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Abstract. The climatic changes induce now more and more serious environmental problems such as 
landslides, especially in arid and semi-arid countries where rainfalls happen with high and short duration 
intensity. This paper aims to study the influence of unsaturated mechanical properties on the slope 
instability. The research was conducted based on the combination of a physical model and numerical 
simulations with the aim to analyze rainfall-induced slope failure. The benefits of the proposed method are: 
1) increase of monitoring efficiency by considering several parameters in large ranges of variation; 2) cost 
reduction by a combination of minimal laboratory physical model data and numerical modeling. In this study, 
the effect of rainfall intensity and duration as a hydraulic loading was investigated. The used model is an 
elastoplastic one based on effective stresses and a non-associative flow rule. A function of a reduction of 
mechanical parameters with suction was implemented in CODE_BRIGHT software. The results are 
presented in terms of: 1) displacement values; 2) evolution of pore water pressure (PWP); 3) plastic 
deviatory strains and saturation zones. 
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1. Introduction 
Weathered shallow landslides have been observed in different regions in the world. In fact, climatic 

changes have led to many extreme weathering scenarios. Among them, the rainfalls which are more and 
more intensive and happen in a short duration, causing different environmental hazards such as landslides. 
Serious landslides have often occurred during or just after rainfall (a non-exhaustive example of disaster 
has occurred in the North West of Tunisia (Béja) [1, 2]). So, the objective of this study is to provide an 
expertise methodology, based on the consideration of the hydro-mechanical coupling for unsaturated soils. 
This expertise aims to: 1) provide a power modeling tool to reproduce some experimental results [1, 2]; 
2) to evaluate the role of the main physical and hydraulic parameters (grain size distribution, density or 
porosity, saturated permeability) to explore how landslides occur and the shear band develops; 3) to inform 
about the influence of such numerical parameters as the mesh elements and the test of convergence. 

Currently, to investigate the effects of the water pressure increase due to the rainfall water infiltration, 
various theoretical and numerical methods have been used. The limit analysis approach and the 
elastoplastic model using the so-called c-phi reduction method have been frequently used in the 
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engineering field. However, these approaches do not explicitly include the hydraulic-mechanical coupling 
stresses. Thus, in the last two decades, numerous studies have proposed several approaches considering 
hydraulic-mechanical coupling, which have provided a powerful tool for the prediction of the rainfall-induced 
landslide [2, 11]. Other researches have been also proposed to combine the modeling and field monitoring 
to evaluate the landslide risk [12]. 

In fact, some of the previously coupling approaches have considered the dependence of apparent 
cohesion, effective stress and friction angle with suction (and eventually the degree of saturation as function 
of void ratio), as well as the variation of permeability with the suction [2, 8, 9, 13]. Other approaches consider 
the suction or the degree of saturation as a state variable [8]. In addition, many rainfall-induced slope 
instability studies have focused on the role of the water retention properties under diverse rainfall scenarios 
on unsaturated slope stabilities [14, 17]. 

As noticed by experimental results, the increase of water table level is one of the most relevant 
conditions to landslide incidence [18–20]. The shear band, defined as a band where plastic shear strain is 
well developed in relation with the pore water pressure increase, which in the end, governs the failure mode. 
In order to deeply understand the mechanisms of such rainfall-induced failure, the study of coupling 
problems is now becoming an absolute need in the environmental engineering field. In this context, different 
reduced-scale slope models were developed to investigate the main conditions that cause slope failure and 
quantify the main factors that govern it under rainwater infiltration, particularly in extreme weather 
conditions, and under hydraulic and environmental cycles effects [20, 29]. 

Relevance of this study lies in the quantification, separately, of the unsaturated hydraulic parameters 
(unsaturated permeability and water retention function) and mechanical parameters leading to slope failure 
considering numerous types of soils. This study detailed the observations of the failure process, duration 
of soil moisture content development and pore-water pressure during the rainfall period. A pre-failure stage 
analysis was performed by plastic strain development. The CODE_BRIGHT program [30] was used, where 
the proposed model was implemented [18]. 

Indeed, the proposed model was based on the extension of effective stress concept to unsaturated 
soils, considering the cohesion reduction under humidification [8, 31, 33] (e.g., the reduction of the suction 
as an internal variable in the model). 

The obtained numerical results show that for the long rainfall duration and for the well permeable 
soil, infiltration develops groundwater table from the bottom up, leading to matric suction loss in the transient 
unsaturated to saturated zone. Analysis of the strain evolution indicates that failure localization originates 
in the lower part and the shear zone develops through the superficial part to the upper part of the slope. 
The suction loss and the increase of the pore water pressure in the saturated zone, near the toe of the 
slope, are considered as the main factors leading to the slope failure. 

2. Methods 
2.1. The proposed hydro-mechanical model 

As it is mentioned above, landslides may occur due to rapid reduction of suction under rainwater 
infiltration [3, 23, 34]. Obviously, experimental efforts are yet needed to link the mechanical parameters as 
stiffness, compressibility, cohesion and friction angle to the water content/degree of saturation and suction 
evolution and consider this issue in landslide analysis. For some authors, adding to the internal variables 
such the elastic and plastic deformation, the degree of saturation is considered as an internal variable [8]. 
This idea was firstly proposed by [31], and was open to debate based on experimental and theoretical 
evidence. At the first stage, various shear test results showed the influence of water content on friction and 
cohesion due to wetting-drying cycles [35, 36]. These tests highlighted the fact that the increase of water 
content (or saturation degree) has led to a decrease of the suction in the soil and consequently, the 
decrease of “apparent” cohesion and then the decrease of effective stresses. Obviously, the decrease of 
these mechanical parameters entailed a reduction in the soil shear strength. 

In this paper, an elastoplastic model is proposed and formulated in an elastic and visco-plastic 
framework. A modified Mohr–Coulomb model based on effective stress (using an extended mathematical 
relation of [32]) has been proposed and implemented in the CODE_BRIGHT software. The algorithm of the 
resolution of the obtained iterative non-linear equations system was solved using a regularization method 
[18]. To find different previous forms of extended effective stresses formula, see, e.g. [33, 37, 39]. 

The suggested model defined the apparent cohesion as a nonlinear function of suction, thus leading 
to a non-linear shear strength-suction relationship [40]. 
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We use here some results of triaxial drained tests conducted by [20], on the Kumano silty sand with 
initial relative densities (Dr varied from 58 % to 86 %). The soil was used in a physical slope model. These 
tests showed a Young modulus dependency on suction, which varied in the range of 3–10 MPa. 

The equations of the proposed model were implemented in the CODE_BRIGHT software. Table 1 
and Table 2 summarize the mechanical and hydraulic equations (for more details about the implementation 
of hydro-mechanical model and the applied regularization method, see, e.g. [17, 18, 39]). 

Table 1. Mechanical equations used in the model. 
Mechanical part of the model  

Balance equations 
(the variable is the 

effective stress 
tensor of water 

pressure) 

'( ) ( )wDiv Grad u= −


σ γ  Div(.) and grad(.) are respectively the 
divergence and gradient operators.  

  γ


 is the vertical volumetric force (vertical unit 

weight force) 

The effective strain 
rate 

e pd d d
dt dt dt
ε ε ε

ε = = +  

:
ed dA

dt dt
′ε σ

=  

εe and εp are respectively the elastic and plastic 
components of an effective strain tensor. 

Hooke’s law was used to link the elastic tensor’s 
components to the effective stress components. 

′σ  is effective stress, A  is the behavior tensor 

with components depending on the stiffness E 
(function of suction) and Poisson’s ratio ν (not 

dependent on the suction). 

Plastic effective 
deformation 

(determined using a 
non-associative flow 

law) 

0

pd G( F )
dt
ε ∂

= Γ Φ
′∂σ

 

 

0Γ  (s-1) is a fluidity parameter, F  (MPa) is the 
yield function (Here is the Mohr–Coulomb 

function), G  (MPa) is the plastic potential, Φ  
is a stress function. 

The stress function 

( )
( )

( ) ( )
0 if

ifm

F
F
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Φ <Φ = 
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m is a parameter which depends on the 

material. It is experimentally calibrated. For 
instance, m was calibrated by some primarily 
numerical tests and fixed at 3 (this calibration 

was convenient for the studied sandy soil which 
exhibited dilatancy). 

The yield function (F) 
and the visco-plastic 

potential  

(G) 

 

F c q p′ ′+ β = − δ ,   

 

    G c q p′ ′+ β = − αδ  

α is a parameter to define non-associative 
plasticity rules. 

where  

6sin 6cosand
3 sin 3 sin

′ ′φ φ
δ = β =

′ ′− φ − φ
  

The first and second 
invariants p and q  ( )1

3 x y zp ′ ′ ′= σ + σ + σ  

( ) ( ) ( ) ( )2 2 2 2 2 21 6
2 x y y z z x xy yz zxq = σ − σ + σ − σ + σ − σ + τ + τ + τ  

c′  is the effective cohesion and ′φ is the effective friction angle.   

The effective stress ( )ij ij a ij a w iju u u′σ = σ − δ + χ − δ  

The general expression of the adapted cohesion is as follows 

1
1

0
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a w
u uc c ( u u )
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−

−
 

 − ′ ′= + − +   
  

 

λ

λ
φ  

ijδ is the Kroemer’s symbol ( 1ijδ =  if i = j; 0ijδ =  if i ≠ j) 
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2.2. Hydraulic constitutive models 
For numerical simulations, the needed hydraulic properties are the soil-water retention curve, the 

relative permeability variation with suction or degree of saturation and the variation of intrinsic permeability 
with porosity. The following table presents all the used functions (The relative permeability function [41], 
van Genuchten equation fitting the water retention curve [42] and the effective saturation Se is defined by 
Mualem [43]). 

Fig. 1 and 2 give respectively an example of experimental calibration of water retention function and 
intrinsic permeability. 

Table 2. Hydraulic constitutive equations. 
The flow motion 

Richards equation ( )rw
w w w

w

kkq u g z= − ∇ + ∇ρ
µ

 
qw (m/s) is the flux of the water, and ∇uw is the 

pressure gradient vector (Pa/m). K (m/s) 
represents the hydraulic conductivity, k (m2) the 

intrinsic permeability, ρw (kg/m3) the water 
density (ρw =103 kg/m3), g (m/s²) the acceleration 
of gravity and μw (Pa.s) the dynamic viscosity of 

water (μw = 10-3 Pa.s). These parameters are 
fixed for a temperature T = 20º.  

The relative 
permeability function rw ek S= ξ  Se is the effective saturation. For numerical 

simulation ξ = 3. 
And the intrinsic  

permeability  

( )
( )23

2 3
1

1
o

o
o

nnk k
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−
=
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on  is the initial porosity and ok  is the saturated 

permeability corresponding to on . (For the 
calibrated experimental data,  

ok  = 1.8 10-11 m² and on  = 0.471). 

Van Genuchten 
equation fitting the 

water retention curve 
1

1

0
1 a w

e
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−

−
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Sr is the saturation degree, Sr max and Sr min 
denotes respectively the maximum and the 
residual saturation degree, λ and P0 are 

respectively the van Genuchten parameters (P0 
is a reference capillary pressure and λ is a 

shape’s curve), (for the calibrated experimental 
data, λ = 0.4, P0 = 4 10-4  MPa, Sr max = 1 and Sr 

min = 0.22). 

 

 
Figure 1. Fitting of water retention curve with experimental data [18]. 



Magazine of Civil Engineering, 17(1), 2024 

 
Figure 2. Saturated permeability as function of porosity for a silty sandy soil [18]. 

In the same context, Table 3 summarizes the modeling parameters values used in the simulations. 

Table 3. Constitutive parameters. 
ELASTICITY  

Parameters Value Parameters definition 

E (MPa) 10 Young’s modulus 

ν 0.3 Poisson’s Ratio 
VISCO-PLASTICITY PARAMETERS 

Parameters Value Parameters’ definition 

m 3 Stress power 

Γo (s-1) 1.106 Viscosity coefficient (a high value is needed to approach 
the plastic behavior) 

Q (J mol-1) 0.0 Parameter for temperature dependency  

c’ 
tan ϕ’ 

 
λ 
 

P0 

0.0 
0.4762 

 
0.4 

 
4.10-4 

 
Total cohesion  

( )
1

1

0
tan 1 a w

a w
u uс с u u

P

−

−
 

 − ′ ′= + − +   
  

 

λ

λ
φ  

α 1.10-4 Parameter to reduce dilatancy: a low value for the sandy 
soil case (which can exhibit dilatancy) 

δ 1.462 6sin
3 sin

′
=

′−
φδ
φ

 

3. Results and Discussion 
We employed the finite element code (CODE_BRIGHT) to build the geometry of the slope model, 

and used GiD pre- and post-processor [30, 44]. The slope’s angle was 40 degrees. As indicated in Fig. 3 
for the finite element mesh, the elements were of a four-node quadrilateral type. The numerical simulation 
was performed by taking into account the hydraulic and mechanical boundary conditions of the flow as 
shown in Fig. 3. 
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Figure 3. Geometry, hydraulic, and mechanical boundary conditions  

for the proposed numerical model. 
Moreover, the simulations were performed in 2D with plane strain assumption. In order to study the 

effect of rainwater infiltration on slope stability, two numerical simulations were presented in this paper in 
Table 4. 

Table 4. Reduced scale slope model characteristics, initial and boundary conditions. 

Model type Type of Test Initial and boundary conditions Rainfall period  

A Rainfall 
Slope angle α = 40%, porosity n0 = 0.471,  

saturation degree Si = 30%,  

suction, s = 12.85kPa and rainfall intensity I = 50 mm/h 

40000 sec 

B Rainfall 
Slope angle α = 40%, porosity n0 = 0.415,  

saturation degree Si = 30%,  

suction s = 12.85kPa and rainfall intensity I = 50 mm/h 

20000 sec 

 

For the first test (Type A model as indicated in Table 4), the following figure shows the displacement 
and suction evolutions during the simulation and the obtained numerical results show that important 
displacements have occurred when the region near the toe of the slope becomes fully saturated. In addition, 
Fig. 4 confirms that important displacement (plastic deformation) occurred due the positive pore water 
pressure increase near the toe of the slope. Fig. 5 shows that the groundwater table begins to develop in 
the lower part of the slope and that the upper part remains unsaturated until the end of the simulation. On 
the other hand, Fig. 6 represents the positive pore water pressure isovalue at the end of the simulation. 
The obtained numerical results confirm that landslides occurred when the toe of the slope became saturated 
and positive pore water pressure developed. In our case, a superficial landslide occurred as shown in Fig. 7. 

 
Figure 4. Displacement and suction against time for rainfall water infiltration. 



Magazine of Civil Engineering, 17(1), 2024 

 
Figure 5. Pore water pressure in different points on the top layer of the slope. 

 
Figure 6. Positive pore water pressure isovalue at the end of infiltration period. 

 
Figure 7. Vectors of incremental displacements at the end of rainwater infiltration. 

In the second test, only the soil porosity and rainfall test duration were modified. Fig. 8 shows the 
numerical results of the vectors of incremental displacement and the contour of deviatoric plastic strain at 
the end of rainwater infiltration. The vectors of incremental displacements in Fig. 8 (a) delineate the most 
probable failure mechanism under current loading conditions. The consequences of rain infiltration on slope 

deformation are noticeable as the contours of accumulated deviatoric plastic strains p
dε  in Fig. 8 (b) 

illustrate. 
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Figure 8. Vectors of incremental displacements and the contour of deviatoric plastic strains  

at the end of rainwater infiltration duration. 
In this part of our simulation, an analysis of the temporal evolution of deviatoric plastic strains for 

different points located in the superficial layer of the slope allows identifying the most active shear zones 
during the water flow associated with the formation of a progressive failure mechanism (Fig. 9). Four 
different points, which are located in the shear zone identified in Fig. 8 (b), are selected for the analysis. At 
the beginning of rain infiltration, deviatoric plastic strain occurs in the shallow (Pt 1), lower part of the slope. 
Subsequently, plastic strain mobilized in the middle part (Pt 2) and finally in the upper part of the slope 
(Pts 3 and 4). As indicated, large irreversible shear strain occurred after 1200 sec of rainwater infiltration in 
the toe of the slope part. The most probable failure mechanism originates in the lower part of the slope, 
then the lower part is sheared and finally the shear zone spreads through the soil to the slope surface in 
the upper part. 

 
Figure 9. Evolution of deviatoric plastic strains in different superficial points. 

4. Conclusions 
Based on a current proposal of hydro-mechanical modeling, some conclusions can be given. Firstly, 

the introduced model modified Terzaghi’s definition of the effective stresses by introducing parameter χ  
equal to the effective degree of saturation. 

This means that the effective stresses change not only with water pressure, but also with the degree 
of saturation. The cohesion was formulated as a function of suction, and decreases along with suction. As 
a consequence, the soil shear strength decreases with the reduction in suction. 

This model permitted the deformations calculation from the elastic state to plastic state until reaching 
the slope failure. This allowed us to analyze the progressive failure mechanism of one layer and multilayer 
slope. 
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In addition, we demonstrated that: 

• The capillarity benefit was lost due to rainwater infiltration. Water infiltration led to an increase of 
pore water pressure (decrease of suction). The proposed numerical model also demonstrated its 
capability to correctly reproduce the pore water pressure distribution that triggers slope failure. 

• The obtained numerical results show for the first time that rainwater infiltration leads to a loss in 
suction from the top slope layer. If the rainfall duration is long, the groundwater table level goes 
back up from the slope bottom. According to the analysis of plastic deformation in different parts 
of the slope, the failure mechanism originates in the lower part of the slope and the shear zone 
moves through the superficial part of the soil to the upper part of the slope. A large irreversible 
shear strain occurred, firstly in the toe of the slope due to the increase of pore water pressure and 
the decrease of the effective stress, and then a decrease in soil shear strength (which can be 
vanished in the extreme case) is considered as the main factor leading to the slope instability. 

• The rainfall duration is a significant parameter for slope failure. The longer the duration is, the 
more rainwater infiltration happens. This induces local and shallow slope failure. If the duration is 
long, failure mass occurred more. 

• The moved mass of soil is occurred according to a kinematic log-spiral line as it was proved for 
friction granular soils.  

• Deviatory plastic strain is a main parameter used for failure assessment. Large deviatoric strain 
was reached in the failure zone (20 %) and the plastic irreversible strain started from 2 % to 
localize the beginning of a failure zone. 

• When suction tends to zero (saturated zone), total and horizontal displacements increase 
suddenly. 

• Using unsaturated hydraulic permeability and water retention curve, effective cohesion and 
friction as main data, the model has the capability to introduce different initial hydraulic and 
environmental conditions (wetting-drying cycles) and hydro-mechanical boundary conditions 
(wetting by raining, drying by evaporation and the mechanical loading). 
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