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WORKPACKAGE N. 3

Establishment of scenarios based on mechanical modelling:
Application of numerical methods

WP leader: UPC
Participants: POLITO, TUW

Start month: 0
End month: 18

Objectives and input to the workpackage:

The objectives of this workpackage are:
1. To define a three-dimensional numerical model of the sites that includes the main topo-

graphic, geological and geomechanical features.
2. To analyse the mechanical response of the site under several scenarios using available

codes (DRAC, FLAC3D, BEMCOM, MAP3D, BEASY, PFC2D, PFC3D).
3. To provide a methodology to predict mechanical responses and failure of a site, evaluate

its safety for a given failure scenario and provide an assessment of risk and possible pre-
ventive measures.

Input to workpackage:
1. Geodetic surface model, geological structure of the sites, seismic profiles.
2. Mapping of the geological and geomorphologic field structures with respect to possible

partial movements.
3. Measurements and statistical calculation of tectonic elements of the sites.
4. Measurements of mass displacements from monitored sites.

Deliverables:

D6. (month 9) Numerical model of the sites, including all relevant topographic, geologic and
geomorphologic features.

D7. (month 16) Report including the results of the finite element and boundary element
analyses performed on all sites for the study of landslide triggering, with prediction of
failure, evaluation of safety parameters, and recommendations for mitigation of failure.

D8. (month 18) Set of guidelines to follow on a suspected landslide area.

Period covered:

This report covers months 12–18 of the project
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1 Description of work (introduction)

A total of five test-sites are analysed numerically in WP3:

− Ceppo Morelli: this test site in Italy is studied by two partners (UPC and POLITO) by 2D
and 3D models with discontinuities. UPC simulates the stability of the entire slope in two
dimensions, whereas POLITO focuses on the lower part (higher risk due to rock-fall prob-
lems) utilising a 3D model.

− Encampadana: this test site in Andorra is studied by UPC.  General aspects of rock slope
instabilities are simulated in this test site by means of 2D models with and without disconti-
nuities.

− Sedrun: this test site in Switzerland is analysed by UPC. The slope is approximated by 2D
and 3D models with discontinuities.

− Oselitzenbach: this test site in Austria is represented by a continuum model. All partners
involved in WP3 (UPC, TUW and POLITO) will study numerically this test site. Each
group analyses the stability of the slope by a different programme code in order to compare
the accuracy of the programmes.

− Rosone: this test site in Italy is studied by POLITO. A two-dimensional model with discon-
tinuities simulates the stability of this rock slope.

Table 1 presents the participation of each partner in each test site, regarding modelling work.

Table 1. Overview of the modelling carried out in WP3

2D modelling 3D modelling
Continuous Discontinuous Continuous Discontinuous

Ceppo Morelli (I) UPC UPC POLITO

Oselitzenbach (A)
UPC

POLITO
TUW (*)

Sedrun (CH) UPC UPC UPC UPC

Encampadana (AND) UPC UPC

Rosone (I) POLITO

(*) TUW completed the work relative to this work package at the end of month 12, and therefore there are no refer-
ences to TUW’s work in the present report.
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2 UPC contribution

2.1 Introduction

As stated in the Introduction, UPC developed geometrical models and conducted the analysis using
the finite element method with the code DRAC developed on site and analysed with this method the
following sites: Ceppo Morelli (I), Encampadana (AND), Sedrun (CH), and Oselitzenbach (A).

Table 2. : Types of modelling and approaches applied by the UPC

2D modelling 3D modelling
Continuous Discontinuous Continuous Discontinuous

Ceppo Morelli (I) two stages two stages — —

Oselitzenbach (A) — — two stages —

Sedrun (CH) two stages two stages two stages —

Encampadana (AND) four stages four stages — —

Two different approaches have been applied during the numerical modelling.  Approach “A” con-
sists of two stages and has been applied to the test sites of Ceppo Morelli, Oselitzenbach and Se-
drun.  This approach starts with a first stage that calculates the initial stress conditions of the slope
utilizing the information on the topography (almost always the actual morphology) and incorporat-
ing the effect of the glacier weight.  In the second stage the glacier has been removed and the stress
field computed.  Approach “B” has included four stages and represents a more realistic view of the
stress field during the evolution of the slope. This approach has been applied to the Encampadana
test site. At the beginning, the initial stresses have been calculated in the model defined by a hori-
zontal upper limit. Then the effect of river erosion has been studied.  Finally, the influence of the
glaciation has been analysed.

The aim of these procedures is to obtain a reasonable stress field in equilibrium of the site. Any
further stress-strain analysis requires an initial stress field as realistic as possible. This is especially
crucial for non-elastic calculations. It is well known that most of the sites have initial tectonic
stresses, but the quantitative information available is still scarce. Therefore, it has been impossible
to incorporate them into the models, and because of that, a simulation of the geological evolution of
the valley has been performed. This aspect constitutes one of the drawbacks of the numerical simu-
lations, because the experience obtained with this WP indicates that deformation patterns are very
sensitive to these initial conditions.

For each test site, a brief description of the numerical simulation performed is presented. A selec-
tion of the most interesting results has been incorporated as well. Some conclusions regarding the
utility of these numerical analyses and their role in the risk management of large landslides are also
included.
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2.2 Ceppo Morelli test site (Italy)

2.2.1 Model Description

The Ceppo Morelli landslide affects a massive gneissic rock mass, which is intersected by several
joint sets. The main discontinuities are the schistosity (S1), which is a highly persistent system with
small spacing and an orientation of 225°/35°, and three fracture systems K1 (115°/85°), K2
(70°/85°) and K3 (44°/88°). Field surveys revealed that K2 and K3 are geometrically similar and
could belong to the same scattered joint system.

A two dimensional model has been developed crossing the entire slope from north to south (Figure
1). The topography of the model has been defined by the actual morphology of the slope utilising a
digital elevation model with a cell size of 10 m.

Figure 1.  Relation between topographic profile selected and joint sets at the Ceppo Morelli (Italy) site

The two-stage approach “A” has been applied during the modelling.  In the first stage, the upper
limit of the glacier has been set at 1500 m above sea level (Figure 2a). In the second stage, the gla-
cier has been removed (Figure 2b).

The two-dimensional mesh consists of 1780 continuum elements (Figure 2b).  This mesh has been
used for the continuous analysis, whereas for the discontinuous case, the same mesh has been used
as a basic geometry and the joints have been incorporated later. The effect of different boundary
conditions has been studied by performing a sensitivity analysis. However, the results presented
herein have been calculated applying the most realistic boundary conditions: the base has been fully
restrained, while the left hand and right hand side have been restrained in the x-direction.
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a) b)

Figure 2.  Two-dimensional finite element mesh of the Ceppo Morelli (Italy) site; a) First stage of modelling
including the glacier;  b) Second stage of modelling.

In a second step, two discontinuity sets have been incorporated into the model in order to carry out
a discontinuous analysis. The main schistosity (S1) is introduced by southwards dipping joints with
a spacing of 10 m. On the other side, the fracture systems K2 and K3 are represented by sub-vertical
joints and a spacing of 20 m. These discontinuity sets are modelled with zero-thickness interface
elements. These elements have a specific behaviour defined in the code DRAC, and the user may
select among several available models, with elastic or elasto-plastic behaviour.  A total of 1636 in-
terface elements have been incorporated into the 2D mesh (Figure 3).

The constitutive law mostly applied during the present modelling has been linear elasticity for the
continuum as well as for the interfaces. However, some runs have been carried out during the sensi-
tivity analysis with a perfect elasto-plastic law for the interfaces.

The values selected for the material properties of the unit weight, γ, the Young’s modulus, E, and
the Poisson’s ratio, ν, are listed in Table 3. The material properties of the interfaces include the
normal stiffness, Kn, the shear stiffness, Ks, the cohesion, c, and the friction angle, ϕ. The values of
these parameters are given in Table 4.

The objectives of the simulations are twofold. First, the general stress field of the slope will be cal-
culated in order to obtain information on the failure mechanism. The interaction of the upper part
(A) that consists of a rather well structured rock mass and the lower part (E) that is characterised by
a disjointed rock body will be an additional aim. Secondly, the influence of different material prop-
erties and mechanical models of the cracks (interfaces in the discontinuous model) has been ana-
lysed.
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Figure 3.  Interfaces (red lines) included into the two-dimensional finite element mesh of the Ceppo Morelli
(Italy) landslide site.

Table 3. Material properties applied in the continuum elements

γ (kN/m3) E (GPa) ν
Gneiss 28 50 0.3
Glacier ice 9.2 9.6 0.33

Table 4. Material properties applied on the interface elements

Kn (MPa/m) Ks (MPa/m) c (kPa) ϕ
1000 100 0 30º

2.2.2 Results

Only the main results corresponding to the final stage and to the parameters shown in Tables 3 and
4 are included here. As indicated above, previous stages are used to generate a stress field in equi-
librium and displacements corresponding to those steps are meaningless.

The joint openings due to the removal of the glacier are presented in Figure 4. Note that displace-
ments are concentrated in the central part of the model. It must be pointed out, however, that the
opening pattern may be influenced by the boundary conditions and the distribution of joints consid-
ered in the models. On the other hand, it was noticed during the simulations that the role of continu-
ous elements is rather limited. That is, deformation and displacement tendencies are controlled by
the interfaces. Therefore, the joint constitutive parameters and the joint geometry become the key
aspects of the analyses.
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Figure 5 presents the original and the deformed mesh corresponding to this analysis. The most rele-
vant aspect of this result is the shape of the deformed mesh in the lower part of the mesh. The re-
moval of the glacier produces an upward movement of the blocks, which are also deformed towards
the centre of the valley. Because of the joints, a series of uphill facing scarps are also reproduced.
This shape would correspond to the situation after de-glaciation, but today the surface geometry
may be different. However, Figure 5 may indicate the potential landslide area and may explain the
current geomorphology. That is always useful information when analysing landslide behaviour.

Finally, Figure 6 presents the principal stresses of the continuum elements between joints. Red lines
indicate tension whereas blue lines indicate compression. Note that tensile stresses are located in the
upper part of the model. That result could be related to the boundary conditions used in the model,
and probably it is not very realistic for the Ceppo Morelli site. Elements in the central part of the
model, which are more significant for the analysis of the site are, however, in compression, and dis-
placements on that zone are mainly controlled by joint openings, as indicated above.

Figure 4.  Opening of the interfaces (red lines) at the final stage of the Ceppo Morelli model. Width of the
red lines is proportional to the opening displacement.
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Figure 5.  Deformed and original mesh obtained in the simulation of the Ceppo Morelli site.

Figure 6.  Principal stresses in the continuum elements of the Ceppo Morelli model. Red lines indicate tensile
stresses.
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2.3 Oselitzenbach (Austria) test site

2.3.1 Model Description

The Oselitzenbach test site consists mainly of two homogeneous regions: the heavily fractured
Naßfeld-schists and the Hochwipfel-schists consisting of sandy siltstones. Seismic surveys have re-
vealed that the Naßfeld-schist can be divided vertically into three layers corresponding to the degree
of fracturation (Figure 7). Since there are no main discontinuities in this site, only a continuum
model has been analysed. The model, however, has built-in four different material properties: the
Naßfeld-schists including three material properties and the Hochwipfel-schists material.

Figure 7.  Two-dimensional profile obtained from seismic surveys including the three layers of the
Oselitzenbach slope.

The Oselitzenbach test site has been analysed by a 3D continuum model (Figure 8). The topography
of the model has been defined by the actual morphology of the slope utilising a digital elevation
model with a cell size of 25 m. The final model has included 15066 continuum elements. The size
of the model has become one of the main drawbacks of the analysis. This number of elements is
close to the limit of the usual mainframes available for university medium size groups. Therefore,
this methodology is not suitable for standard simulation of large landslides, and it may be only ap-
plicable for special cases of high risk.  The analysis will be carried out in other mainframes that are
available to university researchers under agreement, but the work could not be carried out on time
to be included in this 18-month report.  The results will be included in the second annual report.

The two-stage approach “A” has been applied during the modelling. In the first stage, the upper
limit of the glacier has been set at 1700 m above sea level, exceeding the surface of the entire study
zone by several hundreds of meters (Figure 9a), whereas in the second stage the glacier has been
removed (Figure 9b). The boundary conditions have been maintained constant during both stages
and have been set fully restrained at the base and restrained in the x- and y-directions at the lateral
margins.
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Figure 8.  Three-dimensional model of the Oselitzenbach slope including different material types.

a) b)

Figure 9.  Three-dimensional finite element mesh of the Oselitzenbach site: a) First stage of modelling in-
cluding the glacier; b) Second stage of modelling.

As mentioned above, because of the size of the mesh the runs are still being carried out at the time
of writing this report. The values selected for the material properties are listed in Table 5. As men-
tioned above, the Naßfeld-schists are divided into three layers due to their different degree of fractu-
ration.

The main objective of the analysis is the comparison of the different computer codes back-analysing
the displacements measured during 1991 and 2000. Another aim is to check the sensitivity of the
stability of the slope with respect to the material parameters. An elastic analysis will not present any
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failure mechanism, but it will provide some insight into the landslide behaviour, as areas with large
displacements or tensile stresses may be potential zones of failure.

Table 5. Material properties applied in the continuum elements of the Oselitzenbach 3D-model

γ (kN/m3) E (GPa) ν
Naßfeld-schists

upper layer 28 2.5 0.2
middle layer 28 3.7 0.2
lowest layer 28 3.7 0.2

Hochwipfel-schists 28 9 0.1
Glacier ice 9.2 9.6 0.33
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2.4 Sedrun test site (Switzerland)

2.4.1 Model Description

The Sedrun test site in Switzerland consists mostly of gneiss. Some variations occur with the pres-
ence of some granite gneiss or diorite and in the form of mylonites and kakirites. The local struc-
tural setting includes the following main discontinuity sets: the main schistosity (F0) characterised
by sub-vertical discontinuities and a direction of about N 70º, and two fracture systems (F1 and F3)
consisting of sub-vertical faults with direction N 120-130º (F1) and 15-25º (F3).

Two different types of models have been analysed at the Sedrun landslide area: a two-dimensional
model (with and without interface elements) and a three-dimensional model without interface ele-
ments.

The two dimensional model has been developed crossing the entire slope from NNW to SSE subse-
quent to the topographic and geologic profile shown in Figure 10.

Figure 10.  Topographic – geologic profile used for the 2D model of the Sedrun test site

The two-dimensional mesh includes 1731 continuum elements (Figure 11b). It has been utilized
during the preliminary continuous modelling as well as for the discontinuous analysis with interface
elements. The boundary conditions have been determined for all the simulation runs by a fixed base
and a restrained boundary in the x-direction at the two lateral margins. The two-stage modelling ap-
proach “A” has been applied to the Sedrun test site. In the first stage, the upper limit of the glacier
has been set at 2200 m above sea level (Figure 11a), while the glacier has been removed in the sec-
ond stage (Figure 11b).
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a) b)

Figure 11.  Two-dimensional finite element mesh of the Sedrun site: a) First stage of modelling including the
glacier; b) Second stage of modelling.

Based on the geological information available, two different joint sets are being incorporated into
the model (Figure 12). The fracture systems F1 and F3 are represented by vertical interfaces in the
model and the main schistosity (F0) is characterised by sub-horizontal cracks. The joint spacing has
been fixed at 30 m for all sets. These joint sets have been incorporated into the previous 2D model,
obtaining a new discontinuous model for the site.

Figure 12.  Interfaces (red lines) introduced into the two-dimensional finite element mesh of the Sedrun
(Switzerland) landslide site.

The constitutive law applied during the modelling was linear elasticity for the continuum as well as
for the interfaces. The values of the material properties are listed in Table 6 for the continuum ele-
ments and in Table 7 for the interface elements.

Table 6.  Material properties for the continuum elements
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γ (kN/m3) E (GPa) ν
Gneiss 28 10 0.43
Glacier ice 9.8 9.6 0.49

Table 7.  Material properties for the interface elements

Kn (MPa/m) Ks (MPa/m)
1000 100

The main objective of the simulations with the 2D model with discontinuities is the study of the
general stress field in order to obtain information on the failure mechanism.

The Sedrun test site has also been analysed by means of a 3D continuum model. The topography of
this model has been obtained from a digital elevation model with a raster size of 25 m. The two-
stage approach “A” has been applied.  First, the initial stress condition has been calculated includ-
ing the glacial loading (Figure 13a) and then the stress field in the slope has been simulated after the
removal of the glacier in the second stage (Figure 13b).

a) b)

Figure 13.  Three-dimensional model of the Sedrun sit: a) First stage of modelling including the glacier
(yellow); b) Second stage of modelling

This 3D model consists of 82437 continuum elements (Figure 14). The simulations are being car-
ried out with a linear elastic constitutive law and the following boundary conditions: the base has
been fully restrained and the lateral margins restrained in x- and y-directions. As in the Oselitzen-
bach 3D model, the number of elements involved in this case is large enough to reach the practical
limit of the medium range computers available. Therefore, this model is still being computed, and
the results will be presented in further reports. However, the difficulties found when solving 3D
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cases may indicate that the procedure is far from being appropriate when dealing with landslide risk
management. Only for very special cases, this effort might be justified.

Figure 14.  Three-dimensional finite element mesh of the Sedrun slope

2.4.2 Results

The results presented here correspond to the final stage of the 2D model, as in the Ceppo Morelli
site. The most representative case has been selected for this report. No fundamental differences
have been found when changing the values of the parameters involved in the calculations. Because
of the lack of quantitative information, tendencies and patterns, rather than numerical values were
analysed.

Figure 15 presents the interface openings of the model after removing the glacier. Note that joint
displacements are distributed throughout the model. Field measurements, however, indicate that the
upper part of the site has larger displacements than the lower part. There are two explanations for
this discrepancy. On the one hand, the computed results correspond to the situation immediately
after the removal of the glacier, and therefore, further movements due to other causes are not in-
cluded (i.e. pore water pressure effects, etc.)  On the other hand, field information about materials
and initial stresses is rather limited, i.e. a possible change in material properties related with the
contact between gneiss and mylonites may change the joint opening pattern.

Figure 16 shows the deformed mesh corresponding to this case. The model reproduces the dis-
placements generated at the lower part of the site due to removal of the glacier. This pattern is con-
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sistent with the joint opening distribution presented in the previous figure. Therefore, discrepancies
with field information may be explained considering the same arguments.

Finally, Figure 17 presents the tensile stresses obtained for this stage. Note that they concentrate on
the lower part and on the upper part of the massif. There is an effect of the boundaries, in the sense
that they have an important influence on the stresses and strains in their vicinity. However, part of
these tensile stresses is due to the equilibrium as well. From that point of view, the behaviour of the
upper zone is consistent with field information.

The comparison of the model results and the field data becomes difficult in the case of Sedrun, be-
cause of the lack of information. There are some fundamental issues, as joint orientation, initial
stresses and material geometry, which are not well known. Therefore, models incorporate those un-
certainties as well.

Figure 15.  Opening of joints at the final stage in the Sedrun 2D model



IMIRILAND – Impact of Large Landslides in the Mountain Environment                                                                   3rd report on activities
  Identification and Mitigation of Risk                                                                                                                           WP N.3

17

Figure 16.  Deformed mesh after the final stage in the Sedrun 2D model

Figure 17.  Tensile stresses in the continuum elements at the final stage (Sedrun 2D model)
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2.5 Encampadana test site (Andorra)

2.5.1 Model Description

The Encampadana test site consists of phyllites, dark slates and argillaceous limestone of Devonian
age, and black carbonaceous shale of Silurian age. The slope displays different orientations of rock
joints and foliation due to the instability that was defined as sagging (Figure 18).

Figure 18.  Topographic–geologic profile illustrating the structure of the Encampadana test site

The Encampadana slope is located on a river valley that was subjected to glaciation effects plus the
subsequent decompression of the valley walls after the ice retreated. To simulate numerically this
process and the previous effect of fluvial erosion, a four-stage sequence (approach “B”) has been
devised that includes the following stages:

1. Construction of the mesh with horizontal surface, with self-weight, to simulate the initial
state of stress before the river valley was formed (Figure 19a).

2. Excavation of the river valley prior to the glacier (Figure 19b).

3. Excavation/construction of the glacier (Figure 19c).

4. Removal of the ice to regain the current topography (Figure 19d)

Stage four, concerning the glacier removal, includes the erosion of part of the previous topography
of the valley. That results in a steeper slope of the site and may be an additional cause on instability.

The two-dimensional model with interface elements has been developed in order to study the effect
of joint sets on the stability. Vertical interfaces were incorporated into the model from the surface
down to 300 m. The final mesh has included a total of 1011 continuum elements and 214 interface
or joint elements (Figure 20).
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a) b)

c) d)

Figure 19.  Four-stage sequence of the Encampadana 2D modelling: a) Initial stress conditions; b) River ero-
sion; c) Glaciation including basal erosion of the glacier; d) Final stage after glacier retreat.

The constitutive laws applied during the modelling were linear elasticity for the continuum as well
as for the interfaces. Furthermore, some runs have been carried out during the sensitivity analysis
with a perfect elasto-plastic constitutive law for the interfaces. The values selected for the material
properties are listed in Table 8 for the continuum elements and in Table 9 for the interface elements.

The main objective of the simulations with the 2D model with interfaces is the study of the general
stress field in order to obtain information on the failure mechanism, the effect of glacier erosion and
the influence of different material parameters and mechanical models of the cracks. Because field
data is very limited in this case, general trends rather than quantitative values are expected from the
modelling work.
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Figure 20.  Interfaces (red lines) included in the two-dimensional finite element mesh of the Encampadana
(Andorra) landslide site

Table 8.  Material properties applied in the continuum elements

γ (kN/m3) E (GPa) ν
Gneiss 28 10 0.43

Glacier ice 9.8 9.6 0.49

Table 9.  Material properties applied in the interface elements

Kn (MPa/m) Ks (MPa/m) c (kPa) ϕ
1000 100 0 30º

2.5.2 Results

Some results corresponding to the final stage are included in this section. The same structure as in
the previous sites is considered: joint openings, deformed mesh and principal (or tensile) stresses of
the continuum elements.

Figure 21 presents the opening of the interfaces at the end of the process.  Note that the upper part
of the valley does not show significant gaps, whereas the central part accumulates the most impor-
tant aperture movements. That is difficult to check with the field information. Nevertheless, the dis-
placements obtained in the modelling are consistent with the topography of the site. Indeed the de-
formed mesh (Figure 22) shows a slope shape that is very similar to the actual distribution. For in-
stance, in the lower part of the model, a few uphill oriented scarps are reproduced.  In addition, in
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the upper part, a vertical settlement could represent the graben found close to the Encampadana
peak. Further analyses could include changes in material properties in the upper zone, if the pres-
ence of Silurian shale is confirmed. This result is very interesting because it demonstrates the capa-
bilities of the modelling work to reproduce the global trends of the geometry of the site, even in a
case where field data is scarce. The analyses performed also show that deformation patterns are
very sensitive to initial stresses and joint orientations. This information has been found to be fun-
damental when simulating this type of landslides.

Finally, Figure 23 presents the tensile stresses computed in the continuum elements at the final
stage. They are concentrated in local areas. That indicates that the joints geometry allows the de-
formation of the mesh without significant tensile stresses.  In addition, these tensile stresses have
been produced partly by the boundary conditions. However, note that they appear in the graben
zone, an area where important movements are expected.

Figure 21. Opening of the interfaces at the final stage in the Encampadana model
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Figure 22. Deformed mesh at the final stage for Encampadana model.

Figure 23. Tensile stresses in the continuum elements at the final stage of the Encampadana model
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2.6 Conclusions

In the preceding sections, several models corresponding to different test sites have been presented.
First, it should be pointed out that the models presented refer to mechanical equilibrium analyses,
without considering run-out aspects of the movement. Therefore, this kind of modelling is intended
to simulate the pre-failure conditions. In that way, it is possible to understand the effect of each
triggering mechanism, and to check if the equilibrium is fulfilled within reasonable margins of
safety. For that purpose, the type of analyses performed in this work package may be appropriate.

Secondly, it has been found throughout the project that the field information available is in general
scarce. Note that selected sites have been considered because of their importance, or because some
previous data had been collected. However, the situation in all models is still far from being satis-
factory. In general, there is not enough information to prepare a good numerical model able to pre-
dict in a quantitative manner the behaviour of each site. This is a general drawback that is quite
common in geological analysis of landslides, but it is usually not emphasized. Therefore, risk man-
agers might expect from numerical modelling more than it can effectively be supplied.

Modelling landslides requires considering this steps:

Landslide   àà Geological model àà Numerical model
(reality)       (structure, morphology, materials, etc.) (mesh, approaches, etc.)

Each step in this diagram introduces additional errors and discrepancies from reality. In the test sites
included in this work, the geological model is not complete. There are several reasons for that, but
mainly this is because most of them refer to sites where access is very difficult (high altitude, etc.),
and involve a whole rock mass. Additionally, any instrumentation of joint openings or pore water
pressure becomes extremely expensive, and in fact, only in very few cases in Europe is currently
being performed.

Within these conditions, numerical modelling becomes a challenging task. In this WP, the UPC
group has tried to obtain general patterns that could be valuable for the analysis of the landslides.
Sometimes numerical modelling may be used to check whether the geological model is consistent
or not. Hence, a few geometries, and a few set of parameters have been considered in each case.
This is referred as sensitivity analysis, and it is performed when uncertainties on the material prop-
erties or even on the model geometry are important. By performing these analyses, it has been
found that there are two factors that control the behaviour of landslides in rock masses:

a) The geological structure plays a fundamental role in the deformation of the slope and in
the future instabilities. The models used tried to incorporate this effect using joint ele-
ments. It was found that joint orientations were crucial to explain some displacement
tendencies. The role of continuum models is therefore limited and may be assumed as
linear elastic. In general, joint orientations are easy to measure when they are in the sur-
face, but it is almost impossible to know the orientation deep into the massif, and tec-
tonics may have folded the planes.

b) The initial stress state (the tectonics of the site) is also important as starting point. The
excavation of a valley and the removal of a glacier are in fact processes that release
stresses in the rock massif. Therefore, the stress state in the rock becomes crucial when
analysing the mechanical behaviour of any site. This information is very difficult to ob-
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tain in practice. We usually refer to measurements performed in the same mountain
range in a tunnel, for example, but data from the sites are not available in practice.

As a conclusion, modelling work is in many cases (and in particular in these test sites) a theoretical
exercise. That does not invalidate that type of work, but we must be aware of the uncertainties in-
volved in the process. A positive aspect of the work is that some concepts can usually be derived
from the analyses, and taking into account the lack of information, these results are in general very
important.

Some of these conceptual results are highlighted here. Despite the different geometries and geologi-
cal settings considered, a few common general trends have been observed. On the one hand, Figure
24 presents the uphill facing scarps that have been obtained in most of the models analysed. They
are compared with a picture from the Encampadana site showing one of those scarps. As indicated
above, that geomorphological trend has its origin in a mechanical response of the massif to a stress
release. In some sites, those scarps have been observed in the upper zone of the slope. That could be
explained in terms of a progressive failure: the lower part has larger displacements and therefore
may have local failures. That effect will propagate the opening of the interfaces upwards, and new
scarps would be generated.

Figure 24. Uphill facing scarps obtained in most of the simulations and picture of on of those scarps found in
Encampadana site

On the other hand, Figure 25 indicates the vertical settlement observed in some of the models. It is
assumed to be related with the aperture of the joints in the central and lower part of the slope. A
picture of the Encampadana site is also included, indicating the position of the graben found there.
The shape of this graben may be affected by the materials found on that area (i.e. some recent evi-

Uphill facing scarps
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dences of Silurian shale in the graben), but in any case, it is interesting to know that some vertical
displacements are consistent with the mechanical equilibrium of the whole model.

In conclusion, the numerical analyses have provided some conceptual explanations of the actual
geomorphology, and they have proven to be very valuable for a qualitative understanding of the
mechanism involved in the landslides. Despite the uncertainties of the models, they constitute a tool
that can be developed. That is, any additional field information can be incorporated into the models
in further analyses and may result in new valuable findings, useful for risk management of the sites.

Figure 25. Zone of vertical settlement found in most of the models considered, and view of Encampadana
site indicating the graben, consistent with that result

Tension zone in the upper part of the models, and
vertical movements (graben)
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3 POLITO contribution

3.1 Introduction

POLITO has developed the numerical investigations of large landslide triggering by means of the
commercial code Map3D, based on the indirect Boundary Element Technique of the Displacement
Discontinuity Method. The sites chosen by the IMIRILAND consortium for the numerical simula-
tion are the Italian sites of Ceppo Morelli and Rosone and the Austrian site of Oselitzenbach.

The aim of the work is the validation, from the mechanical point of view, of the geological, geome-
chanical and kinematical models pointed out by the geologists based on the in situ inspections, the
data obtained by the monitoring systems and the results of tectonic studies.

The first step of the work consists of the preparation of the geometrical model. Several problems
arose while trying to achieving this aim due to the use of a detailed topography. In fact, the changes
of orientation of the planes composing the topographic surface give rise to numerical errors when
dealing with the Displacement Discontinuity Method. To avoid these problems very simplified
models made of few planes were adopted for the topography (see for instance Figure 26).

Figure 26.  The topographic surface of Rosone before (left) and after (right) the simplification.

Further numerical problems are due to the intersection of different elements. Where the joints de-
scribing the boundaries of the unstable rock mass intersect each other or the topography without
creating right or straight angles it is necessary respectively to create a suitable high “step” or to
simplify the geometrical model. In both cases, the aim is to alter the original volume of the investi-
gated rock mass as little as possible. In Figure 27 an example of a vertical step realised where the
topography intersect the sliding surface is shown: the height of the step varies from 5 to 10 meters.

Figure 27.  The step built where topography intersect the failure surface.
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After overcoming the problems described before, the geometrical models and their relative meshes
for each of the selected sites have been carried out. Finally, the analyses have been performed to re-
produce the displacements measured in situ by means of the monitoring system: it is possible to
evaluate the viscous plastic creep behaviour on the sliding surfaces by means of the Bingham flow
rule implemented in the code Map3D. Hence, the displacements increasing with time can be simu-
lated and reproduced in specific points of the rock body. This procedure can be carried out in two
steps. In the first step, the research of the mechanical parameters related to conditions of unstable
equilibrium of the rock mass is performed by means of BEMCOM.  This is a 2D code developed on
site and based on the Displacement Discontinuity Method (for a description see the previous re-
ports), and Map3D; based on the results obtained in the previous step, the simulation of the behav-
iour of the unstable rock mass with respect to time is carried out. It is important to underline that,
dealing with Map3D, the conditions of unstable equilibrium of the rock mass correspond to the im-
possibility to achieve the convergence of the numerical solution.

3.2 Map3D: elasto-viscoplastic creep analysis

Map3D allows simulating real time dependant creep response using the Bingham creep model. This
feature is used only in non-linear analyses (i.e. Displacement Discontinuity planes behaviour).

Figure 28.  A scheme of the creep model.

At each creep step the stress state is calculated as the strength plus the creep resistance on each ele-
ment where the stress exceeds the strength. This limits the size of plastic creep increment ∆εplastic on
each yielding element:
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where the creep resistance is determined as the creep coefficient C, times the plastic strain rate. The
user must select both the creep coefficient C, and the time step size ∆t, then specify the quotient of
these as the viscous modulus G. The contribution to the stress state made by the creep increment is
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The accumulated plastic strain εplastic, is obtained as the sum of the plastic creep increments ∆εplastic,
for all creep steps.

If this creep option is activated, Map3D will execute only one creep increment for each step. Thus,
the elapsed time can be determined as the product of the current time step number with the user de-
fined time step size ∆t. It is also possible to repeat several steps simply to allow the model to creep
for a controlled number of steps. Note that for each step it is possible to change the mechanical
characteristics of the elements.

3.3 The Rosone site

The geometrical model adopted for the numerical simulations is obtained on the basis of in situ in-
spections and consequent thoughts performed by the geologists of Regione Piemonte and CNR.
Based on the displacements measured by means of the monitoring system, the areas B and C of the
Bertodasco sector (Figure 29) are the most unstable ones of the whole landslide: hence, sectors B
and C can be probably considered as the key of the Rosone landslide, in the sense that their failure
could trigger off the whole landslide. Therefore, we decided to concentrate the stability analyses on
those areas.

Figure 29.  Geomorphology of the Rosone landslide.

A geometrical model for Rosone has been carried out. Recorded data of the monitoring system re-
veal that the principal displacements occur 40-75 m below the ground surface. This suggests the
existence of a deep-seated failure surface inside the slope that should lead to a volume of a moving
rock mass between 10 and 15 million cubic meters for sectors B and C. These conclusions are
strengthened by the results obtained by geophysical investigation, performed in the landslide zone
in 1999.
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The failure surface has the same dip direction and inclination of the schistosity S (155°; 30°). The
left and right side boundaries of the moving mass are given by the sub-vertical tensile joint set J1
(100°; 85°). The upper boundary is given by the sub-vertical tensile joint set J2 (205°, 85°). In
Figure 30 the 3D representation of the unstable volume is shown.

Figure 30.  The unstable volume of the Rosone landslide.

The simplified geometrical model used to perform the numerical simulations by means of Map3D is
shown in Figure 31.

Figure 31.  The geometrical model of the Rosone landslide used for Map3D simulations (Nord direction ≡ Y
axis).

z
x

y

z

x

y

valley

top

valley

top



IMIRILAND – Impact of Large Landslides in the Mountain Environment                                                                   3rd report on activities
  Identification and Mitigation of Risk                                                                                                                           WP N.3

30

The mechanical parameters used for the numerical analyses are shown in Table 10.

Table 10.  Mechanical parameters used for the Rosone landslide analyses

Unit weight of volume γγ 0.027 MN/m3

Young modulus E 7000 MPa

R
oc

k
M

as
s

Poisson’s ratio νν 0.25 -

Friction angle ϕϕ 25 °

Normal stiffness Kn 5000 MPa
Shear stiffness Ks 1500 MPa

F
ai

lu
re

Su
rf

ac
e

Tangential viscous modulus Gs 150 MPa

It has to be underlined that the time step size ∆t is set equal to 1 month so that the viscous creep co-
efficient C is equal to 150 MPa·month. The displacements obtained by means of Map3D are given
in meters per month.
In Figure 33 the computed displacements due to one-month creep are represented. In Table 11 the
displacements numerically carried out and the displacements measured through the inclinometers in
borehole A1 (Figure 32) are compared.

Figure 32.  The Bertodasco sector and the location of the borehole A1

Table 11.  Displacements measured in situ and numerically evaluated in one month

Borehole Measured
[mm/month]

Numerical
[mm/month]

A1 2 2.5

A1
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Figure 33.  The displacements of the unstable rock mass (Nord direction ≡ Y axis).
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3.4 The Ceppo Morelli site

The geometrical model adopted for the numerical simulations is obtained based on the in situ in-
spections and consequent thoughts performed by the geologists of Regione Piemonte and CNR (for
a description see the previous reports). In Figure 34 a 3D representation of the unstable volume is
shown.

Figure 34.  The unstable volume of the Ceppo Morelli landslide

The simplified geometrical model used to perform the numerical simulations by means of Map3D is
shown in Figure 35.

Figure 35.  The geometrical model of the Ceppo Morelli landslide used for Map3D simulations (Nord direc-
tion ≡ Y axis).

The mechanical parameters used for the numerical analyses are shown in Table 12.
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Table 12.  Mechanical parameters used for the Ceppo Morelli landslide analyses.

Unit weight of volume γγ 0.027 MN/m3

Young modulus E 7000 MPa
R

oc
k

M
as

s
Poisson’s ratio νν 0.25 -

Friction angle ϕϕ 25 °

Normal stiffness Kn 5000 MPa
Shear stiffness Ks 1500 MPa

F
ai

lu
re

Su
rf

ac
e

Tangential viscous modulus Gs 100 MPa

It has to be underlined that the time step size ∆t is set equal to 1 month so that the viscous creep co-
efficient C is equal to 100 MPa·month. The displacements obtained by means of Map3D are given
in meters per month.
In Figure 36 the computed displacements due to one year creep are represented: the values carried
out numerically can be compared in magnitude with the displacements obtained by means of topo-
graphic measurements (Table 13: see Figure 37 for their location).

Figure 36.  The displacements of the unstable rock mass

Table 13. Displacements measured in situ and numerically evaluated in one month

Point Measured
[mm/month]

Numerical
[mm/month]

E1 4.2 3.2
E2 4.3 3.4
E5 6.0 3.5
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Figure 37.  Location of the topographic measurements.

3.5 The Oselitzenbach site

The geometrical model adopted for the numerical simulations is obtained based on the numerical
simulations carried out by means of FLAC3D by the team of the Technische Universität Wien in the
framework of this workpackage: as result of those analyses the failure surface is pointed out in
agreement with the displacements measured in situ. In Figure 38 the obtained sliding surface is
shown.

Figure 38.  The failure surface of the Oselitzenbach landslide.

The simplified geometrical model used to perform the numerical simulations by means of Map3D is
shown in Figure 39.
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Figure 39.  The geometrical model of the Oselitzenbach landslide used for Map3D simulations.

The mechanical parameters used for the numerical analyses are shown in
Table 14.

Table 14.  Mechanical parameters used for the Oselitzenbach landslide analyses

Unit weight of volume γγ 0.027 MN/m3

Young modulus E 7000 MPa

R
oc

k
M

as
s

Poisson’s ratio νν 0.25 -

Friction angle ϕϕ 15 °
Normal stiffness Kn 5000 MPa
Shear stiffness Ks 500 MPa

F
ai

lu
re

Su
rf
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e

Tangential viscous modulus Gs 50 MPa

It has to be underlined that the time step size ∆t is set equal to 1 month so that the viscous creep co-
efficient C is equal to 150 MPa·month. The displacements obtained by means of Map3D are given
in meters per month.
In Figure 40 the computed displacements due to one-month creep are represented. In Table 15 the
displacements carried out numerically and the displacements obtained by means of the topographic
measurements (see Figure 41 for their location) are compared.
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Figure 40.  The displacements of the unstable rock mass.
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Figure 41.  The unstable area of the Oselitzenbach site and the location of the topographic measurements.

Table 15.  Displacements measured in situ and numerically evaluated in one month

Point Measured
[mm/month]

Simulated
[mm/month]

512 5 7.6
1042 9.2 6.4
P4 5 3.6

1044 2.5 1.6
1010 2.5 1.6
509 2.5 1.5

1013 2.5 1.1
1014 2.5 1.9

3.6 Conclusions

Starting from the geometrical and mechanical characteristics of the unstable rock mass, the stability
analysis of the slope has been carried out by means of 3-D analyses performed by means of the
commercial code Map3D. The results, obtained assuming realistic values of the parameters, permit
to validate the hypotheses of the geostructural and geomorphological model.


