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In some arid and semi-arid regions, different types of infrastructure assets suffer from
degradation of the roads, the embankment failures, erosion due to cyclic hydraulic
actions and the effects of rainfall infiltration on slopes. Typical cases, such as the
national roads in the north-west of Tunisia (Béja city) have been affected dramati-
cally. Recent landslide is manifested in this region, especially in a plastic clay soil.
Stability problems are caused by soil saturation and the presence of abundant cracks
which are developed after a long dry summer. In fact, due to geotechnical problems,
the annual loss due to the damage is estimated at $1 million in Béja area (30 km2).
The effect of rainfall infiltration into the unsaturated clay during wet seasons charac-
terised by either long duration low intensity rain or short duration high intensity rain
have been analysed. The elastoplastic Barcelona Basic Model (BBM) has been used
and soil movements leading to slope failure were calculated according to the unsatu-
rated state evolution. The effects of cyclic hydraulic paths on the yield function have
also been investigated. The yield function evolution depends on the cohesion and the
apparent consolidation stress variations. The numerical calculations were evaluated
against the field measurement displacements.

Keywords: slope; movements; unsaturated clay; suction; wetting; drying

Mots-clés: talus; déplacements; argile non saturée; succion; humidification; drainage

1. Introduction

Slope analysis is an old geotechnical problem. Its treatment was often investigated with
different approaches (equilibrium limit analyses as a conventional method but widely
used; Alonso & Lioret, 1983; Chapuis, Chenaf, Bussière, Aubertin, & Crespo, 2001,
gravity loading method and elastoplastic methods, as an example of the c-phi reduction
method). In general, these approaches consider hydraulic and mechanical coupling prob-
lems via the groundwater level or depth data. As it was mentioned by Borja and White
(2010), the most common approach of these methods is to uncouple the fluid flow and
slope-stability problem, and treat them in a sequential fashion instead. Through the limit
equilibrium approach, the most common treatment of slope-stability assumes that the
unsaturated zone characteristics are constant and do not depend on water content
evolution. However, many shallow landslides are really induced by water content evolu-
tion, particularly in the unsaturated zone (Rees & Thomas, 1994), which depend on the
intensity and duration of the rainfall. Then, the rate of damage and the ground
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deformation evolution when the slope failure occurs are completely related to changes
of soil suction (or water content). Numerous examples of world wide, large-scale slope
failures triggered by the rainfall were reported by Borja and White (2010). The authors
mentioned also the high costs and the number of deaths, associated to these kinds of
landslides. As mentioned by Au (1998), different slopes in Hong Kong collapsed cata-
strophically without prior signs of warning. According to this Author, in Hong Kong,
except for very limited number of failures caused by unscrupulous cutting, slope failures
are mainly rain-induced. Dai, Lee, and Sijing (1999) gave the same conclusion. Another
example is the La Conchita landslide, which occurred without warning on 11 January
2005, in south of California (Borja & White, 2010). Recently, few investigations have
been engaged using field instrumentation, to study rainfall infiltration (Gong, Bao, NG,
Fredlund, & Zhan, 2003; Orense Rolando, Suguru Shlmoma, Kengo Maeda, & Ikuo
Towhata, 2004; Zhang, Zhang, & Tang, 2005). Gong et al. (2003) instrumented an 11 m
high cut slope in a typical medium-plastic expansive clay soil. It was shown that the ini-
tial high soil suction induced a high increase in water content by wetting and led to hor-
izontal stresses and soil deformation at the top right after the beginning of the rainfall
(1–2 days) and the failure was shallow. Concerning the effect of the humidification
process by the action of the rainfall, Orense Rolando et al. (2004), Lim, Rahardjo,
Chang, and Fredlund (1996) achieved the same conclusion. Firstly, the continuous
rainwater infiltration alone does not cause slope failure. Secondly, slope instability
occurs only when the pore water pressure increases and the water table is allowed to
rise. It was also shown that a local slope instability zone is developed against the water
table rise (Smith, 2003). The explanation given by the authors is allocated to a reduction
of the effective stress by the pore pressure increase and consequently the reduction of
shear stress. Their interpretation is based on the effective stresses principle assumption.
In the unsaturated soil, the principle was already revised Tamagnini and Pastor (2004).
It is now known that the independent variables principle is also a convenient framework
to explain the unsaturated soil behaviour (Josa, Alonso, & Gens, 1990). The variables
are the total suction (ua � uw) and the total net stress (r� ua).

It is well known that to solve a multiphase problem it is needed to define a stress for
each phase, to write the constitutive relations of each phase. However, to our knowledge,
for unsaturated soils, it is not still possible to reach the measure of the effective stress. In
laboratory, under the shear path, the suction is controlled by applying separately the water
pressure and the air pressure (translation axis method). To deduce the value of the effective
stress is not possible, without an additional assumption on the effective stress definition,
as for example the Bishop’s effective stress. Besides, it is useful to mention that some
authors as Laloui and Nuth (2009) proposed a generalized effective stress concept versus
Bishop’s effective stress. These authors discussed the limitation of the last definition, in
the elastoplastic framework of unsaturated soil. Also, the effective stress calculation
requires a given definition. In this sense, Laloui and Nuth (2009) proposed to consider the
effective stress as function of net stress and either suction and saturation degree.

Consequently, we are not yet, really able to characterize the effective parameters to
obtain the constitutive relation for the phase skeleton. In the opposite, the total net stress
and the suction can be measured and controlled separately. In this sense, the modeling
of unsaturated soils can be properly conducted with the net total stress and suction as
“proper” constitutive variables. This modeling way can be more supported by the
obtained numerical results comparing to the field measured results.

In the other optic, to study the landslide initiation and propagation, most of the
works related to this problem have been conducted within a framework of bifurcation
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theory, using elastoplastic approach (see for instance Fernandez Merodo et al., 2004;
Herrores et al., 2002; Pastor et al., 2013; Pastor et al., 2004) or the second-order work
(Buscarnera & Prisco, 2012; Nicot, Darve, & Dat Vu Khoa, 2007). The use of elasto-
plastic approach by Frenadez et al. (2004) with a generalised plasticity provides a uni-
fied formulation for both initiation and propagation phases. It can also represent the
mechanical collapse of material under saturation evolution. However, the use of second-
order work in unsaturated soils is more recently and a few results are presented in
literature (Buscarnera & Prisco, 2012; Schiava & Etse, 2006). For the localisation plas-
tic discontinuities, it is actually shown that besides the importance of the localisation of
bifurcation as presented by the above-cited works and the useful analysis of the slope
movements considering diffuse strains like it is presented in this following, the mitiga-
tion of slope instability and its associated damages remains an essential question for the
geotechnical engineer. Classical reinforcement techniques are in general expensive and
not necessarily efficient when the slope failures have been observed to occur during or
immediately after rainfall. Except the geotextile reinforcement with a drying function,
for several authors the monitoring or warning systems offer viable alternatives (Brand,
Premchitt, & Phillipson, 1984; Fabius & Bay, 2004; Keefer et al., 1987). Despite the
slope-stability model development, the efficient numerical or analytical approaches con-
necting hydrologic and geotechnical processes are still not well-developed, particularly
when the study goal is to improve practical solutions. Because the complexity of the
problem, the existing models make many simplifying assumptions about the coupled
nature of the failure process, the constitutive behaviour of the soil, the in situ hydraulic
and environmental data as the rainfall intensity, the evaporation flux, and the in situ
cyclic, hydraulic or mechanical stress conditions.

In this sense, the objectives of this paper are to use an efficient hydromechanical
approach based on a numerical technique which has the capability to couple the solid
deformation with fluid flow, and to study the effect of the kinetic infiltration on the initi-
ation of deformations and then leads to the slope failure analyses. Unfortunately, the
continuum nature of this model does not quantify the safety factor, unlike methods
based on limit equilibrium approaches. Instead, the applied constitutive model in this
study (BBM model), takes into account the suction effect as well as their dependence
on degree of saturation. The BBM model predicts also the spatial and temporal varia-
tions of deformation, internal stresses and pore water pressure. To assess the potential
for slope failure in the case of sandy soil, Borja and White (2010) used a criteria based
on deformation bands as it was proposed by Rudnicki and Rice (1975), (Andrade &
Borja, 2007). However, in the case of clayey soil, we use two criteria: the first is based
on the volumetric deformation (particularly the volumetric plastic deformation compo-
nent) and the second is based on the reduction of the yield function. As it is shown
below, the reduction is characterised by the reduction of the apparent pre-consolidation
stress and the cohesion. In fact, as in the elastoplastic model, the shear band concept is
not yet introduced. The landslides analysis is conducted using the plastic deformation
intensities (or the total displacement values). Also, we add in this analysis the reduction
of the cohesion under humidification, via the apparent preconsolidation stress (as it is
defined in the BBM model), as a parameter which can define the landslide zone (the
zone where the cohesion filed is significantly reduced). This particular criterion is intro-
duced in this paper as a new criterion.

In this paper, the elastoplastic BBM model has been applied to predict the local and
shallow slope failure. This model can also be useful to give an explanation of the effect
of the principal mechanical parameters which govern the behaviour of the soil. It is
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important to note that via the BBM model, only the initiation of the slope movement
can be described and not propagation. This idea is well discussed by Sanavia (2009).
According to field observations and to field measured data, the failure modes are
described and the numerical results are analysed. However, it must be noted that despite
much effort to follow the site investigations and observations, much uncertainty remains
particularly with respect to the geotechnical and hydrologic boundary conditions, the
heterogeneity of geotechnical parameters. We emphasise that the few field instrumenta-
tions and the difficulty to access to a temporally continuum measurements, do not help
to have an exhaustive data to assess whether the proposed model can predict the depen-
dency of deformation and stresses on time and space coordinates. We only consider in
the analysis reported in this paper, some topographical and inclinometer measurements.
However, without exhaustive conclusion, it can be shown that this model can describe
some realistic shallow failure modes and gives a tool to predict the initiation of the
movements of slope. Also, the continuum deformation analyses should give us some
recommendations for the use of practical solutions.

The paper starts with field investigations and soil properties that explore the relation-
ship of soil nature to observed shallow slope failures, followed by sections describing
different scenarios of rainfall intensity, rainfall duration and wetting–drying cycles. Incli-
nometer data collected during an occurred failure slope in March 2007 are used to par-
tially assess whether the BBM model can successively integrate the hydro-mechanical
parameters and still obtain a realistic description of the slope failure. The paper
concludes with a discussion of future research directions.

2. Field observations

2.1. Failure cases

As it is shown by Photos 1(a) and (b), shallow failures are triggered by the rainfall
intensity as a prescribed forcing function. The damages are also localised due unlikely
to local collapse arising from the water content increase. Also, the effective-mean-nor-
mal stress decreases further as a result of the loss of suction with increased degree of
saturation. The slope is not so steep, on the order of 16 degrees. The depth of the shal-
low failure mechanism is much smaller than the minimum one which can be predicted
by the limit equilibrium theory for a minimum factor of safety (Jamei, Guiras, Ben
Hamouda, Hatira, & Olivella, 2008), thus making a continuum analyses approach
appropriate for this problem. The collapse of the soil by the increase in the water

Figure 1. Topographic profile of the slope and stratified soil layers.
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content is shown in Photo 1(b). The slope was failed locally as a large debris flow lead-
ing to shallow instability problems related to infrastructural works (Photo 1(a)). The fol-
lowing pictures (Photo 1) show some local failure events that occurred during 2006 and
the damage produced to the road (Béja area).

Figure 1 describes the topographic profile of the slope and the nature of the soil,
obtained from the field tests (test borings: drilling rig with mast in a down position).
The instrumentation of the site included piezometers, meteorological sensors, moisture
probes, inclinometers and topographic instruments. Continuous measurements from rain-
fall, discharge and total head (from selected piezometers) are available from 2000 to
2007.

2.2. Rainfall data

Rainfall data given in Table 1 show that during the period 2000 to 2007, the maximum
rainfall intensity occurred often during November to February. The average value was
82 mm/month. In contrast, the average value of rainfall intensity was around 20 mm/
month for the period between May and August, in which the evaporation was also more
significant. The piezometric measurements during the year 2006 indicate that the ground
water level or depth is between .5 m and 1.5 m. In the dry season, the soil is subjected
to a high level of desiccation, leading to many cracks. Naturally the cracks induce a
significant increase in compressibility, decrease in shear strength parameters and the
increase in permeability. Evidently, this supposes the validity of such parameters’
definition as a feature of porous media.

2.3. Physical and Hydraulic soil properties

As regards the physical properties of the clay soil, as shown in Table 2, across the depth
of the soil, is clay, with different dry densities. The piezometric measurements during
the year 2006 indicate that the ground water level or depth is between .5 and 1.5 m. In
the dry season, the soil is submitted to a high desiccation level leading to many cracks
and to an increase in its permeability.

Table 1. Average rainfall intensity (in mm) per month for the 2000–2007 period.

Year 00/01 01/02 02/03 03/04 04/05 05/06 06/07 Total Average

SEPT 106.9 58.8 23.9 93.7 45.7 24.8 39.0 392.8 56.11
OCT 104.2 12.0 20.8 45.9 14.9 17.7 47.0 262.5 37.5
NOV 17.4 21.1 140.0 34.7 154.5 32.4 39.6 439.7 62.8
DEC 42.2 40.0 83.8 187.3 108.6 86.4 121.8 670.1 95.7
JAN 133.8 27.7 229.0 91.1 51.9 212.1 12.3 757.9 108.3
FEB 29.8 23.5 112.3 18.6 117.1 84.4 39.7 425.4 60.77
MAR 22.4 90.5 15.9 72.8 43.2 25.4 147.7 417.9 59.7
APR 59.1 49.9 177.0 41.4 101.3 13.2 54.0 495.9 70.84
MAY 85.2 36.7 33.2 14.6 10.4 27.8 10.0 217.9 31.13
JUNE 5.4 10.5 12.9 119.4 16.0 2.6 32.6 199.4 28.4857
JUL 4.0 64.9 .0 .1 2.8 .0 .0 71.8 10.26
AUG .5 28.1 .2 33.5 9.2 10.1 3.4 85.0 12.14

Total 610.9 463.7 849.0 753.1 675.6 536.9 547.1 4436.3 634

European Journal of Environmental and Civil Engineering 5
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Hydraulic properties of this marly clay (water retention curve, permeability function,
intrinseque permeability) were investigated. The water retention curve was obtained
across some conventional laboratory unsaturated tests (Romero, 2001). The laboratory
conditions are the fixed temperature at T = 20° ± 2° and the fixed relative humidity at
Hr = 50 ± 5%.

For the retention curve model, the Van Genuchten equation (empirical Model,
Figure 2) was calibrated on this experimental data as following:

Se ¼ sl � sr
ss � sr

¼ 1þ ua � uw
p

� � 1
1�k

 !�k

; k ¼ 0:2; p ¼ 0:1MPa (1)

Some laboratory experimental tests have been performed on intact clayey specimens
extracted from 1 m depth, such as oedometric tests on saturated specimens and
undrained compression triaxial tests. The undrained cohesion is 80 kPa, (apparent cohe-
sion), the undrained and effective friction angle are, respectively, 4° and 15° (apparent
friction and drained friction angles). The pre-consolidation stress at saturation (suction
s = 0) is 70 kPa and the conventional swelling stress is 50 kPa. The compressibility
coefficient is .28 and the unloading (swelling) index is .07. Using the water retention
curve, we obtain the air entry value around 100 kPa, which is defined as the suction at
which the air permeates the material and the effective drying occurs (Peron, Hueckel
Laloui, & Hu, 2009), and we assess the permeability at saturation as 10–7 m/s (Romero,
Gens, & LIoret, 1999). The plasticity index (Table 2) shows the high plastic character
of the soil, particularly for the surface layers. As it is mentioned below the higher the
plasticity index, the higher the contractive behaviour and the desiccation process leading
to crack pattern development.

3. Approach to model slope response to rainfall

The continuum slope model uses for the solid–water–air mixture has the following
equations. Ignoring inertia forces, equilibrium equation is:

r � rþ �qg ¼ 0; �q ¼ /sqs þ /wqw with /s þ /w ¼ 1� /a (2)

where /s;/w and /a are, respectively, the solid, the water and the air volume fractions;
qs and qw are, respectively, the solid and liquid mass densities. The air pressure is
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Figure 2. Water retention curve of the clay from Béja area.
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assumed at the constant atmospheric value. Also all the following equations are written
in isothermal conditions, which evidently leads to not considering the temperature gradi-
ent and limits the modelling of the evaporation (Gawin, Sanavia, & Schrefle, 1998).

If the water is assumed incompressible, the balance of water mass is (Borja, 2004):

d/w

dt
þ /wr � vþr � ð/wðvw � vÞÞ ¼ hw (3)

where ν is the velocity of the solid matrix, hw is the rate of water with source exchange
and d(·)/dt denotes the material time derivative following the solid motion.

The flow movement is described by the constitutive generalised Darcy’s law, where

v� vw ¼ � krw

/w r uw
qwg

þ z

� �
(4)

where krw is the hydraulic tensor permeability of the unsaturated media and expressed
as a product of a function of suction or degree of saturation (Romero et al., 1999) and
the hydraulic conductivity tensor K of the medium at saturation, g is the gravity acceler-
ation, and z is the vertical coordinate.

We use the elastoplastic BBM model, proposed by Josa et al. (1990) for partially sat-
urated soil. This model was formulated in terms of net stresses and suction and can be
summarised by Figure 3(a), where a three-dimensional yield surface in (p, q, s) space is
depicted. It is defined by two state surfaces explicitly based on two independent effective
stress variables (r� ua) and the matrix suction (ua � uw). In triaxial conditions, the state
surfaces are defined in the space of variables p0 ¼ p� ua; q and s ¼ ua � uw, where p is
the invariant scalar which means the mean stress; p ¼ ðrx þ ry þ rzÞ=3 and

q ¼ 1ffiffi
2

p
� � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rx � ry
� �2 þ rz � ry

� �2 þ rz � rxð Þ2 þ 6 s2xy þ s2zy þ s2xz

� �r
is the deviatoric

stress. Under saturated conditions, the yield surface corresponds to the modified cam-clay
(MCC) ellipse, and the size of the elastic domain increases as the suction increases (SI).
The rate of increase, represented by the loading collapse (LC) curve (Figure 3(b)), is one
of the fundamental characteristics of the model.

The BBM constitutive law becomes the classic MCC model when s becomes zero
(i.e. on reaching saturation). The set of equations of the BBM model is summarised as
following (Barcelona Basic Model (BBM); Josa et al., 1990). It is also useful to mention
that the strong assumption of BBM model, is to consider the suction as a hardening
parameter. This has been revised later by some authors (Laloui & Nuth, 2009; Nuth &

s 

s1
1 2 

3 
p0* p0

p 

b) 
Loading path (1 to 2) 

Wetting path 
 (2         3) 

M 

M 

M 

p0* p0(s)   p0(SI) 

SI 

s 

p

q 

p-ps= ks .s 

a) 

Figure 3. (a) Three-dimensional yield surface of Barcelona Basic model, (b) Yield surface in
plane (s, p), mechanical and hydraulic paths.
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Laloui, 2008). Also, with the BBM model, the yield surface evolves with the level of
suction in a reversible manner.

The parameters introduced in the models (Table 3) require some laboratory experi-
mental tests. Some of them are measured as: φ′, ks, p�0, kð0Þ and j, where φ′ is the
effective friction angle, ks is the material coefficient of the linear tensile strength evolu-
tion with suction psðsÞ, p0 is the pre-consolidation stress at saturation, kðsÞ is a material
parameter representing suction compressibility under constant mean stress and j is the
slope of loading–reloading line for saturated state. The corresponded performed tests
are, respectively, the consolidated undrained triaxial tests (φ′), the direct tensile tests
with measured matric suction (ks), (Trabelsi et al., 2012), and the oedometric tests under
saturation (p0, kð0Þ and j). However, the parameters r, b and pc are simply estimated,
referring to results and empirical formula proposed in literature (Alonso, Vaunat, &
Gens, 1999; Guiras-Skandaji, 1996; Josa et al., 1990; Sheng, Gens, Fredlund, & Sloan,
2008). Equation (9) is the so-called LC yield surface. Also p is the reference mean

yield surface (triaxial) F p; q; sð Þ ¼ q2 �M 2 pþ ps sð Þð Þ po sð Þ � pð Þ ¼ 0 (5)

Plastic potential (triaxial) G p; q; sð Þ ¼ q2 � aM 2 pþ ps sð Þð Þ po sð Þ � pð Þ ¼ 0 (6)

Shear strength critical state
parameter

M ¼ 6 sinu0
3� sinu0 (7)

Linear tensile strength ps sð Þ ¼ ks (8)

LC curve
po sð Þ ¼ pc

p�o
pc

� �k 0ð Þ�j
k sð Þ�j

(9)

Isotropic elastoplastic volumetric
deformation

dev ¼ k sð Þ
1þ e

dp

p
(10)

Volumetric compressibility index k sð Þ ¼ k 0ð Þ ð1� rÞ expð�bsÞ þ r½ � (11)

Hardening law with plastic
volumetric deformation

dp�o ¼
1þ eð Þp�o
k 0ð Þ � j

depv (12)
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stress. The dev and depv are, respectively, the total volumetric deformation and the plastic
volumetric deformation.

The non-associated flow rule (α defines if it is associated or not. The associated flow
rule is assumed, where α = 1) which leads to the plastic strain calculation is given by:

depij ¼ v
@G

@rij
þ g

@G

@s
dij (13)

where χ and η are positive plastic coefficients.
As this model is available in CODE_BRIGHT we have used this program to a series

of analyses to gain understanding of the problem. These are presented in the next sec-
tion together with the considered parameters.

The unsaturated permeability is given by the following equation:

Kns ¼ Ksat

ffiffiffiffiffi
Sr

p
ð1� ð1� S1=br ÞbÞ2 (14)

Table 3. Mechanical and hydraulic parameters for the constitute layers of slope.

Parameters m1 m2 m3 m4

Φ′: friction angle 15° 15° 10° 30°
M: the slope of the critical state line (CSL) .6 .6 .4 1.2
p0*: pre-consolidation stress at saturation (MPa) .07 .13 .17 2
pc: reference stress (MPa) .025 .025 .025 .025
κ: compressibility coefficient along elastic stress paths .07 .07 .07 .07
λ (0): compressibility coefficient for the saturated state
along virgin loading

.28 .28 .28 .05

ks: parameter of apparent cohesion .1 .1 .1 .1
K: intrinsic permeability (m²) 10−13 10−13 10−13 10−13

ϕ: initial porosity (%) .5 .5 .5 .4
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Figure 4. Simulation of an oedometer test in which collapse is induced at 200 kPa by wetting of
the sample (initial suction is .2 MPa).
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The Ksat is the saturated permeability (m/s), Sr is the degree of saturation and β is a
parameter depending on the soil.

To give an idea of the sensitivity of the BBM model with the mechanical parameters
in Table 3, some basic laboratory tests are simulated numerically. Figure 4 shows the
response of the unsaturated sample in oedometric test under vertical loading and wet-
ting. As it is shown the collapse is produced under wetting and after a saturated sample
is well compressed. The initial suction is .2 MPa and it is reduced to zero after wetting.
In the other hand, the Figure 5 shows the response of the unsaturated soil under a devia-
toric stresses and under a wetting at a given shear strain. The results show the capability
of the model to predict the shear response under the hydro-mechanical coupled paths.
The soft character of such material under saturation is well illustrated. The high
compressibility and low strength of such material is well shown by the void ratio reduce
(in oedometric test) and by deviatoric response after wetting stage. Actually, when the
material is inundated the apparent cohesion is reduced to zero and the apparent
pre-consolidation stress is reduced dramatically.

0
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D
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Vertical Strain (-)

Confining stress = 0.2 MPa
Initial suction = 0.2 MPa

Response under wetting: dramatically 
decrease of deviatoric stress  

Figure 5. Simulation of a triaxial test with .2 MPa of confining stress and initial suction of
.2 MPa. Wetting of the sample induces a lost of strength as pre-consolidation pressure change and
the cohesion induced by suction vanishes.

Three soil layers submitted to 
hydraulic paths 

Hardly soil 

Point  Mr at 3m depth  

Figure 6. Mesh elements chosen for the simulations.
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To apply the numerical analysis on the slope case studied here, the geometrical
domain is exactly identified with the real dimensions. Figure 6 shows the mesh elements
chosen for all the simulations presented in the following. The simulations are done
according to the two following assumptions: small deformations and plane strains.

4. Analysis of the slope movements based on coupled hydromechanical numerical
modelling

In order to provide useful answers to the field failures observed during the period
between 2006 and 2007, numerical analysis was considered as a tool to understand the
effect of several parameters. Such simulation is based on the rainfall data during wetting
and drying seasons and on some field measurements. The movements of the slope
which are strongly depended on both stress paths (mechanical and hydraulic stress
paths) can be used as a measurement to evaluate the slope stability. As it is shown
here after, two initial mechanical parameters of the soil (cohesion and apparent pre-
consolidation stress) govern the movements of the slope according to the hydraulic
path.

Three scenarios are considered in this study: the first corresponding to three rainfall
sequences between November 2006 and February 2007, during 180 days. The second

Phreatic surface 
before rain 

Phreatic surface 
after rain 

Figure 7. Evolution of the table water (positive water pressures) under rain.

Figure 8. Horizontal (a) and vertical (b) displacement fields at the end of the infiltration (×25).
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scenario takes into account the high and small levels of evaporation at 60 days which
take place after a wetting process. Finally, in order to study the cycle effects (drying–
wetting), one scenario which takes into account both cases: a wetting period added to a

0

0.02

0.04

0.06

0.08

0.1

0.12

0.00

0.05

0.10

0.15

0.20

0.25

0.30

60 80 100 120 140 160 180

su
ct

io
n 

(M
Pa

)

ho
riz

on
ta

l d
is

pl
ac

em
en

t (
m

)

suction

displacement

Point at 3m depth, downstream zone 

Time 

Figure 9. Horizontal displacement and suction evolutions during 120 days (upstream) [first
scenario].
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Figure 10. Horizontal displacement and suction evolutions during 120 days (near the road) [first
scenario].
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Figure 11. Yield surface evolution during the wetting path (near the road of the slope) [first
scenario].
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long or a short period of drying (evaporation) is considered. For each case, the influence
of the specific data on some mechanical parameters such as the cohesion and the appar-
ent consolidated stress (pc) are studied. A comparison between the numerical predicted
results and the field measurements of the displacement in zones where the failures have
been localised, using the few field experimental results performed by the inclinometer
tests are given.

According to the geotechnical back-analysis based on the laboratory tests mentioned
below in Section 3, for successive layers (mi) are constituted by a soil which has the
following properties. The relatively large intrinsic permeability corresponds to clay
affected by cracks and heterogeneity (interlayer of permeable soils).

5. Moderate precipitation followed by a rainfall (first scenario)

For numerical simulations, we use in this section a realistic topographic profile of the
studied slope as is it described above in Figure 1. Table 3 contains the corresponding
properties required by the BBM model. The first scenario corresponds to a moderate
precipitation during 102 days. A first period of 60 days is a period in which only
boundary conditions of moderate evaporation were applied (we assume as a Dirichlet
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Figure 12. Yield surface evolution during the wetting path (downstream zone) [first scenario].
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Figure 13. Horizontal displacement and suction evolutions for several saturated permeability
(point Mr: near the road and for the high evaporation level) [second scenario].
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boundary condition, the imposed suction value of 100 kPa). The boundary imposed con-
dition is the fluid-flow (Neumann boundary condition). The rainfall is starting after this
period during 42 days (from 60 to 102 day) with an average intensity of 2 mm/day.
Then, a high value of 25 mm/day, corresponding to the short intensive rainfall (during
4 days, i.e. 106–110 day) was applied. For these simulations, precipitation is described
by the fluid-flow fixed at the corresponding value of each scenario. However, the
evaporation is simulated by fixing a suction value or a negative fluid-flow at the slope
surface.

Figure 7 shows the position of the phreatic surface before and after rain. Only the
positive pressures are shown to indicate the evolution of the saturated zones. Modelling
the slope movement requires the initial conditions (hydraulic conditions). In this
particular case, to compare the numerical displacement field with the measured one, the
initial state corresponds to the phreatic surface determined by the piezometer
measurements before strain. In the unsaturated zone, the suction is considered constant,
corresponding to the effective cohesion measured in laboratory. The relation between
the cohesion and suction is described by the Equation (8), via the preconsolidation
stress. On the other hand, for the given numerical tests used for the analysis, the suction
is constant in the unsaturated zone corresponding to a given value as it is indicated for
each corresponding figure.

Figure 8 also shows the horizontal and vertical fields of displacement, which
indicate that the vertical ones correspond to the consolidation under wetting, and the
horizontal ones are more importantly near and in the downstream of the road and are
motivated by the reduction of strength.

Figure 8 shows displacement field trend which indicates that the horizontal
component of movement is more important in the downstream side of the slope. In the
upstream side, the vertical displacement values corresponding to collapse is also signifi-
cant. The maximum displacement value was calculated around 25 cm (Figure 9) and it
can be observed that the increase in the rain intensity did not produce a major change
in the response (at 106 day) as the soil was already wet due to the previous long-term
low intensity rainfall. Figure 10 shows a similar response rather at a point near the
road.

In order to understand the deformation processes especially when dealing with
plastic strain, in this case induced by changes in suction, it is essential to look at the
stress suction paths. Figure 11 shows both decrease in the cohesion and the apparent
pre-consolidation stress when the suction decreases (from 60 day to 180 day, suction
decreased from .1 to 0 MPa). The reduction of the yield surface reduces the strength

Figure 14. Horizontal displacement and suction evolutions during 120 days (near the road and
for the high evaporation level) [second scenario].
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and causes collapse deformation (Figures 11 and 12). It was mentioned otherwise
(Alonso & Romero, 2003) that collapse under wetting leads to a serious problem of
stability of soil even though it is a sandy soil. In the case of this considered scenario,

Figure 15. Yield surface evolution during the wetting path (near the road of the slope and for
the high evaporation level) [second scenario].

Figure 16. Yield surface evolution during the wetting path (downstream zone and for the high
evaporation level) [second scenario].
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Figure 17. Horizontal displacement and suction evolutions during 120 days (near the road and
for the small evaporation level) [second scenario].
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the plastic deformations are moderate. Under the hydraulic boundary conditions in this
case, the larger displacements are located in the downstream of the slope and not near
the road (Figure 10).

Figure 13 shows the effect of permeability. The values considered are A:
5 × 10−13 m2, B: 5 × 10−14 m2 and C: 5 × 10−15 m2 corresponding to increasing homo-
geneity and intactness. For lower permeability the wetting is slower and also it delays
the development of movements. The final displacement values are lower for higher per-
meability which may be due to stress paths going inside the yield surface as the soil sat-
urates. The permeability evolution in the in situ conditions may be related to porosity
evolution, which occurs specially in the dry season in the upper layers. However,
whereas the importance of permeability on the hydrologic and mechanical aspects has
been elucidated from previous simulations (Borja, 2010; Ebel et al., 2007; Montgomery,
Dietrich, Torres, Anderson, & Loague, 1997), its evolution with the desiccation effects,
is still poorly understood and it is yet an open question. Evidently, if the desiccation

Figure 18. Yield surface evolution during the wetting path (near the road of the slope and for
the small evaporation level) [second scenario].
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Figure 19. Suction and horizontal displacement evolutions against the time during 450 days and
for the two hydraulic cycles [third scenario] (point M1 with coordinates (7.77, 410.960)).
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process produces largely opened cracks (strong discontinuities), the definition of the per-
meability in the sense of porous media mechanics, losses its sense.

5.1. Period of high and low suction followed by rainfall (second scenario)

In this section, we show the effect of the initial evaporation conditions on the slope
movements and on the localized failure zones. Hence, during a period of 60 days, a
drying path was applied across a boundary condition via the imposition of the suction
(Dirichlet boundary condition), corresponding, respectively, to different cases: high and
small evaporation levels (respectively, si = 1 MPa, and si = .2 MPa).

In this section, the choice of these suction values is arbitrary; given that the goal is to
study the effect of the evaporation level which is assumed to be straightly related to suction
level. In fact, in the case of initial high evaporation level, the unsaturated zone in which
the capillarity suction has been developed increases, hence the cohesion and the apparent
pre-consolidation stress increases. Consequently, under the wetting path, the clayey soil
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Figure 20. Yield surface evolution under the hydraulic cycles (stress path for material point at
the slope’s surface and next to the road) [third scenario].
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Figure 21. The groundwater level measured during the years 2006 and 2007.
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collapsed and both parameters (cohesion and apparent pre-consolidation stress) dramati-
cally decreased (Figures 15 and 16). The horizontal displacement value near the road was
found around 25 cm (Figure 14), but it was higher in the downstream zone (around of
45 cm). It can be shown that at the inception of the collapse mechanism due to wetting
(increase in the plastic volumetric deformation), the failure is locally more focused, partic-
ularly in the downstream of the slope. In the zone near the road, the collapse also leads to
a shallow failure. In the opposite, when the evaporation is not so higher, under the same
conditions of wetting (duration and intensity) the failures are not so occurred.

Note that the intermediate (105 days) and the final (180 days) yield surfaces are
represented (Figure 15).

When the evaporation is smaller (suction of .2 MPa) and the same conditions of
wetting applied (duration and intensity), the movements were much smaller (Figure 17).
The explanation is that when the initial evaporation is smaller the same conditions of
wetting do not produce the same effects of decrease in cohesion and apparent pre-
consolidation stress, and therefore the slope movements were smaller (Figures 17 and 18).

Figure 22. Total displacement measured by the inclinometer test at the slope surface (the
measures was kept between from 11/2006 to 03/2007).
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Figure 23. Displacements and suction evolutions against the time during 90 days at the point M3

at the upstream of the road.
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Therefore, a short-duration intensive rainfall, especially after a high drying period,
tends to accelerate slope movements and leads eventually to failure (Figures 14 and 16).
As it is mentioned above, the localized zone is identified by the total displacement field
values or by the cohesion field. In order to compare the numerical and field measure-
ments, the total displacement field criterion is rather considered.

Photo 1. (a) Shallow failures causing damages in the road, (b) Collapse of the clay soil during a
period of wetting season [a] (date: 16/03/2006), Local slope failure after the first rainfall episode
[b] (date: 20/12/2006).

Photo 2. Local failure near the road (this photo was taken at 15 March 2007).
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From the numerical study, it has been shown that the higher the suction at the onset
of rainfall, the higher the irreversible displacements. Then, if we take into account the
irreversible horizontal displacement component as an evaluation criterion of the sliding,
resulting from the loss of the cohesion and pre-consolidation stress, we can extrapolate
the criterion to potential failure and collapse of the soil.

5.2. Evaporation and rainfall cycles (third scenario)

This case is intended to investigate the effect of environmental cycles of drying and
wetting due to annual seasonal effects. An initial suction of si = .33 MPa was applied
on the surface and kept constant during the period between 60 days and 180 days. It
corresponds to the first drying period. Then during a period of 78 days (between
180 days and 258 days) the humidification path was applied by means of rain with
small intensity. From numerical point of view, the rain is described via its intensity
which is transformed to a fluid-flow expressed by mm/day by unit surface (m2). As a
consequence, the suction decreases from .285 to 0.062 MPa at the point represented
in Figure 19 (near the road). A second cycle was applied afterwards. In the first
cycle, the displacement increases dramatically during the wetting path with a calcu-
lated increment of .26 m, while in the second cycle, the increment is only .12 m
(Figure 19). So it is clear that the displacement increment during the first wetting is
roughly double that of what occurred during the second wetting. This is a conse-
quence of hardening developed by collapse under a plastic deformation initiation
(Figure 20). Still, the yield surface evolution is more reduced for the second wetting
cycle, for the apparent pre-consolidation stress and for cohesion.

6. Incorporation of the seasonal precipitation and evaluation of calculated and
measured movements

During the period April 2006 to August 2007, the underground water level was mea-
sured using the piezometer. Figure 21 shows the variation of the water level which is
significant between the wet and the dry seasons (depth varies from .67 to 2.13 m).

It seems that the difference of this model and the case presented in Section 4.1 is
the history of imposed precipitation. Finally, Figure 22 shows some measurements using
inclinometer and topographic relative total displacements that were recorded during a
campaign that was performed until the end of March 2007 and during the wet season.
In Figure 22, the inclinometers positions are indicated and one set of measurements
recorded during the failure of 30 March 2007 is given. The given displacements values
corresponding to inclinometers and topographic measurements are taken in the top of
the layer m1. As the resulting slope movement was followed by the combined measure-
ments (topographic for the total displacement and inclinometer for the horizontal
displacement, the data presented in Figure 23 results from a treatment of the
measurement information).

An attempt to reproduce the field measurement data was done by modelling the per-
iod from December to March (180 days) which was subdivided into two sequences: an
evaporation period of 60 days corresponds to an equilibrium suction of 1 MPa; then an
infiltration flux data corresponding to three intervals of 42 days, 4 days and 74 days,
respectively, (2 × 10−5 kg/s/m2, 3 × 10−4 kg/s/m2 and 10−5 kg/s/m2: Neumann boundary
conditions), (see Table 4).
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The calculated displacement shown in Figure 23 (the results corresponded to point
M3(10.68, 399.398)), is in the same order of magnitude as that as in the field,
(Figure 22). It was observed in the field that the soil was fully saturated near the surface
at the moment of maximum movements.

Photo 2 shows the local failure that took place near the road which was the zone
with more tendency to instability due to the shape of the surface and the larger infiltra-
tion. The range of total displacement predicted by the model is in agreement with the
failure observed near the road. Despite the interesting quality of this qualitative compari-
son between numerical and field experimental results, it appears that not knowing the
field boundary conditions and the effect of fractured layers (i.e. crack pattern and depth
of cracks), it is unlikely to reproduce the exact field failures.

7. Conclusion

Based on the field observations, field measurements and numerical calculations, the fol-
lowing conclusions can be given:

The inclinometer measurements and the field
observations (many photos have been taken during the period of landslides) showed
the locally and shallow failures along the slope. At the same time, these failures were
more frequent after long dry seasons and under high rainfall intensity.

Using the rainfall events data, the underground water level (piezometric data) and
the geotechnical data (water retention and grain distribution curves, compressibility
coefficients, cohesion and friction angle values), simulations based on poro-elastoplastic
model for unsaturated soils were performed. Unfortunately, knowing the exact field
boundary conditions remains difficult. For this reason, some assumptions of boundary
conditions date were given.

The collapse observed on the surface of the slope in terms of the increase in volu-
metric strain (at a depth below 3 m) was related to the evolution of both variables: suc-
tion and apparent pre-consolidation stress. A high decrease in soil suctions takes place
due to rain. This induces a significant decrease in apparent pre-consolidation stress and
plastic deformations. When the soil was subjected to wetting/drying cycles during a total
period of 510 days or to high rainfall intensity in a long period, the movements were
more significant.

It appears that the apparent pre-consolidation stress controls the strength. In fact,
under the same variation of suction, the decrease in the yield surface domain depends
also on the initial pre-consolidation stress value: the higher the value, the higher the rel-
ative decrease in the yield surface domain will be.

The BBM elastoplastic model is appropriate to give the prediction of the shallow
and local failures which take place under high soil suction reduction. The key points in
the model are the apparent pre-consolidation stress evolution and the consideration of
the rainfall data. Therefore, the BBM elastoplastic model should help in understanding
practical behavioural features – for example, using the geotextile or coarse materials for
drainage – by leading to optimise the kind of material and positions of drains. The two
kinds of the solutions offer a channel-flow by drainage and maintain the seepage
infiltration on the slope surface (case of coarse materials) or across the geotextile sheet.
Both techniques dissipate pore water pressure and avoid the dramatical decrease in
suction and as a consequence avoid the decrease in cohesion and apparent
pre-consolidation pressure.
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As it was demonstrated elsewhere (Jamei et al., 2008), the equilibrium approach is
not sufficient for the prediction of the actual (field) shallow movements and failure and
cannot incorporate easily the collapse phenomena.

The effect of the initiation of the collapse of the clay in the upstream of the slope
(by the increase in vertical displacement and then the volumetric deformation) has been
shown and it can be the origin of the increase in failure displacement. The prediction of
the vertical movement via the poro-elastoplastic model improved these field
observations.

On the surface of the slope, a crack pattern has been well observed (Jamei et al.,
2008). This phenomenon could lead to an increase in permeability and enhance shallow
slope instability (Istanbulluoglu, Bras, & Flores-Cervantes, 2005). Taking into account
the cracking and the subsequent permeability variation should be a future challenge of
this research.

In order to improve the validation of the performance of the proposed analysis
approach, a further complementary field and laboratory measurements (water content
and suction along depth, suction using tensiometers, thermal conductivity, suction sen-
sors, moisture probes, inclinometers, evaporimeter) should be performed.

From an engineering point of view, the reinforcement solution or the performance
technique to use for the slope stability may be the challenge of this study. From our
point of view, only with an extensive analysis of this slope instability problem, we can
discuss the performance of practical technical solutions as the geotextile reinforcement
or the channel coarse grains solution in order to dissipate the interstitial pressure and to
reduce the effect of the hydraulic forces action.
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