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Abstract. This paper presents a study of temperature influence on the yield sur-
face for saturated and unsaturated soils. It lies within the framework of charac-
terization and modelling of soil behaviour on thermo-hydro-mechanical loading.
In this study, clayey silty sand samples are subjected to mechanical consolidation
tests at different temperatures and fixed suctions. These experimental tests make
it possible to determine the yield surface evolution according to temperature rang-
ing between 20◦C and 60◦C. For the studied soil, the experimental study shows a
thermo-extensible nature of the yield surface. An explanation of this result is pro-
posed while gone by microscopic considerations in touch with capillary meniscuses
evolution according to temperature and suction.

1 Introduction

This paper presents a contribution to the experimental study and the mod-
elling of temperature influence on the yield surface (border surface between
the elastic and plastic domains) of soils. Since the sixties, many studies have
been interested in the temperature influence on the mechanical behaviour
of saturated soils. In the clayey media case, these researches are generally
based on problems involved by storages of radioactive waste in deep geolog-
ical formation, but applications can concern all porous media subjected to
various thermal gradients (geothermic structures). In the case of soils with
lower depth, we can quote buried high-voltage cables, different waste stor-
age and notably domestic. For these depths, the hypothesis of a completely
saturated soil isn’t always acceptable and it’s necessary to take into account
the effect of suction. In the isothermal unsaturated case, several authors have
studied the suction influence on the mechanical behaviour of soils. For exam-
ple, Alonso et al. [1] proposed a general constitutive model that takes into
account the effect of suction in the mechanical behaviour of soils based on
the Modified Cam-Clay model.

In the non-isothermal saturated case, several studies put clearly in ev-
idence the temperature influence on the yield surface. Some authors used



the Modified Cam-Clay model that appears to be a good estimate of the
behaviour to take into account the temperature effect on the yield surface
[4,5,2,6,3].

In the non-isothermal unsaturated case, Saix et al. [7] have studied exper-
imentally the effect of a thermal hardening in elastic limits in vertical total
stress for a given suction. Jamin et al. [8] were interested more particularly in
the determination, for various temperature, of a yield surface f(p, q, s) = 0,
where p is the net mean stress, q the deviatoric stress and s the suction.
The first results of the experimental study show that this surface can be ap-
proximate by the Modified Cam-Clay model in the case of clayey silty sand
and presents a thermo-extensible nature according to temperature for no null
suction. This study has been pursued by adopting news loading paths in the
aim of specifying the Alonso et al. [1] model with temperature. This evolution
is studied through the temperature influence on the preconsolidation stress,
the slope of the critical state line and the stiffness parameters.

In a first part, a bibliographical synthesis leads to emphasize the most
essential results of the literature relating to the temperature influence on the
model parameters in the saturated and unsaturated cases. Then, we present
the studied soil, the experimental device and experimental process. Lastly,
the experimental results are presented and are followed by a physical inter-
pretation.

2 Yield surface model

2.1 Hydro-mechanical modelling

In the isothermal unsaturated case, Alonso et al. [1] proposed a constitutive
model to describe the unsaturated soils behaviour. This model takes into
account the Modified Cam-Clay yield surface developed in Cambridge Uni-
versity by Roscoe and Burland [9]. This yield surface depends on the net
mean stress p, the deviatoric stress q and the suction s defined in axisymetric
triaxial conditions by:⎧⎨⎩

p = 1
3 (σz + 2σx) − p∗g

q = σz − σx

s = p∗g − p∗e
(1)

where σz = principal vertical stress, σx = principal radial stress, p∗g =
pressure of the gas phase and p∗e = pressure of the liquid phase.

The equation of this yield surface in the stress space (p, q, s) is given by:

q2 −M2 (p + ps(s)) (p0(s) − p) = 0 (2)

where M = slope of the critical state lines not dependant on suction, ps(s)
= parameter introducing the evolution of apparent cohesion with suction and



p0(s) = isotropic preconsolidation stress function of suction. In the case of a
mechanical loading with constant suction, the relation between the isotropic
preconsolidation stresses p0(s) for unsaturated conditions at a suction s and
p0(0) for saturated conditions (s = 0) is written [1]:

p0(s)
pc

=
(
p0(0)
pc

)λ(0)−κ
λ(s)−κ

(3)

where pc = reference stress, κ = elastic stiffness parameter for changes
in net mean stress, λ(s) and λ(0) = stiffness parameters for changes in net
mean stress for virgin states on the soil with constant suction s for the former
and in saturated condition (s = 0) for the latter, with:

λ(s) = λ(0)
[
(1 − r) e−βs + r

]
(4)

where r = constant equal to the ratio λ(s → ∞)/λ(0) and β = parameter
controlling the rate of increase of soil stiffness with suction. Equation (3),
named Loading Collapse, plays an important role in the model. It shows an
increase of the preconsolidation stress according to the suction, and also the
phenomenon of collapse observed with the decrease of the suction (wetting
path). In the case of an increase in suction with constant stress, Alonso et
al. [1] give as assumption that the limit of the elastic domain is defined by:

s = s0 (5)

with s0 = hardening parameter of the suction increase yield curve. This
equation is called Suction Increase.

2.2 Thermo-mechanical modelling

In the non-isothermal saturated case, several authors have studied the tem-
perature influence on the mechanical behaviour of clayey soils. In the oedo-
metric tests case, we generally note a decrease on the preconsolidation stress
when the temperature increases [10,11]. In the axisymetric triaxial tests case,
Hueckel and Baldi [2], Tanaka et al. [3], Cui et al. [4] and Graham et al. [5]
have shown that the ellipse of the Modified Cam-Clay model contracts with an
increase of temperature with the result that the slope of the critical state line
M remains constant so independent of temperature. Besides, other authors
note a decrease of the critical state line M with an increase of temperature.

2.3 Thermo-hydro-mechanical modelling

Romero [12] has studied coupled effect between the suction and the temper-
ature on the mechanical behaviour of Boom clay in drained condition. The



results show, on the one hand, an increase of the yield surface with an in-
crease of suction at constant temperature and, on the other hand, a decrease
of this surface with an increase of temperature at constant suction.

However, Jamin et al. [8] obtained different results on clayey silty sand.
Indeed, they noted that, in unsaturated conditions, the yield surface shows
a thermo-extensible nature with an increase of temperature. Consequently,
in the non-isothermal unsaturated case, the temperature is introduced into
parameters in relation (2) of the Modified Cam-Clay yield surface which is
defined within a general framework by:

q2 − [M(T )]2 (p + ps(s;T )) (p0(s;T ) − p) = 0 (6)

where M(T ) = slope of the critical state line depending on the temper-
ature, p0(s;T ) = preconsolidation stress depending on suction and tempera-
ture and ps(s;T ) = parameter introducing the evolution of apparent cohesion
with suction and temperature. This parameter defined by Gens [13] is given
by:

ps(s;T ) = k (1 − f(T )) s (7)

with f(T ) = function taking into account the variation of apparent cohe-
sion due to the temperature and k = constant.

2.4 Temperature influence on stiffness parameters

In a general way, the tests carried on various soils do not show any tem-
perature influence on the values of stiffness parameters. In the saturated
case, Campanella and Mitchell [14] and Eriksson [10] undertook mechanical
consolidation tests at various temperatures. Tidförs and Sällfors [11] carried
out mechanical consolidation tests while varying the temperature during the
loading on Bäckebol clay. In the unsaturated case, Saix et al. [7] studied the
temperature influence on stiffness parameters evolution. All results show an
independence of these stiffness parameters with respect to the temperature.
Despax [15] also supposes an independence of the stiffness parameters with
respect to the temperature in spite of the slight incidence observed. More
recently, Graham et al. [5] take a slight increasing of elastic stiffness with an
increase of temperature.

All the results presented in the literature do not allow proposing general
conclusions. The variety of the studied soils, the experimental conditions,
preparation and loading make necessary to lay out complementary tests to
confirm or cancel the evoked tendencies.

3 Studied soil, experimental device and procedure

3.1 Studied soil

The soil used in this study is clayey silty sand, which particle size does not ex-
ceed 2 mm. A mineralogical analysis has shown that this soil is mainly consti-



tuted of calcite (50%) and quartz (40%). The clayey fraction represents only
10% and is essentially constituted of smectite, chlorite and phyllite [16]. This
material, with a liquid limit wL = 25% and a plasticity index IP = 10.5%,
is similar to a clay of low plasticity according to the LCPC classification
(Laboratoire Central des Ponts et Chaussées, France) and USCS (Unified
Soil Classification System, U.S.A.). The reconstituted soil sample have, after
the preparation, a dry density ρd = 1500 kg/m3 (void ratio e = 0.77) and a
water content w = 18% (degree of saturation Sr = 63.5%). The interest of
this soil type is to make it possible to obtain an unsaturated state for low
values of suction.

3.2 Experimental device

The experimental characterization and the modelling of the soil behaviour
under thermo-hydro-mechanical loading use essentially a thermal triaxial ap-
paratus (Fig. 1).
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Fig. 1. Thermal triaxial apparatus

This experimental device allows reaching the volume soil sample changes
of very slight slenderness (70 mm in diameter and 15 mm in height) dur-
ing different thermo-hydro-mechanical loading paths. The fixed experimental



variables are σx, (σz−σx), p∗g, p
∗
e and T . The measured experimental variables

are the height variation ∆h, the radius variation ∆r and the water volume
variation ∆Ve going in or out of the sample. These measures, allow reaching
the void ratio e and the water content variation ∆w.

3.3 Experimental procedure

Experimental procedure (Fig. 2) consists in realizing thermo-mechanical con-
solidation tests with a constant suction s at different temperatures T . These
tests follow loading paths [17] defined by a constant ratio η = q/p between
deviatoric stress q and net mean stress p.
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Fig. 2. Consolidation curve example. Yield surface in (p, q) plan

The values of η used in this study are included between 0 (isotropic load-
ing) and 3/2, the temperatures of different trials are 20, 30, 40, 50 and 60◦C,
and the constant suctions are equal to 0 kPa (saturated conditions) and 5
kPa (unsaturated conditions). Whatever the loading path η and the temper-
ature T , the mechanical loading consists in imposing increments of vertical
total stress

(
σz − p∗g

)
which takes the values between 10 and 300 kPa. From

the consolidation curve obtained, we determine the value of preconsolida-
tion vertical total stress

(
σz − p∗g

)
η,L

for the different ratios η and various
temperatures T .

We deduce the preconsolidation stress couples (pη; qη)L using the following
relation:

(pη; qη)L =
(

3
3 + 2η

(
σz − p∗g

)
η,L

;
3η

3 + 2η
(
σz − p∗g

)
η,L

)
(8)

4 Results and discussions

Following the bibliographical synthesis presented in the section 1, tests were
carried out on clayey silty sand, in saturated and unsaturated conditions. The



latters allow to specify the temperature influence on the stiffness parameters
at constant suction. Then we present the preconsolidation stress evolution
according to temperature and propose an estimation of the yield surface
in accord with the Alonso et al. model [1]. Lastly, we propose a physical
interpretation of the experimental results.

4.1 Stiffness parameters evolution

The evolution of the elastic stiffness κ and plastic stiffness λ, in the saturated
case (Fig. 3), shows an increase with the temperature for the plastic stiffness.
In the unsaturated case, all measured stiffness in the tests carried out, show
a slight incidence of temperature.
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Fig. 3. Temperature influence on the stiffness parameters

4.2 Temperature influence on the preconsolidation stress

In the saturated case, the results show the independance of the preconsolida-
tion stress p0(0;T ) with an increase of temperature. In the unsaturated case,
the results (Fig. 4) show, at constant suction s = 5 kPa, an increase in the
preconsolidation stress p0(5;T ) with the temperature T .

4.3 Yield surface evolution

From the obtained tests values and using the relation (8), we deduce the pre-
consolidation stress couples (pη; qη)L. In the stress space (p, q), the thermo-
extensible nature of the yield surface is clearly in evidence (Fig. 5).

From the relation (6), the values taken into account in the modelling of
the yield surface are given in table 1. On the one hand, we note an increase
in the preconsolidation net stress leads to the temperature influence on the
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Fig. 4. Temperature influence on the preconsolidation stress p0(s; T )
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Fig. 5. Representation of the yield surface for different temperatures

preconsolidation vertical total stress (Fig. 4). On the other hand, it’s turned
out that the slope of the critical state line does not undergo notable variation
whatever the test temperature. These results don’t ensure to estimate the
temperature influence on the apparent cohesion which has been supposed
here constant whatever the temperature value.

Table 1. Parameters of Modified Cam-Clay model at constant suction s = 5 kPa

Temperature 30◦C 40◦C 50◦C 60◦C

M 1.25 1.25 1.25 1.25
p0(5; T ) 34.5 39 43.5 51



4.4 Results interpretation

In the unsaturated case, at ambient temperature, the undertaken experimen-
tal studies [1,18] show an increase of the preconsolidation net mean stress
with an increase in suction. In the unsaturated clayey silty sand case for con-
stant suction, our results also show an increase of the preconsolidation net
mean stress with temperature [17]. According to the Jurin’s law:

s =
2Γ
R

with Γ = Γ (T ) and
dΓ

dT
< 0 (9)

where Γ = surface air-water tension and R = meniscus radius, theses ten-
dencies can have a physical interpretation. Indeed, at constant temperature,
an increase in suction causes a decrease of the meniscus radius. In addition,
at constant suction, an increase in temperature also causes a decrease in the
meniscus radius; the surface air-water tension decreases according to tem-
perature. Consequently, an increase in suction at constant temperature or
an increase in temperature at constant suction leads to a decrease in the
meniscus radius. This reduction of meniscus radius results in an increase
of the cohesive forces between grains by capillarity, which causes to limit
their rearrangements. Indeed, the arrangements are the main factors of soils
behaviour irreversibility. This limitation corresponds to an increase of the
preconsolidation net mean stress, and so to an extension of the yield surface.

5 Conclusion

Temperature influence (between 20◦C and 60◦C) on the yield surface of clayey
silty sand was studied. In the saturated case, we have noted the independance
of the preconsolidation stress with an increase of temperature. In the unsat-
urated case, at constant suction (s = 5 kPa), the experimental results show
the thermo-extensible nature of the yield surface for the studied soil. These
results appear to be in opposition with those proposed by Romero [12] who
observed, for Boom clay, a thermo-shrinkage nature of the yield surface what-
ever the suction value. This opposition lets to think that the clayey fraction
of the studied soil is a determining factor in the yield surface evolution. In-
deed, Romero [12] studied a clay (Boom clay) whereas the clayey fraction
of clayey silty sand, studied here, is only 10%. Similar tests on a material,
whose clayey fraction would be intermediate, should bear new informations
on a possible transition between the thermo-shrinkage and thermo-extensible
natures of the yield surface.
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rated soils. Géotechnique 40(3), 405-430.



2. Hueckel T., Baldi G. (1990) Thermoplasticity of saturated clays: Experimental
constitutive study. J. Geotech. Engrg. 116(12), 1778-1796.

3. Tanaka N., Graham J., Crilly T. (1997) Stress-strain behaviour of reconstituted
illitic clay at different temperatures. Engrg. Geol. 47, 339-350.

4. Cui Y.J., Sultan N., Delage P. (2000) A thermomechanical model for saturated
clay. Can. Geotech. J. 37(3), 607-620.

5. Graham J., Tanaka N., Crilly T., Alfaro M. (2001) Modified Cam-Clay model-
ing of temperature effects in clays. Can. Geotech. J. 38(3), 608-621.

6. Laloui L., Cekeverac C., Vulliet L. (2002) Thermo-plasticity of clays: A simple
constitutive approach. In: Vulliet et al. (Eds.) Environmental Geomechanics,
EPFL Press, Lausanne, Suisse, 45-58.

7. Saix C., Devillers P., El Youssoufi M.S. (2000) Eléments de couplage ther-
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