resistance of concrete. Different
temperature levels up to a maximum of 140 C and at different values of the controlled moisture con-
tent were investigated. The equipment was used to perform DCT (Disk-shape Compact Tension) tests
at 30, 90, 110 and 140 C. Five levels of degree of liquid water saturation ( Sw) were investigated for
each temperature level between 36 and 100 %.

1 INTRODUCTION

Measurements of the mechanical properties
of concrete under controlled conditions of tem-
perature but without control of relative humid-
ity [1–4] and mechanical tests under different
percentages of degree of saturation and con-
troled temperature exist in literature [5, 6]. To
our knowledge, in literature, there are no mea-
surements of the mechanical properties of con-

crete under controlled conditions of tempera-
ture and relative humidity except the results of
Bazant [7] who measured the strength of con-
crete at dry state and at 100 % of relative hu-
midity at different levels of temperature.

It is interesting to study the evolution of
the mechanical properties of concrete in depen-
dence of temperature and degree of saturation.
But in order to regulate the relative humidity at
temperatures higher than 100 ◦C, it is necessary
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to take into account the pressure. In fact, these
three parameters (temperature, degree of satu-
ration and pressure) influence on the evolution
of fracture energy, elastic modulus and traction
resistance. Thus, their combination must bein-
vestigated.

The objective of this experimental work is to
characterise the evolution of the fracture energy,
the modulus of elasticity and the tensile strength
in function of temperature, degree of saturation
( Sw) and pressure. For this purpose, the DCT
tests (Disk-shape Compact Tension) [8, 9] has
been chosen to determine this evolution. The
DCT tests have been performed under hydro-
thermal controlled conditions. The different de-
gree of saturation in liquid water, Sw are ob-
tained by be storing the specimens in an envi-
ronment at imposed relative humidity. The tar-
get values of degree of saturation are the follow-
ing: 36, 56, 68, 96 et 100 %. The temperature
has been fixed at four target values : 30, 90,
110 and 140 ◦C. This choice allows to measure
the influence of temperature on the behaviour of
concrete by considering the temperature under
service condition and under a severe accident in
a confinement reservoir in a nuclear plant. For
temperatures of 110 and 140 ◦C, the pressures
of the saturated vapour are respectively 1.4 and
3.5 bar.

2 Materials and specimens

2.1 Formulation and characteristics

An ordinary concrete called BMacena, rep-
resentative of the concretes used for French nu-
clear power plants, was chosen. Its composition
is presented in Table 1.

Table 1: Concrete mix

BMacena Quantity
(kg/m3)

CEM I 52,5 N CE CP2 NF (Gaurain) 320
Sand 0/4 (Varennes) 830

Gravel 4/11 (Varennes) 445
Gravel 8/16 (Balloy) 550

Superplasticizer SIKAPLAST 80 2.75
Total water 197.6

E/C 0.62

The standard mechanical properties of the
hardened concrete at 28 and 90 days are re-
ported in Table 2. These properties were ob-
tained by calculating the mean value of two
samples performed on 16 x 32 cm specimens.
Tensile strength was evaluated using the split-
ting test.

Table 2: Standard characteristics of hardened concrete
NF EN 12390

Compressive Tensile Modulus
strength strength of elasticity
fc (MPa) ft (MPa) E (GPa)

28 days 41 3.7 32.2
90 days 43 4.2 -

2.2 Specimens
In this study, the DCT specimen [9] is used

(see Figure 1). Letter D indicated that the spec-
imen is a disk, letter C indicates that the spec-
imen is compact and letter T indicates that the
load is applied in traction. The principle of this
test is simple: it consists in submitting the spec-
imen to an increasing tension or to a constant
displacement until failure. During the test, the
crack opening and the applied load are recorded
by means of a data logger system. The DCT test
is generally used to test samples of steel [10]
and asphalt [11], but we used the DCT test on
concrete because the samples have a specific ge-
ometry that allows to reduce the volume under
pressure during the test.
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In this study, the principle of the DCT tests
can be used for the whole experimental cam-
paign with the objective of determining the pa-
rameters E, Ft and Gf .
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Figure 1: DCT Specimen

2.3 Hydro-thermal balancing of specimens
After demoulding, the specimens are stored

in water at 20 ◦C and they are considered fully
saturated at the beginning of the equalisation
process. A series of specimens is kept in wa-
ter and for the other ones, the equalisation starts
90 days after the mixing of the concrete. In or-
der to accelerate the desaturation process and
the equalisation of our specimens, it has been
decided to store specimens at 60 ◦C except for
a series. Furthermore, in order to perform the
test in a reasonable time, we needed to keep dif-
ferent specimen in different environments at the
same time. We used salt solutions to regulate
the different levels of relative humidity.

The saturated salt solutions were disposed at
the bottom of the containers ( Table 3). The
relative humidity is regularly controlled by a
thermo-hygrometer capable of measuring rela-
tive humidity that ranges from 10 % to 98 %

. Three specimens are placed in each container
and for each level of relative humidity, we used
two containers that later have been placed in an
oven in which temperature was increased with
a rate of 1 ◦C/min up to 60 ◦C.

Table 3: RH values obtained from different salt solutions

1 2 3 4
Salt solution KCL KNO3 K2SO4 K2SO4
Temperature 60 60 60 20

Theorical 81 % 85 % 95 % 98 %
R.H.

Measured 83 % 93 % 98 % 98 %
R.H.

At this stage, all specimens are placed in
their environment. Some specimens were
weighed regularly, in order to establish if sta-
bilisation is completed and to determine the
isothermal desorption of the material.

The surface of the specimens is wiped if nec-
essary. The measurements are performed in a
very short time and always by respecting the
procedure whose effect is considered negligible
on hydro-thermal state. The weight is measured
by using a scale with a precision of 0.01 g.

The control of the equilibrium was done by
regularly checking the evolution of the mass of
all samples ( Figure 2). We supposed that the
equilibrium is attained when the mass of the
specimen changes less than 0.1 % between two
measurements over a week. The control on the
masse was done on three samples for each en-
vironment. Figure 2 represents the curves that
correspond to one of the specimens for each en-
vironment.
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Figure 2: Relationship between material mass loss and
current time for DCT test

Table 4 shows the degree of water saturation
of samples at equilibrium in their correspond-
ing environment. This table also shows the ob-
served balancing times for the different environ-
ments.

Table 4: Water saturation percentages for DCT specimens

Environment 1 2 3 4

Sw

31 50 63 93
37 51 65 93

68 94
94

Average 34 51 65 94
-3/+3% -1/+0% -2/+3% -1/+0%

Balancing 490 490 490 490
time (j) jours jours jours jours

3 DCT test equipment
In order to maintain humidity in the atmo-

sphere for temperature higher than 100 ◦C, it is
necessary to apply pressure. For this reason, we
built a new experimental device (called pressur-
ized cell) in which we performed the mechan-
ical tests (DCT tests) under controlled condi-
tions of temperature (up to 140 ◦C) and pressure
(up to 4 bars).

The experimental device respect specific re-
quirements such as:

• Evolution of degree of saturation in spec-
imens must ne neglectable during testing

• Pressure of 4 bars can be reached in the
pressurized cell

• The pressurized cell must be sealed to air
and water

• The measurements of displacement and
load must be logged during testing and
hence all transducers must support testing
conditions

The pressurized cell contains a water tank
with an electrical resistance ( Figure 3). The
resistance is controled with a thermocouple lo-
cated close to specimen. When the temperature
in water exceeds 100 ◦C, water evaporates and
pressure increases. A pressure valve is used
to release air to obtained precisely the target
value. During the test, air is saturated of water
vapour. In prelimlinary tests, specimens have be
weighted before and after heating. The increase
of weigth is less than 0.01 % for a degree of sat-
uration of 36 %. This is considered neglectable.
Two stainless steel rollers were used for appli-
cation of the load. Two stainless steel helmets
were linked to the rollers and to the hydraulic
press.

Figure 3: Test device

4 Experimental analysis
4.1 Fracture energy

Fracture energy was assumed to be the total
work of the applied load by unit of crack area:

Gf =
W0

Alig
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Where
Gf : fracture energy [N.m−1]
W0: work applied of the applied load [N.m]
Alig: area of the unnotched part of the specimen
(plane fracture area at the end of the test) [m2]

Figure 4: DCT test

4.2 Modulus of elasticity
In order to determine the elastic modulus by

means of a DCT test, we performed a numerical
calculation to determine the relation between
the real elastic modulus and the slope of the ini-
tial curve between force and relative rollers dis-
placement. Then, the equation 1 can be used to
determine the modulus of elasticity

Eexp = E0
Kexp

K0

(1)

Where
E0 = 30 GPa modulus of elasticity used for the
numerical calculation
Kexp = experimental slope
K0 = 14.90 KN/m

4.3 Tensile strength
The tensile strength of concrete is usually de-

duced from the peak load. In most cases this
is not completely true and softening of con-
crete begins before the peak, which therefore
depends on the elastic and softening character-
istics of the material. We assume in the fol-
lowing that the softening of concrete in ten-
sion can be correctly depicted by means of a
coupled elastoplastic damage model that uses
a crack band approach. The model initially

developed by Fichant et al. [12] was recently
modified in order to better take into account
the fracture energy [13]. It is implemented in
the recent versions of Cast3M [14] and known
as ”MICROISO”. In the event of slow load-
ing, the results of simulations depend only on
3 parameters: modulus of elasticity E, frac-
ture energy Gf and tensile strength ft, assum-
ing that the Poisson’s ratio ν is known (a stan-
dard value of ν = 0.2 is hereby taken). As-
suming that the values of the modulus of elas-
ticity and of the fracture energy are known,
the peak load becomes a function depending
on the unique value of the strength ft. A first
computation is performed with a start value of
ft1 = 1.8MPa, then the maximum value of the
computed load FMi

is compared to the experi-
mental value FMexp and a new computation is
performed with a new value of ft corrected by
a Newton Raphson method.

fti+1
= fti +

((FMexp − FMi
) ∗ (fti − fti−1

)

FMi
− FMi−1

(2)
The load displacement curves obtained during
the iterative process are reported in Figure 5. 5
iterations allowed us to obtain a good approxi-
mation.
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Figure 5: Iterative process for the determination of tensile
strength ft

The computation performed with the identi-
fied parameters (E, ft and Gf ) is compared to
experimental results in Figure 6. A good agree-
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ment between numerical simulations and exper-
imental results can be observed.
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Figure 6: Computation with identified parameters

5 Results and discussion
5.1 Fracture energy under controlled tem-

perature and relative humidity
Table 5 shows the different fracture energy

results obtained using the DCT test. Tests were
performed at temperatures of 30, 90, 110 ◦C and
140 ◦C , at different relative humidity values as
described above, corresponding to different val-
ues of Sw and different pressure.

Fracture energy depends on the degree of
water saturation for the samples tested at 30, 90,
110 ◦C and at 140◦C Figure 7. For 30 and 90◦C,
fracture energy decreases linearly as the degree
of water saturation increases but does not seem
to be affected by the temperature. The results
are in good agreement with the results obtained
by Bazant [7].

The increase in Gf with the decrease in
Sw can be explained by the capillary pressure,
which increases as Sw decreases. This in-
duces local compressive stresses between the
pores. Because of these compressive stresses,
the propagation of cracks is harder and greater
energy is necessary for the creation of cracks.
For 110 and 140 ◦C, the results are very close
even if the values obtained at 110◦C are slightly
higher than the values obtained at 140 ◦C. Gf

increases linearly with Sw.

Figure 7: Evolution of fracture energy with the degree of
water saturation at 30, 90, 110 ◦C (1.4 bar) and at 140◦C
(3.5 bar).

Table 5: Evolution of fracture energy with the degree of
water saturation at 30, 90, 110 ◦C (1.4 bar) and at 140 ◦C
(3.5 bar)

Gf (N/m)
Sw 30 ◦C Sw 90 ◦C
37 82 31 91
63 84 50 86
65 91 51 91
90 91 68 88
93 94 93 101
94 94 94 100

100 93 100 100

Gf (N/m)
Sw 110 ◦C Sw 140 ◦C
37 82 31 91
63 84 50 86
65 91 51 91
90 91 68 88
93 94 93 101
94 94 94 100

100 93 100 100

5.2 Elastic modulus under controlled tem-
perature and relative humidity

Table 6 and Figure8 gives the results of the
elastic modulus obtained from the DCT tests
and finite element computations.

Except fo 90◦C, the modulus of elasticity is
almost constant between 36 and 95 %. An in-
crease in the elastic modulus was registered as
the degree of saturation increased from 95 %
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to 100 %. The results at 30◦C agrees with the
those obtained by Chen [15] who explained this
phenomenon by the saturation of the biggest
pores. The low compressibility of water induces
fewer deformations of the pores and a higher
modulus of elasticity.

Table 6: Evolution of Elastic modulus with the degree of
water saturation at 30, 90, 110 ◦C (1.4 bar) and at 140 ◦C
(3.5 bar)

E (GPa)
Sw 30 ◦C Sw 90 ◦C
36 25 36 26
51 21 54 16
71 23 65 16
96 21 93 18
96 34 93 15

100 28 100 20
100 32 100 23

E (GPa)
Sw 110 ◦C Sw 140 ◦C
37 31 31 36
63 40 50 36
65 32 51 38
90 68 40
93 41 93 48
94 56 94 56

100 53 100 58

Figure 8: Evolution of Elastic modulus with the degree
of water saturation at 30, 90, 110 ◦C (1.4 bar) and at 140
◦C (3.5 bar).

5.3 Tensile strength under controlled tem-
perature and relative humidity.

The evolution of the Tensile strength with Sw

is shown in Figure 9 and Table 7. It can be
observed that the tensile strength is practically
constant while the degree of saturation changes
from 36 % to 68 %. An increase of the tensile
strength has been observed while the degree of
saturation increases from 68 % to 100 %.

The drying of concrete induces a shrinkage
in the cement paste but not in the aggregates.
This mismatch leads to the appearance of cracks
at the interface between cement paste and the
aggregates. This can facilitate the appearance
of the first macroscopic crack and the decrease
in tensile strength.

Figure 9: Evolution of the Tensile strength with the de-
gree of water saturation at 30, 90, 110 ◦C (1.4 bar) and at
140 ◦C (3.5 bar).

7



H. KALLEL, H. CARRE, C. LABORDERIE, B. MASSON and N.C. TRAN

Table 7: Evolution of Tensile strength with the degree of
water saturation at 30, 90, 110 ◦C (1.4 bar) and at 140 ◦C
(3.5 bar)

Ft (MPa)
Sw 30 ◦C Sw 90 ◦C
36 2.23 36 1.95
51 3.11 54 1.70
71 3.05 36 2.14
96 2.91 93 2.47
96 4.13 93 2.877

100 2.95 100 2.86
100 4.84 100 3.14

Ft (MPa)
Sw 110 ◦C Sw 140 ◦C
37 1.46 31 1.45
63 1.00 50 0.98
65 1.15 51 0.96
90 68 1.00
93 2.25 93 1.97
94 2.00 94 2.06

100 2.13 100 2.08

6 CONCLUSIONS
The evolutions of Young’s modulus E, Frac-

ture energy Gf and tensile strength Ft were
measured at different values of the degree of
water saturation for temperatures ranging from
30◦C to 140 ◦C. A specific vessel was designed
in order to perform experiments under auto-
clave vapour condition for temperatures higher
than 100 ◦C. The first results show that:

At constant and homogeneous values of Sw.

• Ft decreases monotonously with the tem-
perature and can be divided by two be-
tween 30◦C and 140 ◦C.

• E slightly decreases between 30◦C and
90◦C and then increases for temperatures
greater than 100 ◦C

• Gf increases with the temperature, the
relative increasing is as more important
for high values of the saturation degree.

At constant values of temperature

• Ft andE remain nearly constant when Sw

ranges from 30 % to 60 % and then in-
crease when Sw ranges from 60 % to 100
%

• Gf decreases with Sw when the temper-
ature is lower than 100 ◦C and a con-
versely increases with Sw for higher tem-
peratures.

Some physical explanations could be found
for each individual result, but at first glance
some of them seems to be antagonist.Thermo-
Hygro-Mechanical Numerical computations
performed at the meso-cale may help to bet-
ter understand these experimental results.
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