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Abstract In this paper, the creep deformations of
two representative concrete materials are investigated
under thermal-mechanical-hydric conditions. Both
basic and drying creeps are considered. Triaxial
compression creep tests are first performed under a
confining pressure of 5 MPa and three different values
of temperature (7 = 20 °C, 50 °C or 80 °C). Two
different levels of differential stress are considered
(50% and 80% of the peak strength at 20 °C). These
tests are used for the characterization of basic creep.
Then hydric creep tests are conducted on samples
subjected to uniaxial compression condition with
different prescribed values of axial stress (30%, 50%
and 70% of the uniaxial compressive strength) and at
constant temperature (20 °C). The samples are
progressively dried by decreasing the relative humid-
ity (RH) from 98 to 50%. The relative variations of
sample mass are also measured during the drying
process. It is found that the basic creep strain rate is
enhanced by temperature and differential stress. The
drying kinetics is strongly influenced by the
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compositions of concrete. The drying creep deforma-
tion is directly correlated with the mass loss kinetics.
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1 Introduction

This study is carried out in the framework of research
projects coordinated by Andra (French National
Agency for the Management of Radioactive Waste)
on typical concretes envisaged for the underground
storage of radioactive waste. In this context, concretes
will be subjected to complex environmental condi-
tions including mechanical loading, temperature vari-
ation, desaturation and resaturation and chemical
degradation [1, 2]. Indeed, concrete materials are used
as engineering barrier or supporting structures are
subjected to complex stress paths due to interactions
with the geological barrier and the swelling clay also
used as engineering barrier. Further, concrete compo-
nents can be desaturated by ventilation in galleries and
resaturated by water from the surrounding geological
formation. On the other hand, the heat produced by
exothermal radioactive waste can induce significant
variation of temperature. Finally, various chemical
degradation process such as leaching and carbonation
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can also take place. The thermo-hydro-mechanical
(THM) behaviors of concretes are strongly influenced
by these coupled environmental conditions.

The feasibility of geological disposal of radioactive
waste requires the characterization of long term THM
behaviors of all involved materials in the storage
facilities including concretes, ranging from a few
thousands to a few tens of thousands of years. It is
known that all concrete materials exhibits creep
deformation of various origin. It is therefor crucial to
perform experimental and modeling studies on the
creep deformation of concrete under complex envi-
ronmental conditions as mentioned before.

Concrete creep behavior has been studied for a long
time, many experiments have been carried out to
measure creep and study different influencing vari-
ables. These variables include W/C ratio [3-5],
relative humidity [6-11], types of cement [12],
additions used [13-18], etc. Concerning the same
context of geological disposal of radioactive waste,
some authors have performed studies on basic creep
deformation of concrete at three different values of
temperature, 20 °C, 50 °C and 80 °C [19, 20]. It was
shown that the creep deformation increased exponen-
tially with temperature and that the thermal damage
occurred beyond 50 °C, revealed by a decrease in the
elastic modulus. With regard to the effects of humid-
ity, previous studies have mainly focused on the
drying induced shrinkage under constant humidity.
When concrete is subjected to simultaneous drying
and mechanical loading, the resulting deformation is
much greater than the sum of the basic creep and the
drying shrinkage [21, 22]. Many other studies were
devoted to understanding the physical mechanisms
involved in drying creep such as micro-cracking and
shrinkage [23-35]. In the underground storage struc-
tures, the concrete components can be subjected to
important hydric cycles, temperature variations and
multi-axial mechanical loading. Many studies indi-
cated that the behavior of concrete under varying
relative humidity because swelling occurs when the
water content increases [36—39]. Some previous have
also been devoted to the characterization and model-
ing of temperature and damage effects on the basic
creep deformation of concrete [40—43].

However, few studies have been performed on the
characterization of creep deformation of concretes
under coupled thermal-mechanical-hydric conditions.
This is the main objective of this study. A new series of

laboratory tests are performed on two types of
concretes respectively fabricated with CEM I and
CEM V cements according to European norms. For
each material, both basic and drying creeps are
considered. For this purpose, triaxial compression
creep tests are first carried out under three different
values of temperature and two levels of differential
stress. The obtained results are used to investigate the
effects of temperature and stress level on the basic
creep deformation of two tested materials. Then
drying tests are performed under different values of
uniaxial compression stress to evaluate the effects of
mechanical load on the drying kinetics and drying
induced creep deformation. For two groups of tests,
the influences of concrete compositions on both basic
and drying creep deformations are also analyzed.

2 Experimental program
2.1 Materials

Two sets of reference materials are suggested by
Andra and considered in this study. Their main
difference lies in the nature of the cement used in
the formulation, respectively CEM I and CEM V/A.
The CEM 1 type is made of pure Portland cement,
while the CEM V/A cement is constituted of 60%
clinker in mass, 22% blast-furnace slag, 14% fly ash
and 4% setting regulator. After the extraction from
mold, both concretes are cured in lime-saturated water
(20 °C) for about six months until the tests were
performed. All the samples have almost the same
curing duration. In Table 1, one presents the detailed
formulations of the CEM I and CEM V/A concretes. In
Table 2, the basic physical and mechanical properties
of the two concretes are given. These two materials are
chosen for potential use in the structures for geological
disposal of radioactive waste due to their low porosity
and permeability as well as suitable mechanical
properties.

Cylindrical samples are used in this study. The
diameter of samples is 36.5 mm and the height is 69
mm for basic mechanical creep tests and 120 mm for
drying creep tests. The size of samples is considered as
large enough as a Representative Elementary Volumes
(REV) with respect to the size of the largest aggregate,
namely 12 mm.
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Table 1 Formulations of

Constituents CEM 1 (kg/m) CEM V/A (kg/m®)
two studied concretes
Cement: CEM I 52.5 400
Cement: CEM V/A 42 SN 450
Sand 0/4 858 800
Gravel 5/12.5 954 984
Superplasticizer glenium 27 10 2.5
Water 171 176.3
w/C 0.43 0.39
Table 2_ Basic phy§ical and Properties CEM 1 CEM V/A
mechanical properties of
two concretes Uniaxial compressive strength 3 months 66.6 MPa 66.2 MPa
Young’s modulus 3 months 23.9 GPa 23 GPa
Poisson’s ratio 3 months 0.16 0.26
Porosity 8.2% 12.4%

2.2 Testing program

It is worth noticing that in general four complementary
and interacting creep and shrinkage processes are
identified in concrete materials, namely autogenous
and drying shrinkage, basic and drying creep. Further,
the variation of temperature can also induce thermal
deformation of materials. In this study, there are two
objectives. The first one is to investigate the influences
of temperature and mechanical stress on the basic
creep deformation and the second one is to study the
effect of mechanical loading on the drying creep
process. The autogenous or drying shrinkage as well as
the thermal deformation is subtracted from total
deformation and is not specifically studied here. For
this purpose, two sets of laboratory tests are carried
out.

The first set is devoted to the basic creep behavior.
The objective is to evaluate the impact of multi-axial
stress and temperature on the kinetics of creep
deformation. Triaxial compression creep tests are
performed under a confining stress of 5 MPa. A
preliminary triaxial compression test is first conducted
at 20 °C to identify the peak differential (also called
deviatoric) stress for this confining stress. Based on
this reference strength, creep tests are performed under
three different values of temperature: 20 °C, 50 °C and
80 °C. For each temperature, two levels of differential
stress are used, respectively at 50% and 80% of the
peak strength. The temperature is prescribed to the

desired value after the application of confining stress.
The thermal deformation is measured but not specif-
ically quantified here. When the thermal deformation
reaches its stationary value, the differential stress is
applied. The instantaneous deformation is first mea-
sured and the creep stage is then started. The emphasis
is put on the evolution of the deformation with time
after subtracting the thermal and instantaneous strains.

The second set focuses on the drying creep
behavior. To this end, uniaxial compression creep
tests are performed at 20 °C and with drying process.
For each kind of concrete, three tests are simultane-
ously conducted: the samples are first subjected to
three different levels of axial stress, respectively at
30%, 50% and 70% of the uniaxial compression
strength. Then, under the constant prescribed stress,
the samples are progressively dried from the saturated
state to partially saturated one by decreasing step by
step the relative humidity to 98%, 95%, 90%, 70% and
50%. At each drying step, the relative mass variations
and the evolutions of axial strain of all samples are
measured, in order to characterize the effect of stress
on the drying process. The mass variations are
measured with an accuracy of £0.1 g.

2.3 Experimental devices
The triaxial creep tests are carried out by using the

self-compensated autonomous cell presented in Fig. 1.
Unlike classical triaxial cells, the piston of the cell is
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Fig. 1 Experimental setup sketch for triaxial creep tests

not subjected to the upward axial force induced by
confining pressure. For tests under controlled temper-
ature, the whole cell is placed inside an oven equipped
with an electronic temperature controller and a fan to
homogenize the temperature inside the oven. This type
of oven provides an accuracy of about £0.3 °C for
temperature and allows maintaining the entire cell at
the desired value of temperature. Three pressure
sensors are used respectively for monitoring confining
stress, axial stress and pore fluid pressure. Longitudi-
nal displacement is measured by two LVDTs while
circumferential strain by a collar. These instruments
are connected to an electronic data acquisition chain
which is located outside the oven.

As shown in Fig. 1, the two LVDTs for the
longitudinal displacement are fixed on the loading

platens. Therefore, one measures the global displace-
ment of system including the interfaces between
sample and loading platens. To avoid the strain
affected by interfaces the between the sample and
the loading platens. In order to minimize the effect of
the interfaces, the end surfaces of sample are carefully
rectified and polished until a good contact is obtained
between the sample end surfaces and platens. Even
with this precaution, the axial strain measured by
using LVDTs is generally higher than that by strain
gauges. However, due to high values of temperature
and strong variations of relative humidity, the use of
strain gauges is very delicate for long duration creep
tests. This is the reason that LVDTs is preferred in the
present study.
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The experimental device designed for uniaxial
drying creep tests contains a loading frame. This one is
composed of four tie-rods and two plates. Between the
two plates are placed an analogic force sensor, the
sample and a ball joint. Two collars are placed
respectively at 1/3 and 2/3 of the height of the sample,
between which the axial displacement is measured, as
shown in Fig. 2a. A comparator is also fixed to the first
collar and the feeler of this comparator comes into
contact with the second collar.

To ensure that the load is correctly applied along
the central axis of the system, a centering mark is
indicated on the lower plate to install the pressure
gauge. Thus, the value indicated by the pressure gauge
well represents the force exerted on the tested sample.
According to the testing program presented above, 12
loading frames are used simultaneously (6 for each
kind of concrete) and they are placed in a Binder
climatic chamber, as shown in Fig. 2b, by regularizing
the temperature around 20 °C and prescribing the
desired relative humidity. Nitrogen gas is added to the
enclosure at the end of the each measurement for about
ten minutes to avoid carbonation of the materials.

During the uniaxial drying creep tests, the variation
of the mass of each frame is measured with a balance
of an accuracy of 0.05 g. This is done outside the
climatic chamber during a short time of about 20 min
so that the perturbations induced by the external
environmental conditions on the creep deformation
can be neglected. Further, it is assumed that the
variation in mass of each frame is due to the tested
concrete sample only.

»

(a) Drying creep frame

Fig. 2 Experimental setup for drying creep tests

3 Experimental results and discussions
3.1 Triaxial creep tests

The triaxial creep tests are performed on the CEM-I
concrete samples with two loading steps and at three
different values of temperature as defined above. The
confining pressure is kept to 5 MPa during the creep
steps. Moreover, at each loading step, three unloading
and reloading cycles are realized in order to measure
the elastic properties. As an example, in Fig. 3, the
global stress-strain curves of the test conducted at 20
°C are presented. It is found that the hysteresis loops
are slightly larger under 80% of the peak strength than
that under 50%. As the hysteresis loops are generally
related to the material viscosity and frictional sliding
along inclined micro-cracks, it seems that these two
mechanisms are enhanced by the differential stress
level. On the other hand, in spite of the hysteresis loops
observed, the secant values of Young’s modulus and
Poisson’s ratio are still measured from the unloading
and reloading points of each cycle. The obtained
values are summarized in Table 3, for three levels of
temperature. One can see that the elastic properties do
not show significant differences between the different
values of temperature and differential stress. However,
in detail, one can still observe that under 50 °C and 80
°C, the Young’s modulus is smaller when the differ-
ential stress is higher. This reduction of elastic
stiffness can be attributed to an induced damage of
samples by the differential stress. At the same time, the
elastic modulus does not change between three cycles

(b) Climate chamber
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Fig. 3 Axial and lateral

o]
P

Deviator Stress (MPa)

80%fc

60

50

50%fe 50%fc

— Axial Strain (%)
—Lateral Strain (%)

strains versus differential
stress during the triaxial
creep test at 20°C and under 80%fc
a confining pressure of 5
MPa
-0,7 -0,5 -0,3

Table 3 Young’s modulus and Poisson’s ratio of CEM-I
concrete measured during the triaxial creep tests (3 measure-
ments for each of the two loading steps)

Young’s modulus (GPa) Poisson’s ratio

20 °C 50% fc 253 252 27 035 035 037
80% fc 25.7 26.6 26.6 045 047 049
50 °C 50% fc 273 27.6 27.6 031 031 032
80% fc 25 249 24.8 037 043 0.49
80 °C 50% fc 279 28.7 28.8
80% fc 25 26.4 26.2

during each creep step. Therefore, the material
damage is mainly controlled by the differential stress
rather than the creep process. On the other hand, the
values of Poisson’s ratio increase slightly between
three cycles. This increase is even bigger when the
differential stress is higher. It seems that the value of
Poisson’s is enhanced by the creep deformation.
Moreover, it is observed that the values of Young’s
modulus obtained in this study seem to be relatively
small for this types of concretes. This could be due to
the fact that the axial strain measured by using LVDTs
is slightly overestimated, as explained above.

In Fig. 4, the variations of axial creep strain with
time are presented for three triaxial creep tests

0,1 0,3 0,5 0,7

performed respectively at 20 °C, 50 °C and 80 °C on
the CEM-I concrete samples which are subjected to
two levels of differential stress. The instantaneous
strains generated by the applied differential stress are
subtracted from the total ones in this Figure. The time
axis denotes the duration of creep phases without that
used for the loading of differential stress. On the other
hand, the autogenous shrinkage is also an important
feature and related to time-dependent deformation of
concrete. In general, the autogenous shrinkage is
measured on sealed saturated sample during six
months and the maximum value reaches around 71
days. In the present study, all tested samples were
conserved in water during six months. It is assumed
that the autogenous shrinkage was almost completed
before the beginning of tests and its effect on the
measured creep deformation can be neglected.
According to the results shown in Fig. 4, it is
obvious that when the differential stress is maintained
at the same level of differential stress, for instance
50% of the peak strength, the creep strain of concrete
is larger when the temperature it higher. It seem that
the temperature amplifies the creep deformation of the
CEM-I concrete, as it was shown in some previous
studies [19, 29]. On the other hand, when the
differential stress is raised to 80% of the peak strength
during the second loading step, the creep strains are
clearly higher than those during the first loading step
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under 50% of the peak strength for all three values of
temperature. Therefore, the differential stress level
significantly enhances the creep deformation of the
concrete. At the same time, like in the first loading
step, the creep strain is again larger when the
temperature is higher.

In order to get a deep characterization of creep
deformation kinetics of the CEM-I concrete, the creep
strain rates are calculated from the accumulated total
strains by subtracting the elastic strains caused by the
applied stress increments during the two loading steps.
The evolutions of creep strain rate with time are
respectively presented in Fig. 5 for 50% of the peak
strength and in Fig. 6 for 80% of the peak strength and
three values of temperature. It is found that for the two
loading steps and all values of temperature, the creep
strain rates decrease quickly during the first period of
creep, for example of about 10 h. The creep strain rates
evolve towards some stationary values without com-
pletely vanishing until the end of each loading step. It
indicates that the creep deformation is not fully
stabilized at the end of each loading step. From these
results, it is clear that the creep strain rate is larger
when the temperature is higher, almost during all the
creep periods. The curve for the case at 50 °C and
under 50% of the peak strength in Fig. 5 is slightly
apart from the general trends. This should be rather
related to experimental disparity.

30 40 50 60 70 80 90 100
Time (days)

3.2 Drying creep tests

The uniaxial drying creep tests are performed on the
two kinds of concretes, CEM-I and CEM-V, following
the experimental procedure presented above.The
emphasis is here put on the evolution of drying creep
strain. The drying shrinkage is thus subtracted from
the total deformation measured in the tests.

In Fig. 7, the relative mass variations with time
during the different drying steps are presented for the
samples of two concrete subjected to the different
values of axial stress. The relative mass loss is
calculated with respect to the reference weight in the
saturated state. Each point represents the average
value of two tested samples to ensure the representa-
tiveness of the results.

At first sight, the drying kinetics of the CEV-I is
much higher than that of the CEM-V. At the same
time, according to Table 2, the total porosity of CEM-
V/A (12.4%) is higher than that of the CEM-I (8.2%).
This apparent contradictory result can be explained by
the difference of pore size distribution between the
two concretes. The results obtained from Mercury
Intrusion Porosimetry (MIP) are shown in Fig. 8. In
particular, in the previous study reported in [2], the
authors have investigated the effect of temperature on
the water retention properties of the CEM-I and CEM-
V. The materials used in that study were manufactured
with the identical formulations to those in this study.
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The CEM-I concrete porosity was of 8.1% and that of
the CEM-V was of 11.9%. They have found that the
water retention capacity of the CEM-V was greater
than the CEM-I, although the CEM-V had a higher
porosity than the CEM-I. This was due to the fact that
the CEM-V had a larger amount of fine pores than the
CEM-I. This difference was attributed to pozzolanic
additions in the CEM V/A-type cement, leading to the
formation of a greater amount of C-S-H than in the
CEM-I. The main difference between the two

15 20 25 30 35 40 45 50

Time (Days)

concretes lies at the right end of the MIP pore size
distribution. For instance, at a diameter of 6 nm (which
is the lowest value measurable by the MIP used), the
CEM-V presents a cumulated intruded volume of
0.018 ml/g (with a slope increasing towards lower
radii), whereas that of the CEM-I is equal to 0.002 ml/
g only (with a decreasing slope towards lower radii).
This indicates that the CEM-V concrete seems to have
significantly more of the narrowest gel pores of C-S-H,
than the CEM-I. Besides, the tortuosity of pore
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networks can also affect the drying process, in
particular for the case of CEV-V. In our study, the
emphasis was put on the effects of temperature, stress
and related humidity. It is considered that the thermal-
hydric-mechanical coupling can modify the water
transport paths of concrete by the creation of micro-
cracks for instance and then plays an dominant role in
the drying kinetics. However, the effect of tortuosity
should be investigated in future works.

1 0.1 0.01 0.001
Pore diametre (um)

There are small differences on the relative mass
variation between the CEM-I concrete samples sub-
jected to different axial stresses. It is seems that the
drying kinetics of CEM-I concrete is little influenced
by the loading stress, even at 70% of the compressive
strength. For a given hydric gradient, the drying
kinetics is mainly by the concrete permeability which
can be affected by the closure of initial micro-cracks
or the creation of new micro-cracks by the axial stress.
In the present case, it seems that the effect of axial
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stress on the cracking process in the CEM-I samples is
not significant. The results of the present study are
consistent with those obtained in some previous works
on a mortar with W/C = 0.5 and dried at an age of 28
days [44—46]. On the other hand, the influence of stress
level on the drying kinetics seems to be more
significant for the CEM-V concrete. However, it is
not easy to draw a definite conclusion on this aspect.
Indeed, the drying kinetics of the samples without
stress (% fc) is larger than the three others subjected to
different axial stresses. This probably suggests that the
samples of CEM-V/A contain a number of initial
micro-cracks which enhance the drying process. When
the samples are compressed by the axial stress, some
micro-cracks are closed. Thus, the drying kinetics of
the samples under 30% and 50% of uniaxial compres-
sion strength are sequentially smaller than that of the
stress-free samples. However, when the axial is higher
enough, for instance 70% of compression strength,
new micro-cracks can be generated as pointed out in
[47], facilitating the drying process. There is a
competition between the closure of initial cracks and
the creation of new ones. As a consequence, the drying
kinetics of the samples under 70% is larger than that
under 50% but smaller than that under 30%.

Finally, from Fig. 7, one can clearly observe that the
drying kinetics is significantly accelerated when the
relative humidity is lower than 50%. This is directly
related to the nucleation and propagation of cracks
induced by the drying shrinkage. According to some
previous studies, In addition, the migration of water in
concretes can be significantly enhanced if the aperture
of induced cracks exceeds a few tenths of a millimeter
[48, 49]. Based on the observations obtained using a
fluorescent optical microscope and a scanning electron
microscope (SEM) on mortar samples subjected to
drying process [50-52], the aperture of the drying
shrinkage induced cracks typically ranged between
0.25 and 50 pm.

Throughout the five different steps of drying, the
time-dependent axial strains of the tested samples are
measured. The obtained results are presented Fig. 9.
One can firstly remark que for all the samples, there is
a sudden increase of drying rate at the beginning of
each step when the relative humidity is decreased.
This sudden increase is more and more significant
when the relative humidity is lower than 70%. On the
other hand, at each drying step, the tangent slope of
drying creep strain curve is continuously decreasing. It

seems that the axial creep strain evolves towards an
asymptotic stationary value. However, this should be
confirmed by additional tests with longer drying
duration.

By comparing the strains obtained for the two
different concretes, some interesting results can be
obtained. For the samples subjected to 70% of
compression strength, the drying induced strain of
the CEM-I is clearly higher than that of the CEM-V/A.
This is consistent with the relative mass loss presented
in Fig. 7. But for the samples under 50% of compres-
sion strength, the two concretes have almost the same
evolutions of strain. And for the samples under 30% of
strength, the drying induced strain of the concrete
CEM-I is even than smaller than that of the concrete
CEM-V/A. The results for these two levels of loading
are obviously not in agreement with the drying
kinetics shown in Fig. 7.

Actually, the strains measured during the five
drying steps are attributed to two superposed mech-
anisms, respectively related to the mechanical creep
deformation of concretes induced by the applied axial
stress and to the drying shrinkage deformation.
According to the results obtained, it seems that the
mechanical creep deformation induced by the axial
stress of the concrete CEM-V/A at lower stress
loading levels, for instance 30% and 50% of com-
pression strength, is more important than that of the
CEM-I. As a consequence, even if its the drying
kinetics is lower than that of the CEM-I, its total creep
strains are higher than those of the CEM-1. However,
at the stress level of 70%, the mechanical creep
deformation of the CEM-I is obviously intensified.
Combined with the higher drying kinetics, the total
creep strain of the CEM-I is much larger than that of
the CEM-V/A.

4 Conclusions

In this study, the basic and drying creep behaviors of
two representative concretes have been investigated
both under thermal, mechanical and drying conditions.
A series of new experimental results have been
obtained and they are useful for the optimal design
of facilities for the geological disposal of radioactive
waste. Based on the results obtained, some key
remarks can be formulated.
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The basic mechanical creep deformation of CEM-I
concrete is significantly amplified by the raise of
temperature, which accelerates the sliding of CSH
sheets and decreases the viscosity of cement paste. At
the same time, the basic creep deformation is also
significantly enhanced by the prescribed stress level.
However, no creep-induced failure of samples was
observed until the applied differential stress reached
80% of the peak strength. On the other hand, no
significant effects of temperature, loading level and
creep process were obtained on the elastic properties
of the concrete.

A large difference of drying kinetics has been
obtained between the two studied concretes. The rate
of mass loss is much higher for the CEM-I concrete
than for the CEM-V/A. The drying kinetics of the
CEM-I was almost not affected by the applied axial
stress while that of the CEM-V/A slightly influenced.
For the latter material, there is a competition between
the closure of initial micro-cracks and the nucleation
of new ones. This makes the drying kinetics of the
CEM-V/A dependent on the applied stress level.

The time dependent strains of two concretes in
coupled stress-drying conditions are driven by both the
mechanical creep deformation and the drying shrink-
age process of materials. The mechanical creep strains
of the CEM-V/A under low stress levels are much
larger than those of the CEM-I. However, the
mechanical creep deformation of the CEM-I is

75 100 125 150 175 200 225 250
Time (days)

significantly accelerated when the applied stress
becomes high, as confirmed in the basic triaxial creep
tests. However, only one confining pressure was
considered in each type of creep tests. It was not
possible to characterize the effect of confining stress
on both the basic and drying creeps. This feature
should be investigated in future studies.

The experimental results obtained from the present
study provide a useful data base for developing
theoretical and numerical modeling of time-dependent
behavior of concrete structures under coupled ther-
mal-mechanical and hydric conditions. This will be
the subject of our ongoing studies.
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