
 

Keywords: landslides, hydro-mechanical couplings, elasto-plasticity, numerical 
modelling  
 

Abstract 
 
Thanks to a sophisticated hydro-mechanical finite element modelling, it has been 
possible to model the mechanical behaviour of a large slope movement, the 
Triesenberg landslide. This slope is located along the Rhine valley in the 
Principality of Liechtenstein on an area of around 5 km2 and includes two villages. 
The obtained results through numerical simulation are close to the monitored data, 
in terms of peak velocity, distribution of velocity with time and space and total 
displacements. Such results are reached using an appropriate constitutive model, the 
Modified Cam-Clay elasto-plastic model, and when carefully carried out 
geotechnical tests supply all the required material parameters.  These modellings 
have been carried out in 2 and 3 dimensions in order to gradually improve the 
understanding of the physical phenomena governing the movement of the slope.  

1. Introduction 
 
This study concerns the qualitative and quantitative finite element analyses of the 
movement observed on a slope along the Rhine valley in the Principality of 
Liechtenstein. The numerical simulations are made thanks to the finite element code 
Z_SOIL® 2D and 3D (Version 6.24) [1]. The infrastructures related to two 
important villages (Triesen and Triesenberg) located on this mountainside are 
subject to significant damage induced by the movements during critical periods. A 
hydro-mechanical modelling is used to understand the main causes and mechanisms 
of the phenomena. It includes two steps: (i) Preliminary 2D simulations in order to 
calibrate the model parameters and to evaluate the effects of some hypotheses on the 
boundary conditions followed by (ii) 3D simulations to enlarge the understanding of 
the process and obtain a 3D distribution of the movements.  
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The finite element modelling is a very advanced and performing method to 
understand the global mechanical behaviour of such large landslides. According to 
the authors’ knowledge, it has rarely been performed in the past for such a scale. The 
same kind of calculation for a large landslide in the Vaud Canton in Switzerland, 
namely the La Frasse landslide, was carried out [2]. A similar methodology has been 
used in this present study; however the major difficulties of the modelling of 
Triesenberg landslide are related to the huge area of the instability, the unsaturated 
conditions of the slope and the relatively low velocity of the movement during 
crises. These different points require a very precise and accurate study of the 
phenomena in order to reproduce as well as possible the real physical observable 
facts to be able to find engineering solutions. 
 
Different preliminary in-situ investigations have been done. In particular, 
inclinometer and GPS data were used to follow the distribution and the intensity of 
the observed movements with time. This information was very useful to calibrate the 
numerical mechanical models. Moreover, piezometer and flow data were also 
available. Several soil samples have been extracted in different boreholes distributed 
in the slope. The geotechnical laboratory tests were performed in order to assess the 
mechanical properties of the material forming the slide [3].  

2. Main features of the landslide 
 
The study of such phenomena requires a multidisciplinary approach [4]. The 
modelling of the mechanical behaviour is a small part of a more global investigation. 
So, it is necessary to get a global view of the main features of the landslide in order 
to understand the observed displacements of the slope which result of the 
contribution of several coupled effects (meteorology, topography, geology, 
hydrogeology, geotechnique). 
 
The general features of the landslide are reported in Table 1 [5]. 

2.1. Morphology and geometry 
 
The topography of the slope has been studied and modelled by digital terrain model. 
The slope line has a mean inclination of 24° and is oriented from North-East (up) to 
South-West (down). This slope presents some small waves but is generally quite 
continuous (Figure 1).   
 
Morphologically, the unstable area can be divided in two main parts. On the one 
hand, in the upper part, a series of subsidence phenomena occurred in the past. It is 
marked by the terrace in the topography at the top of the slope (Figure 1).  This 
ancient instability phenomenon is now almost stabilised and very small movements 
are now observed in this part. On the other hand, the active slide takes place on a 
slip surface located at an average depth of around 10 - 20 m. The inclinometer data 
show a very clear, approximately one meter thick, slip surface (Figure 2). The 
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subsidence zone gradually vanishes below the slide itself. The influence of this 
upper part on the general movement of the slope has been studied by preliminary 2D 
modelling (see section 4). It leads to the conclusion that the old subsidence zone is 
not a driving force inducing the instability. This upper zone simply follows the 
movement of the lower part. The longitudinal profile along the line used for the 2D 
modelling is represented in Figure 1. 
 
Aspects Characteristics 
Name  Triesenberg 
Country Principality of Liechtenstein 
Area +/- 5 km2 
Altitude (min/max) 460 m / 1503 m a.s.l. 
Total length  2300 m 
Total width 1500 – 3200 m 
Mean depth 10 – 20 m (active slide) 
Volume +/- 75 millions of m3 
Mean inclination 24° 
Velocity 0 to 3 cm / year 
Bedrock Schist, limestone, sandstone and flysch 
Soil  Elements of limestone, sandstone, dolomite, flysch and 

quaternary deposits in a clayey silt matrix 
Vegetation Pasture land and some wooded zones 
Methods of investigation Hydrogeology, Boreholes, GPS, RMT, Geophysical methods 

and modelling 
Possible damage Infrastructures of two villages 

Table 1: General features of the Triesenberg landslide [5] 
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Figure 1: Morphology of the landslide along a longitudinal 
cross section 

Figure 2: General trend of 
inclinometric profile. 

Inclinometer KL1A from 
December 1996 to March 

2000 
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A preliminary 3D analysis of the intensities and the directions of the movements 
(Figure 3) leads to define three quasi independent instability mechanisms. Moreover, 
this first assumption can be confirmed by several additional observations [6]: 
 
- Three distinct active zones are present on the slope, with fairly well defined 

limits. 
- The general shape of all the instability phenomena is curved while the directions 

of the movement are almost but not quite parallel.  
- The profile of the depth of the slide along a transversal cross-section shows three 

bowl-shaped parts (Figure 4). So, the crests between the three bowls, in this 
figure, should correspond to the boundaries between each independent slide. 

- Finally, the topographic contour lines present three bulgings separated 
approximately by the same boundaries as the ones considered in the previous 
point. 

 
All these points confirm the preliminary hypothesis of three quasi independent 
slides. Therefore, for the 3D modelling, three distinct areas will be considered, with 
three separate calculations.  
 

2.2. Hydrogeology 
 
The detailed hydrogeological analyses and modelling have been made in a separate 
study by the Laboratory of Engineering and Environmental Geology (GEOLEP) of 
EPFL [3]. The transient simulations of water flow in the slope with an appropriate 
software, FEFLOW® [7], were carried out to determine the pore water pressure 
field everywhere in the slide. This pressure field, computed according to several 
assumptions during a crisis event in the year 2000, is considered as input values in 
the geomechanical simulations with Z_SOIL®. So, two successive and distinct 
simulations (a hydrogeological and a hydro-mechanical simulation) have been made. 
In this paper, only the second one is addressed. 
The permeability of the materials constituting the slope is very heterogeneous. The 
average coefficient of permeability can be assessed to around 10-6 m/s. Nevertheless, 
in the upper parts several permeable channels exist in the landslide mass as it was 
inferred from the geophysical campaigns carried out by Riccardo Bernasconi, 
consulting geologist, and GEOLEP [5]. This induces a drainage of the water from 
the upper to the lower zone of the slope. The level of the water table is thus quite 
low at the top of the landslide (20 m or 30 m below the soil surface) whereas in the 
bottom of the slope, this water level is almost reaching the surface.   
 
The hypotheses made to introduce these hydrogeological data in the hydro-
mechanical simulations are presented in section 4.1 
 
 

Figure 3: Morphological analysis of the slope and division of the instability phenomena 
into three independent slides 
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Figure 4: Analysis of the variation of the depth of the slide along a transversal cross-

section 

2.3. Movements 
 
The distribution of the surface movements is quite heterogeneous. Inclinometers 
have been used to locally measure the intensity of the movements in the short term. 
An example of inclinometer data in the more active zone is reported in Figure 2. 
Moreover, a comparison of coordinates between old topographic data (1976-1981) 
and more recent GPS measurements (1996-1997) has been carried out to evaluate 
the medium term displacements. The distribution of these displacements is 
illustrated in Figure 3. One can thus observe three more active zones, two at the top 
and one in the middle of the slope. 
 
The yearly observation of displacements shows a close dependence of the 
movements with the seasons. A reactivation is generally perceived in the spring, 
which corresponds to the snowmelt period. This indicates that the main driving force 
of the movements is the variation of pore water pressure in the slope. 
  
The estimated range of velocity of the observed movements is reported in Table 2. 
 

Term Considered period Velocity 
Medium term > 20 years From 0,5 to 3 cm per year 
Short term +/- 1 year From 0,1 to 4 cm per year 
Exceptionally < 1 month Until 6 cm per year 

Table 2: Order of magnitude of the observed velocity of the landslide movements 

2.4. Materials 
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Several samples of soil have been extracted at different locations in the slope near 
the slip surface (but not necessarily inside the slip surface zone, because the level of 
this surface could not be precisely localised in the boreholes). Identification and 
geotechnical tests (triaxial tests under different confining pressures and oedometric 
compression tests) have been performed on three particular samples: No 5966-1 and 
5966-2 extracted in a borehole near the village of Triesen at a depth of 12.4 m and 
21.4 m, respectively, and No 5966-9 at a depth of 28.6 m in the village of 
Triesenberg (see the location of boreholes in Figure 10). These tests carried out at 
the Soil Mechanics Laboratory (LMS) of EPFL lead to the determination of the 
parameters reported in Table 3. 
 
 Identification Mechanical parameters 
Samples Liquid 

limit 
Plasticity 
index 

Fine 
particles  
(< 0.02mm)

Classifi-
cation 
(USCS) 

Young 
modulus*
 

Correspon-
ding 
confining 
pressure 

Friction 
angle 
(peak value)  

Cohesion 

 [%] [%] [%]  [MPa] [kPa] [°] [kPa] 

5966-1 26 % 13.1 % 50 % Clay (CL) 97  
134  
223  

300  
500  
800 

25 0 

5966-2 22.2 % 10.6 % 37.6 % Clayey 
sand (SC)

128  
 

560  30 11 

5966-9 - - - - 276  
330  

415  

300  
500  
800  

30 17 

* The Young modulus is determined in unloading conditions starting from 2% of axial strain under a 
confining pressure mentioned in the adjacent column  
 

Table 3: Parameters of the three intact samples tested in the laboratory 

3. Hypotheses and principle of the modelling 
 
The finite element method has been chosen to study the global hydro-mechanical 
processes governing the movements and to understand the effect of several 
parameters on the observed slope displacements. As the pore water pressure 
variation in the landslide mass seems to be the main driving forces of the movement, 
a hydro-mechanical approach was considered. 

3.1. Mathematical formulation of the hydro-mechanical coupling 
 
Due to the relatively low level of the water table at the top of the slope, the landslide 
takes place in unsaturated conditions for a large part of its profile.  This observation 
requires taking into account an unsaturated hydro-mechanical mathematical 
formulation. The three-phase medium (solid, water, air) has been considered as an 
equivalent two-phase medium with compressible water (it is assumed that the air 
bubbles are trapped within the liquid phase). 
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When the soil is considered as a two-phase medium, interactions between the pore-
fluid pressure and the mechanical behaviour of the solid skeleton may be obtained 
with a Biot-type mathematical formulation [8]. In such approach the mass and 
momentum of the fluid and solid phases are conserved. A thermodynamic 
description of the general form of the field equations is given in [9]. The mass 
conservation equation of the soil is described with: 

 
0f t t rf t sn p div divβ ∂ + ∂ + ∂ =u u             (1) 

 
where p is the pore fluid pressure, fβ  is the fluid compressibility and n  is the 
porosity. In this formulation, the solid skeleton has been supposed incompressible. 
 
The velocity vector of the fluid infiltration t rf∂ u  links the absolute velocities of the 
fluid, t f∂ u , and of the solid skeleton, t s∂ u , by: 
 

( )t rf t f t sn∂ = ∂ −∂u u u                (2) 
 

Darcy’s law is then introduced to link the infiltration velocity with the hydraulic 
head: 
 

( )t rf fp ρ∂ =− +*u K grad gx              (3) 
 

where fρ  is the volumetric mass of the fluid, g the vector of the acceleration due to 

gravity, x the position vector and *K the tensor of the kinematic soil permeability. It 
is a function of the degree of saturation and is obtained by the multiplication of the 
tensor of the saturated permeability K  by a scalar function, ( )r rk S [10]: 
 

*

3
,

3
,

( )

( )
( )

(1 )

r r

r r res
r r

r res

k S

S S
k S

S

⎧ =
⎪

−⎨
=⎪ −⎩

K K
               (4) 

 
where rS  is the degree of saturation and ,r resS , the residual degree of saturation. rS  
is related to the pore fluid pressure by the following expression [10]: 
 

,
, 1

2 2
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1

1                                                                  if   0
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   (5) 
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where α is a material parameter.  
 
Thus, the mass conservation is expressed by: 
 

( ) t
t s f

pdiv div p
Q

ρ ∂⎡ ⎤∂ = + −⎣ ⎦
*u K grad gx         (6) 

 
As it can be seen, the temporal variation of the solid displacement (left side term) 
may be modified even by the Darcy’s flow (first right side term) or/and by the pore 
fluid pressure variation (second right term). 
 
The soil equilibrium equation is given by: 
 

ρ+ =DIV g 0σ                   (7) 
 

where σ  is the total (Cauchy) stress tensor with tensile stresses taken as positive, 
and ρ  the total average mass density  d r wn Sρ ρ ρ= + ,with dρ  being the mass 
density of the solid skeleton and wρ  the mass density of water. 
 
The capital divergence operator is defined as: 
 

{ } ( ), 1,3j ijij
ij

i jσ σ= ∂ =∑DIV             (8) 

 
The behaviour of the solid matrix is assumed to be governed by the generalised 
Bishop’s effective stress equation [11] given by: 
 

' rS p= −σ σ δ                   (9) 
 
with 'σ  the effective stress tensor and δ  the Kroenecker's symbol. In the small 
strain approach adopted here, the effective stress tensor may be expressed in terms 
of the total strain tensor ε  and the elasto-plastic constitutive tensorC , the total 
strain tensor being related to the total displacement tensor of solid skeleton su  by 
the following expression: 
 

( )1
2 s s= + Tu uε                   (10) 

 
Thus the momentum conservation equation takes the form: 
 

( ){ }: s p ρ= −DIV C u grad gε             (11) 
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Equations (6) and (11) compose then the two field equations with two unknowns 
( ,s pu ). 

3.2. Constitutive law for the soil 
 
The trends of the different inclinometers located at different place in the slope show 
a block movement of the loose soil without large strains inside this moving mass.  
All the strains are concentrated in the slip surface (Figure 2). This observation leads 
to consider simultaneously two soil behavioural laws: an elastic model for the loose 
soil and a Modified Cam-Clay elasto-plastic model [12] for the material composing 
the slip surface.  
 
The Modified Cam-Clay model incorporates the influence of confinement and stress 
path on the moduli, the consideration of the effects of overconsolidation as well as 
the influence of the void ratio on the behaviour (consideration of the critical state 
and dilatancy) [13]. It describes the soil behaviour using non-linear elasticity and 
one plastification mechanism under monotonic deviatoric and isotropic paths. The 
activation of the plastic mechanism induces a hardening of the materials and creates 
irreversible volumetric strain p

vε . The plastic strain rate is defined through a plastic 
flow rule.  
 
Elasto- plastic formulations 
 
The elasto-plastic framework enables the decomposition of the total strain rate &ε  
into two independent parts, one elastic e&ε , and one plastic p&ε : 
 

e p= +& & &ε ε ε                   (12) 
 
The elastic strain increment is obtained through the classical elastic stiffness tensor 
D  with the bulk ( )K and the shear ( )G  modulus depending on the stress level (non-
linear elasticity): 
 

1

01 3 1- 2       and          constant
2 1

e

e GK p
K

ν
κ ν

− ′⎧ =
⎪
⎨ + ′= = =⎪ +⎩

& &Dε σ
    (13) 

 
where p′  is the mean effective stress, 0e  the initial void ration, κ  the slope of the 
swelling line in the ( )ln ,p e′ plane and ν  the Poisson’s ratio. 
 
Plastic strains are only produced when the stress state reaches the yield limit 
described by the following equation in the ( ),p q′ plane: 
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( )2 2 2 2( , , )   1 ln 0c
c

pf p q p q M r p
p

θ
⎛ ⎞′

′ ′ ′= − − =⎜ ⎟′⎝ ⎠
       (14) 

where q  is the deviatoric stress, M  the slope of the critical state line in the 
( ),p q′ plane, cp′  the preconsolidation pressure and ( )r θ  a function of Lode’s 

parameter θ  which enables to extend the elliptic function in the ( ),p q′ plane in the 
principal stress space by a rotation of this yield curve around the p′  axis according 
to Van Eekelen [14]. 
 
The initial mechanical state of the material is defined by the overconsolidation ratio 
(O.C.R.), equal to the ratio of the preconsolidation pressure over the initial mean 
effective stress. 
 
The plastic flow rule is given by: 
 

.p f′= Λ& σε ∂                   (15) 
 
with ( ', )p

vεΛ σ  the plastic multiplier. p
vε  is the volumetric plastic strain which is the 

hardening parameter (modifying the yield surface ' p
vf( , )εσ ).  

 
Along an isotropic compression path, when the yield limit is reached, the 
preconsolidation pressure cp′ evolves according to the following equation  
 

0 0

0

1 1          ln  p pc
c c v v

c

e p ep p
p

ε ε
λ κ λ κ

′+ +′ ′= − ⇒ =
′− −

&&       (16) 

 
where λ  is the slope of the virgin consolidation line in the ( )ln ,p e′ plane, p

vε&  the 
increment of plastic volumetric strain and 0cp′  the initial preconsolidation pressure. 
 
All these mathematical and constitutive formulations presented in these two last 
sections are available in the software Z_SOIL®. 
 

3.3. Hydro-mechanical material parameters 
 
On the one hand, with respect to the mechanical material properties described in the 
section 2.4, the plastic parameters are determined thanks to the comparison of 
triaxial and oedometric numerical simulations and lab tests carried out on the sample 
No 5966-1 (Figures 5 and 6). The material mechanical parameters presented in 
Table 4 have been considered. The samples seem to exhibit a normally consolidated 
behaviour with a plateau for the shear strength and the volume compression. On the 
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other hand, the hydraulic properties of the materials are introduced in accordance 
with the hydrogeological characteristics of the slope. 
 
The samples extracted at different places in the slope exhibit heterogeneous visual 
aspects (elements of limestone, sandstone, dolomite, flysch and quaternary deposits 
in a clayey silt matrix). This heterogeneity is mainly at local scale (at the scale of the 
sample). However far as the mechanical properties between each soil sample are 
concerned, they seem to exhibit a quite good homogeneity at the landslide scale. The 
characteristics of each material family (loose soil, slip surface and bedrock) were 
therefore assumed to be spatially constant. 
 
  Mechanical properties Hydraulic properties 
Soil  Constitutive  ν e0 κ λ O.C.

R. 
M K Sr,res α βf 

type law       [m/s
] 

 [m-

1] 
[kPa
-1] 

Loose 
materi
al 

Elastic law 0.25 0.5 0.03 - - - 10-6 0 2 3.10
-39 

Slip 
surfac
e 

Modified  
Cam-
Clay Model 

0.25 0.5 0.01 0.04 1 1 10-6 0 2 3.10
-39 

 

Table 4: Material parameters considered in the finite elements simulations 

3.4. Finite element model 
 
The hydro-mechanical calculations have been performed by the finite element 
method in 2D (along a defined cross-section in the middle of the landslide) and in 
3D (to obtain a global distribution of the movements). The geometry, the hydraulic 
data, the boundary conditions and the material parameters are the input in the 
simulations.  For each of these points several assumptions, generally justified by 
preliminary simulations, have been made and are presented in the next section. To 
carry out these computations, the Z_SOIL® software has been used [1]. It offers a 
unified approach to most of the natural processes encountered in geotechnical 
engineering, including stability, consolidation and underground flow. 

4. Numerical simulations 

4.1. Geometry, boundary conditions and preliminary modelling 
 
The unstable zone (i.e. the moving unstable loose soil and the slip surface) as well as 
the five first meters of the “bedrock” below have been meshed.  Under the bedrock, 
solid boundary conditions for which the displacements are constrained in the three 
directions have been imposed at each node. Indeed, this bedrock is supposed stable, 
even though it is formed of ancient rockfall material. 
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As already mentioned in the hydrogeology description (see 2.2), the hydrogeological 
modelling of the crisis experienced in the year 2000 has been separately performed. 
During this year two critical phases with a reactivation of the movements have been 
observed with a good correlation with the snow melting phase (April) and with a big 
thunderstorm which occurred during the summer. The choice of this specific year 
2000 is also justified by the fact that the return-period of the annual rainfall is quite 
important (42 years) [3]. The pore water pressure field induced by this 
hydrogeological flow modelling has been introduced in the mechanical model.  
 
This approach with two successive and separated simulations (a hydrogeological 
followed by a hydro-mechanical simulation) enables to consider the effect of 
hydraulic data on the mechanical behaviour of the slope.  While, inversely, the 
mechanical modification induced by slope movements are not taken into account in 
the hydrogeological modelling. This is justified by the relatively low intensity of 
movement which has probably almost no effect on the hydraulic properties of the 
slope. 
 
The effect of the distance between each imposed pressure node has been considered. 
Figure 7 shows that, due to the low permeability of the materials, a too large 
distance between each imposed pressure induces an irregularity in the pressure field. 
Finally, the choice has been made to impose the pressure value at each node for the 
2D model, and on the three first rows of nodes for the 3D model. It corresponds to a 
distance of around 16 m between each imposed pressure. It means that, for the 2D 
calculations, at each time step, the pore water pressure is an input data at each node 
while in 3D, the pore water pressure is calculated on the two upper rows of nodes 
thanks to equation (6).  
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Figure 5: Comparison of the results of 

triaxial test simulations (continuous line) 
and experimental tests (dash points) 

Figure 6 : Comparison of the results of 
oedometric compression test simulation 

(continuous line) and experimental test (dash 
points) 

 
The effect of the mechanical boundary conditions at the toe of the landslide has been 
studied in 2D. Four alternatives have been envisaged: equivalent linear forces with 
active (Ka = 1/3), passive (Kp = 3) and at rest (K0 = 1) coefficients and fixed solid 
boundary conditions.  The results show that these toe boundary conditions have a 
very local and almost negligible influence on the obtained results (Figure 8). 
Therefore, in order to introduce more simple data, fixed boundary conditions have 
been used. 
 
On the other hand, the influence of the subsidence zone on the general distribution 
of movements has been modelled in 2D. This subsidence zone is composed of a 
quite weathered rock mass and may be considered as elastic. No information exists 
about the mechanical properties of this zone. We have successively considered that 
this zone has an elastic behaviour with a Young modulus of 75 MPa (like the loose 
soil), 120 MPa and 200 MPa. Figure 9 displays the corresponding results. One can 
observe that this old subsidence zone has no influence on the movement of the 
strictly speaking slide zone.   
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Figure 7: Effect of a large distance between each imposed pressure 

 

 

 

Figure 8: Study of the effect of the 
mechanical boundary conditions, at the 

bottom of the landslide, on the movement of 
the slope 

Figure 9: Study of the effect of the 
subsidence zone on the movement of the 

slope 

4.2. 2D modelling 
 
The selected cross-section for the 2D modelling should be quite representative of the 
global 3D behaviour of the landslide. The direction of this cross-section is illustrated 
in Figure 10 while the profile is represented in Figure 1. The choice of this cross-
section has been motivated by several criteria: 
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- This profile crosses the village of Triesenberg in which the largest velocities of 

displacement have been observed. Moreover, these movements induce 
significant damage on the infrastructures linked to the village. 

- The information concerning the movement (inclinometers) and the material 
characteristics is mainly concentrated along the axis of this cross-section or 
nearby. 

- Several preliminary studies (related to hydrogeological, geological and 
topographical data) have been carried out considering this cross-section. 

- As this profile stretches in the middle of the slope, it enables to neglect the 
boundary effects.   

The mesh composed of four-noded elements, for solid displacements as well as for 
pore water pressure, is illustrated in Figure 11 and its characteristics are reported in 
Table 5 below. The modelling has been performed for a period of 291 days (from 
January 1 to October 18, 2000) with a simulation by one day steps.  The hydraulic 
conditions issued from the hydrogeological modelling with FEFLOW code have 
been defined day by day through load time functions. 
 
Interpretation of results 
 
Qualitatively, the results obtained exhibit two main active zones: one on the top of 
the slope and the other one around the middle of the slide profile (Figure 12). The 
upper active zone is clearly observable on the map of the average annual 
displacements (Figure 3), but no significant comparison can be done because of the 
difference in the considered period. A quantitative assessment of the modelled 
movement can be done thanks to the data of two inclinometers the location of which 
is shown in Figure 10. Indeed, these boreholes are close to the concerned active zone 
and the available data cover the considered period (year 2000). By comparison with 
the general trend of the inclinometer KL1A, the order of magnitude of the modelled 
displacements is very similar and the calibration of the model is quite satisfactory 
although the crisis periods are not monitored in detailed (Figure 13). The 
displacements observed in inclinometer B5 are higher than those obtained with the 
simulation, but this can be due to the distance separating the cross-section from the 
inclinometer (about 300 m).  
 

Number of …  
Nodes 2359 
Elements 2016 
Solid boundary conditions 345 
Water boundary conditions  2359 
Load time function  2359 
Different materials 3 
 

Table 5: Characteristics of the 2D mesh
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Nevertheless, the trend of the simulated displacement with respect to time is very 
discontinuous, while it is more continuous in reality.  This imprecision is induced by 
the constitutive model (Modified Cam-Clay model). Such a model considers that 
only monotonic loadings are able to induce plasticity. Therefore, the cyclic 
behaviour of the material is not completely reproduced as the progressive plasticity 
occurring during mechanical unloading (due to decrease of the water pressure field) 
is not taken into account with this constitutive law.  
 
In order to improve the interpretation of the modelling results, parametric studies 
have been carried out to evaluate the effect of the selected friction angle of the 
material composing the slip surface, as well as the influence of the water pressure 
variation. Simulations with six different friction angles (30°, 27,7°, 25,3°, 23°, 22° 
and 21° corresponding to M = 1.2, 1.1,1, 0.9, 0.86 and 0.81, respectively) and with 
three water pressure variations (x1, x1.25, x1.5, which is the normal case and a 
general increase of all pressure field variations by 25% and 50%, respectively) have 
been done. The results are shown in Figure 14. One can observe that the effect of the 
increase of the variation of the water table level is almost linear and relatively minor 
for the three higher value of the friction angle that are most likely, while the 
influence of the friction angle is more non-linear. The multiplication of the variation 
of pressure field by 1.5 may be seen as an extremely unfavourable case that would 
not be reached even in severe climatic change conditions [3]. 
 

 

  

 

Figure 10: Direction of the cross-section used 
for the 2D modelling and localisation of the 
two inclinometers used for the calibration of 
the computed displacements and of the two 

boreholes from which the tested samples have 
been extracted 

Figure 11: Representation of the 2D 
mesh 
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Figure 12: Distribution of the displacements after the 291 days of simulation (January 1 to 

October 18, 2000) 
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Figure 13: Calibration of the model: 
Comparison of the results with two 

inclinometer data 

Figure 14: Parametric study: Effect of the 
possible variation of friction angle and of the 
multiplication of water pressure values on the 
magnitude of displacements obtained in the 

upper active zone 

4.3. 3D modelling 
 
Thanks to the preliminary morphological analyses and to the distribution of 
monitored movements in the slope, the initial slide considered as a single 
phenomenon may be subdivided into three quasi-independent landslides. This 
motivated assumption enables the development of three independent simulations on 
three distinct meshes. This considerably decreases the size and the time of each 
calculation. On the other hand, it allows a more extensive mesh for a same time of 
calculation. The boundaries separating each modelled landslide have been 
represented by solid boundary conditions constraining the displacements 
perpendicularly to the boundary and enabling the movements in the direction of the 
slope. 
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Due to the reduced thickness of the slip surface (1 m), the longitudinal dimensions 
of the elements are limited to 16 m in order to respect the maximum authorized 
distortion of one finite element. This explains a relatively high number of elements 
for each landslide.  The characteristics of the meshes of the three considered slides 
are reported in Table 6 below. Eight-noded 3D finite elements are used for solid 
displacements as well as for pore water pressure. 
 
Interpretation of results 
 
Qualitatively, the distribution of the movements obtained by the 3D simulations is 
fairly similar to the values drawn from the average annual displacement map (Figure 
3). Indeed, the modelling results exhibit one main active zone within each slide. 
Theses zones are located in the middle of the slope for slide No 1 and No 2 and at 
the top part of slide No 3. These results are graphically represented in Figure 15. 
Moreover, the quantitative evolution of the displacements in each active zone shown 
in parallel with the evolution of the pore water pressure at the slip surface level is 
reported in Figure 16. The order of magnitude of the modelling results is slightly 
lower than the average annual displacements reported in Figure 3.  
 
But unfortunately, for the period considered in the modelling, no other inclinometer 
data than the one reported in Figure 13 are available which would have enabled a 
more precise quantitative comparison. The irreversible evolution of displacements in 
the graphs b2 and b3 exhibits clearly an elasto-plastic behaviour of the slip surface in 
the corresponding zones, while the quasi parallel evolution of water pressures and 
displacements in the graph b1 shows a purely elastic and reversible behaviour of the 
soil in the upper part of the slope. The displacements are largely influenced by both 
crises due to the snow melting of April and the thunderstorm event of August 2000. 
Indeed, the total displacements obtained after the 291 days of simulation (from 
January 1 to October 18) are essentially created during both short crisis periods. 
 
With respect to the 2D modelling, the 3D simulations display several worthy 
additional information on the general mechanical behaviour of the slope. In 
particular, it is possible to conclude that the zones where the movements are more 
significant and may increase damage to the infrastructure are very limited in space 
and have little influence on the surrounding zones. Therefore, in a mitigation 
attempt, simple local drainage at the three zones would probably be quite efficient.  
 

Number of …  Landslide 1 Landslide 2 Landslide 3 
Nodes 22928 34695 17803 
Elements 17760 27117 13728 
Solid boundary conditions 5760 8405 4638 
Water boundary conditions  13557 13622 10497 
Load time function  13557 13622 10497 
Different materials 3 3 3 
  

Table 6: Characteristics of the three 3D meshes 
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Similarly to analyses carry out in the 2D modelling, calculations considering a 
hypothetic extremely unfavourable case by multiplying each value of the pressure 
field by a factor of 1.5 have been performed. This process can be seen as a stability 
analysis in which the driving forces (linked to water pressure) are increased and the 
resisting forces (linked to the material parameters) are kept constant. Figure 17 
exhibits the obtained displacements after 291 days of simulations in the normal 
configuration and in the extreme case for the three locations reported in Figure 15 
(b1, b2 and b3). As expected, the amplification of the water pressure induces an 
increase of the obtained displacements of the slope. However, this increase remains 
quite acceptable in term of risk assessment. 

5. Conclusions 
 
The approach of a large landslide by the finite element simulation is a very advanced 
and efficient method to study all the aspects dealing with slope movements during 
crises. In the present case dealing with the Triesenberg landslide, similarly to the 
most slope movements, the water pressure variation in the slope is the major cause 
of the movements. Therefore, the consideration of the hydro-mechanical couplings 
allows a detailed analysis of acceleration phases. The Z_SOIL® finite element 
software has been used to determine the hydro-mechanical behaviour of the 
Triesenberg landslide, using a pressure field in the slope established by a separate 
hydrogeological modelling. As far as the geomechanical modelling is concerned, the 
use of an elasto-plastic constitutive model may supply more appropriate results than 
classical elastic models; its consideration is in particular meaningful in the 
modelling of the layer in which the major shear movements occur. 
 

 
Figure 15: (a) Distribution of the obtained displacements after 291 days of simulation 

(from January 1 to October 18, 2000) and location of the three more active zones. The pore 
water pressure and the displacement evolutions in these zones are reported in Figure 16 
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Figure 16: Evolution of the displacements at the surface, in three active zones reported in 

Figure 15, as well as of the corresponding pore water pressures at the level of the slip 
surface in the same zone 
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Figure 17: Comparison of the obtained final displacements at three specific points with 
the normal pressure field configuration and the extreme pressure field (multiplied by 1.5) 

 
In the 2D modelling results, the distribution and the intensity of the movements are 
very similar to the ones observed in the slope through monitoring data. In 3D 
computations however, the distribution of the obtained displacements, although it is 
in a good agreement with the in-situ observations, supplies values which are slightly 
lower than the reality. 
The finite element simulations display several worthy information. In particular, the 
results obtained show that (i) the movements are mainly due to the water pressure 
variation  (a very close interaction between the meteorological events and the 
movements can be observed in the results); (ii) the active zones where 
infrastructures are damaged due to the movement are very limited in space and could 
be mitigated by drainage systems; (iii) the increase of water pressure variation in 
order to simulate an extreme unfavourable case does not cause a general instability. 
This final result shows that the risk of a sudden collapse of the slope is very low, 
even in the perspective of critical modifications caused by climate change.  
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Finally, this finite element modelling of the hydro-mechanical behaviour of the 
Triesenberg landslide has constituted a major contribution to the understanding of 
the mechanical behaviour of the slope. 
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