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D8. Guidelines on the Use of Numerical Methods 
for the Prediction of Failure 

 
 

1 Introduction 
This deliverable of IMIRILAND project constitutes one of the documents prepared within 
work package number 3, entitled “Establishment of scenarios on the basis of mechanical mod-
elling: application of numerical methods”. Previous reports of that work package refer to the 
numerical simulation of the selected sites, including the mesh and the results of the analyses. 
The scope of this report is, however, to present some basic guidelines on the use of numerical 
methods for the prediction of failure from a general perspective. That is, the experience 
gained with the application of different numerical tools to particular test sites should be used 
to prepare a more conceptual document that could be useful for future analyses. 
 
Indeed the study of a landslide area is a very specific work, and it is usually difficult to obtain 
general conclusions from that task. Most of the scientific papers published in the related lit-
erature refer to specific sites, and the type of analyses and the solutions considered are, quite 
often, site-dependent. Despite this difficulty, this report attempts to provide with some guide-
lines that could be suitable for many large landslides in mountain areas. Obviously the guide-
lines are based mainly on the experience of the sites involved in the project: Rosone, Ceppo 
Morelli, Oselitzenbach, Sedrun and Encampadana. A comprehensive description of the analy-
sis of these sites can be found in deliverable D7: “Report on the Scenarios of Failure based on 
Numerical Methods”.  
 
The basic equations involved in the numerical simulation of the equilibrium conditions of soil 
and rock masses are always the same; but each case requires taking into account different fea-
tures of the basic general theory. The examples considered here refer mainly to rock mechan-
ics equilibrium problems, and therefore some aspects like joints distribution and behaviour 
may become essential in the analysis. These guidelines focus on this particular type of land-
slides, although many of the suggestions may be quite general for any mass instability prob-
lem. 
 

2 The process of modelling 
The word “modelling” may be used in many contexts with different meanings. On one hand, 
for a field geologist, the model of a mountain area includes the geological origin of the mas-
sifs, the tectonic and morphologic processes, the main structural units, etc. On the other hand, 
a model for a finite element expert involves a discretisation of the geometry of a body and its 
material properties and initial and boundary conditions. Both experts are required in order to 
produce a final comprehensive result, and the quality of that final result will depend on the 
quality of these two independent works. It is usually the case, that these works are performed 
by different people, although ideally the same person may have experience on both aspects of 
the modelling. At least, the people involved in this process should have a sufficient back-
ground in all the phases of the work. Therefore, the geo-mechanical analysis of a landslide 
problem involves a few steps, as indicated in Figure 1. 
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Figure 1:  Scheme of the modelling process to be followed when analyzing a landslide 

 
 
It is important to point out that each step in Figure 1 may introduce errors in the process. 
Also, people involved in landslide analyses should be aware that reality may be quite different 
from the results obtained in the numerical simulation. The three processes included in that 
diagram refer to the following tasks: 
 

• Process . It involves basically field work and the objective is quite broad. First, it is 
fundamental to identify the mechanism or mechanisms involved in the landslide, and 
eventually the cause of the instability. Secondly, it is important to define the geometry 
of the sliding area, not only at surface, but also in depth, considering the slip surface. 
Usually this requires a definition of the structure of the massif. Additionally, the mate-
rials involved and if possible their basic properties should be determined. This process 
is the main source of errors in the overall analysis because the data available is quite 
often very limited, because of multiple reasons (cost of field work, absence of bore-
holes, lack of instrumentation, access difficulties, etc.).  

 
• Process . This process may be difficult in practice, because it requires a fluid com-

munication between the field expert and the numerical expert. In practice both kind of 
works are performed by different people, and it may become a communication prob-
lem. The lack of information from the field may upset numerical analysts who are ac-
customed to deal with rigorous mathematical formulations. 

 
• Process . This process refers to the calculation of the model itself. It is not exempt 

from errors, but they are usually under control, or at least bounded. In case of doubt, it 
is possible to repeat some of the simulations and to perform a sensitivity analysis vary-
ing the parameters or the boundary conditions. This is just a matter of time (computing 
time and time to analyze the results). 

 
Apart form the processes indicated above, it should be noticed that numerical simulations may 
be used not only to check the stability conditions of the landslide, but also to complement the 
geological model available. Although most of the examples of application of numerical meth-
ods to landslide analysis look for the final situation of the site in terms of stresses and dis-
placements, the use of these tools to reproduce the geological history of the area is becoming 
more frequent. Thus, for instance, a numerical analysis may be used to explain the actual 
morphology of the valley before analyzing any destabilizing process. A feedback of the geo-
logical model from the numerical analysis is an added value of this strategy. 

INPUT 
Field data 
Reality 

Geological 
model 

Numerical
model 

OUTPUT 
Results 

Feedback 
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This document has been structured in different sections according to the steps and processes 
indicated in Figure 1. It is considered that a person involved in the management of the land-
slide risk in mountainous areas should have to supervise the whole chain presented on that 
Figure. This document intends to help in this work involving many different abilities, from 
field geology to numerical analysis.  
 

3 Process : From Reality to the Geological Model 
This is, by far, the process that generates more uncertainties in the analysis. The information 
required by modellers is usually very extensive. Even a very simple numerical simulation 
needs a lot of information in terms of geometry, material parameters and boundary conditions. 
In practice, the manager of the risk has to decide how much effort is required on acquiring 
field information. A potential high risk for a landslide will require a more complete field 
campaign, which may include obtaining: 
 

 Information on the geometry of the area, i.e. by means of a Digital Elevation 
Model using 25 m cells for large areas or 5 – 10 m cells for smaller areas. 

 Information on materials involved in the landslide. 
 Information on the structural units of the area, i.e. orientation of faults, joints or 

discontinuities (isolated, distributed), etc. 
 Information on the tectonics of the area, i.e., formation of the massif, initial tec-

tonic stresses, etc. 
 Information on the geomorphologic features at large and small scale, i.e. glacier 

erosion, river toe erosion, scarps, graben, etc. 
 Information on the groundwater regime of the area. 
 Information on climatic conditions, i.e. rainfall and snow melting distribution 

along time. 
 Information on seismic susceptibility of the zone. 
 Information on the basic properties of the materials: porosity (different scales), 

anisotropy, mechanical properties (stiffness, strength), permeability (different 
scales). 

 Information on the basic properties of the joints (normal and shear stiffness, 
strength). 

 Information on recent movements suggesting mechanisms of instability, and their 
evolution along time. 

 Field measurements performed with instrumentation installed in situ, i.e. dis-
placements, pore water pressure, etc. 

 
This is quite a complete list, but in most cases the data available are very scarce. Even for 
many well known landslides in Europe there is lack of information concerning the structure of 
the massif or the groundwater regime. Sometimes the field work has been the subject of a 
PhD thesis for a few years (more interested on the scientific aspects), rather than a work per-
formed under the supervision of a risk manager. The cases of La Clapière (North of Nice) and 
Séchilienne (near Grenoble) are paradigmatic (Vengeon, 1998). However, the lack of infor-
mation is not always due to the limited budget devoted to these aspects. In fact in many cases 
it is physically impossible to drill boreholes in steep areas or it is very difficult to get global 
information from local measurements. To this respect, GPS techniques (Gili et al., 2000) and 
radar interferometry methods (Tarchi et al., 2000) are very promising for acquiring displace-
ment patterns from large areas at different times. 
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In general this process needs understanding the site at a very global level and tries to repro-
duce the basic features in a simple geological model. That is, this work implies a simplifica-
tion of the reality, either because it is too complex to be incorporated on a conceptual model, 
or because the lack of enough field information. Therefore, in practice the information avail-
able after performing this process is very limited, and usually, from the list presented above, it 
includes only the general morphology of the slope and some displacements at particular 
points on the surface. 
 
From that information, an assumption is made about the structure of the massif at depth, and 
about the mechanisms involved in the movements. In many cases, this is what we call the 
“geological model” and it is qualitative by nature. Then this result becomes the final product 
of this process, and it is the information that is passed to the expert on numerical modelling. 
As a part of this information, some hints on the instability mechanisms involved and the trig-
gering factors of the landslide should be determined as well. In many cases there is a key 
mechanism or a main cause of the landslide, and therefore numerical modelling may focus on 
that particular aspect.  
 
For instance, in large deep seated landslides in mountain environments, discontinuities may 
play a fundamental role in the equilibrium of the rock mass. If that is the case, this message 
should be transmitted clearly to the expert on numerical modelling. Alternatively, if dis-
placements are controlled by rain infiltration and by the groundwater regime, the numerical 
simulations should focus on that particular aspect. It should be pointed out that a numerical 
model can not cope with all the aspects indicated in the list above presented. A complete nu-
merical model including discontinuities, infiltration effects, hydro-mechanical coupling, 
seismic response, etc., is up to day beyond the capabilities of the conventional tools available. 
Therefore, if a particular feature of the movement is known to be the main reason explaining 
the landslide behaviour, then future computer simulations could focus on that, neglecting 
other aspects that are not relevant for the analysis. Detecting the key points of the landslide 
must be carried out within this process, before starting the simulation work. 
 
Managers of risk should be aware of the uncertainties linked to this procedure. Indeed in geo-
logical sciences and geotechnology, it is usual to work and to take decisions from few data, 
and the procedures have been defined for many years to accomplish with that requirement: i.e. 
range of parameters instead of specific values are used, experience on site have a great value 
when analysing field data, designs are based on very conservative assumptions, etc. 
 
The processes indicated in Figure 1 have been applied to the sites considered in IMIRILAND 
as well. As an example of application of this procedure, the geological information prepared 
for the analysis of some sites is presented here. Basically they consist of 2D profiles of the 
sliding area including the materials involved and the known structure of the massif.  Figure 2 
presents the geological model of Oselitzenbach, Figure 3 shows the model from Sedrun and 
finally, Figure 4 depicts the corresponding sketch of Encampadana. Note that the information 
is very limited in these examples, but they are quite representative of the typical data provided 
by field experts in many actual landslides. Some additional information of the geological set-
ting has been defined in previous reports and is not included on those figures, but the essential 
aspects of the problem are defined. 
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Figure 2:  Geological model of Oselitzenbach obtained using seismic techniques (Weidner, 2000) 

 
 
 

 
 
 

Figure 3:  Geological model of Sedrun, including some field measurements 
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Figure 4:  Geological model of the Encampadana site 

 
 
 
 

4 Process : From the Geological to the Numerical Model 
This process involves in many cases two persons: one expert on field geology and another ex-
pert on numerical modelling. It is important to assure that communication between them is 
straightforward. The expert on numerical simulations has to build a new model suitable for 
quantitative analyses and this is the final objective of this process. As indicated above, it is 
not possible to cope with all the aspects of the problem, because nature is in general too com-
plex. Therefore, only a few fundamental features must be selected and incorporated into the 
new model.  
 
This process may also require performing some laboratory or field experiments, in order to 
complete the field information. Sometimes it is possible to carry out laboratory tests to obtain 
stiffness and strength parameters. In that case, scale effects should be taken into account, or at 
least should be kept in mind when interpreting the results. When performing field tests (i.e. 
pumping tests) also the effect of the scale should be considered. 
 
There are different approaches when developing a numerical model of a landslide. Most of 
them have been developed for the design of rock engineering structures in different circum-
stances and with different purposes, and therefore the variety of tools is quite wide. A recent 
review work (Jing and Hudson, 2002) presents a comprehensive list of the methods available. 
They consider four families of methods for rock mechanics analysis: 
 

 Method A: the design is based on previous experience 
 Method B: the design is based on simplified models 
 Method C: the design is based on modelling which attempts to capture most rele-

vant mechanisms 
 Method D: the design is based on “all-encompassing” modelling 
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Figure 5 illustrates this categorization. It includes also two levels of approaching the problem. 
On one hand, level 1 includes methods in which there is an attempt to achieve a one-to-one 
mechanism mapping in the model. On the other hand, level 2 refers to methods in which such 
mechanism mapping is not direct. Any approach may involve a feedback loop to site investi-
gation and to construction. 
 
Although this scheme is devoted to conventional construction works mainly, it is also suitable 
for landslide analysis. Most published papers in the literature dealing with numerical studies 
refer to methods C and D. However, it is important to point out that a preliminary analysis of 
the problem using methods A and B may be convenient in most cases. In fact, when dealing 
with risk analysis in a large region, only a few selected sites are suitable for a detailed nu-
merical simulation. For many small landslides it is enough to apply a simplified approach 
based on methods A and B.  
 
The paper by Jing and Hudson (2002) focuses on methods C and D. These correspond to the 
most sophisticated tools available for analyzing equilibrium problems. Apart from this work, 
there are other recent published contributions that review these approaches (Carter et al., 
2000; Zaman et al., 2000).  
 
 
 
 
 

 
 

Figure 5:  Categories of modelling and design approaches in rock mechanics problems (after Jing & 
Hudson, 2002) 
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From the experience gained in the sites considered here, and also from previous experience of 
the groups involved in this project, it is possible to suggest a few guidelines for this process: 
 

a) It is convenient to start the analysis with a simple 2D geometry. A limit equilibrium 
analysis may be a good starting point, if applicable. In this type of studies, only global 
equilibrium conditions are imposed, and therefore a global safety factor is obtained. In 
spite of the simplicity of these analyses, it is possible to estimate the critical slip sur-
face among all the possibilities. This approach would correspond to method B accord-
ing to the scheme presented in figure 5, and obviously has a number of limitations: 

 
 Number of equilibrium equations is smaller than number of unknowns and 

thus additional assumptions are required, which accounts for a 6% of compu-
tational differences according to those assumptions (Duncan, 1992). 

 Difficulties of considering complex stress-strain behaviours (i.e., hardening 
or softening). 

 Safety factor is not constant through the slip surface, but the procedure as-
sumes a unique value. 

 The approach does not give any information on soil displacements. 
 It is difficult to incorporate in the models pore water pressure distributions in 

general cases (i.e., involving changes due to infiltration and water flow). 
 Equilibrium conditions are in general 3D. Although this approach may be ex-

tended, usually only 2D analyses are performed. 
 
Despite these difficulties, it is strongly advised to develop a preliminary model using 
this methodology and to gain experience from the global behaviour of the massif. 

 
b) Next step involves what is usually called “deformation analysis” (Duncan, 1992), or 

method C in Figure 5. The main difference with respect to previous step is that infor-
mation on rock displacements is obtained naturally from the analysis. There are a few 
possible options within this category: 

 Continuum methods, like finite difference method, finite element method or 
boundary element method, based on the discretisation of the equilibrium equa-
tions (in differential or integral form). They are the most widely applied methods 
of analysis in practical slope stability problems. 

 Discrete methods, like the discrete/distinct element method and the discrete frac-
ture network. These methods were originated in the field of rock mechanics, due 
to the discontinuous nature of large rock masses. They are based on the idea that 
the domain of interest is an assemblage of rigid or deformable blocks or parti-
cles, and those contacts among them need to be identified and updated during the 
deformation process. In the discrete fracture network approach, a special atten-
tion is devoted to the flow of water through the fractures. These methods are 
very appropriate for problems in which discontinuities play a fundamental role. 

 Hybrid methods combining different methodologies in the same code, like the 
finite element – boundary element combined method. They try to optimize the 
advantages of each method by using different procedures for different areas of 
the geometry (i.e., boundary element for the far field and finite element for local 
conditions). 
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 Other methods, like neural networks and stochastic or reliability analyses. Some 
of them are not physical models of the reality, but just mathematical artifices that 
represent a particular input-output behaviour and may be applied to landslides as 
well. Additionally, sometimes they include a statistical or probabilistic approach 
to cope with the scattering of these natural phenomena. 

 
The test sites considered in the framework of this project have been analyzed by 
means of finite difference, finite element, boundary element and distinct element 
methods. These methods are the most popular ones within the geomechanical commu-
nity. In some examples, a combination of methods or a variation of them has been 
used. This is the case of the Encampadana site, which has been analyzed using a finite 
element code that incorporates joints as specific elements, keeping the consistency 
with the finite element formulation. 
 
The experience of the group is that 3D models should be avoided if possible.  Alterna-
tively, they may be used in the high risk cases only, because of the difficulty of the 
analysis. A 3D model requires one order of magnitude of more work than a corre-
sponding 2D geometry, and the improvement obtained from 2D to 3D is not worth-
while in many cases. The example of Sedrun presented in report D7 for which a 3D 
mesh was built is paradigmatic, as it was impossible to analyze due to the mesh size. 
A careful decision is required to this respect.  
 
Most of the codes developed for rock mechanics analyses include a pre-processor that 
helps in defining the spatial discretisation of the domain. In fact preparing the mesh 
may become one of the more time consuming activities in the definition of the nu-
merical model. Once the geometry is defined, it is necessary to assign boundary condi-
tions and initial conditions. The definition of initial stresses requires a preliminary cal-
culation and it is considered in the next process. 
 

c) A final step may be required, involving a more sophisticated numerical model in case 
the landslide is considered of high risk. This is usually performed after a few analyses 
carried out with simpler models.  Process , as it is indicated below, provides with 
some information that can be used as a feedback for previous processes.  For instance, 
a finite element model considering only the mechanical equilibrium equations may 
suggest after some calculations that coupling with water flow is fundamental.  Then an 
updated finite element mesh including pore water pressures as additional variables 
must be considered.  
 
This type of numerical methods lay in category “D” according to the classification in-
dicated in Figure 5. Typically they refer to models that solve coupled phenomena, as 
the flow and the equilibrium equations simultaneously. 

 
The numerical models considered in this report correspond to the so called “deformation 
analysis”, and they belong to step b).  Some of the analyses performed could be considered as 
sophisticated enough to belong to step c).  Obviously these categories are defined in order to 
make a comprehensive framework of the modelling tasks, but they are not strict on their lim-
its. 
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Figure 6 and Figure 7 present two of the models developed for the Ceppo Morelli site using 
two different approaches. In Figure 6, a 2D finite element mesh including joint elements has 
been defined, whereas Figure 7 shows some views of the 3D model prepared for the analysis. 
 
 

 
 

Figure 6:  2D mesh of Ceppo Morelli, including interface elements (red lines) 

 
 
 
 
 

 
 
 

Figure 7:  3D geometric model of the Ceppo Morelli site 
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Note that both figures represent analyses included in step b), but in one case a 2D simulation 
was developed, in order to focus on the behaviour of joints and interfaces, and in the other 
case, 3D effects were envisaged. This strategy illustrates a typical procedure in numerical 
analyses: use the simple geometry (less nodes and elements) to study the effect of complex 
behaviour (plasticity, joint patterns, coupled water effects, etc.), and use a fully 3D geometry 
(most time consuming because of the number of nodes and elements) for simple analyses with 
the objective of understanding 3D effects, if any. 
 
The process of defining a numerical model from field information is quite objective in con-
trast with the field work that usually requires some previous experience and has sometimes a 
subjective nature.  Figure 8 and Figure 9 show a finite difference (FLAC) and a finite element 
(DRAC) model of the same site (Oselitzenbach), performed by different teams independently. 
They are very similar, and that confirms the idea that from a common field data different peo-
ple may be lead to the same basic numerical model.  Nevertheless, sometimes it could be pos-
sible to find differences between groups if the geological model is too open, but this has not 
been the case in IMIRILAND. 
 

5 Process : From the Numerical Model to the Results 
This process is quite often assumed to be the most objective and the most reliable of the proc-
esses involved in the flow diagram of Figure 1.  It is clear that previous processes have too 
many aspects that cannot be defined in advance and that require some expertise acquired after 
years of dealing with these problems.  On the contrary, computing the results seems to be a 
more straightforward task. However, Process  is not exempt of mistakes and misunderstand-
ings (Mestat et al., 2000).  In fact people tend to overvalue the capabilities of the numerical 
models to provide with comprehensive predictions of rock and soil displacements or failure. 
As it has been mentioned above, the quality of a result from a numerical analysis depends not 
only on the quality of Process , but also on the quality of previous processes.  Additionally, 
this process has its own limitations. 
 
Some of the drawbacks of the computational procedures used in deformation analyses of 
landslides (methods C and D in Figure 5) are the following: 

 Results may be sensitive to model size, mesh size and boundary conditions. 
Some of these aspects are defined in Process  by guessing, maybe without 
considering the effects on the simulations.  For instance, in an elastic analysis of 
a typical rock mechanics problem, the magnitude of displacements is very sensi-
tive to the size of the model. The usual criterion is to fix the boundaries far 
enough from the area of interest, but that decision may have a crucial influence 
on the displacement pattern. To avoid this shortcoming, it is better to study rela-
tive displacements between two rock points, as they are less dependent on 
boundary locations. Also, if elastoplastic constitutive laws are employed, the ef-
fect of boundaries becomes less important, in general, as plastic strains tend to 
concentrate on a particular area that eventually will develop a failure surface. 
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Figure 8:  3D model of the Oselitzenbach site using code FLAC3D — each colour corresponds to dif-
ferent material properties 

 
 
 
 
 

 
 

Figure 9:  3D model of the Oselitzenbach site using code DRAC 
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 Continuum versus Discontinuous approach. Both options may be reasonable for 
the analysis of a landslide, but they provide with different results. The election of 
the option may be performed also in Process , but some decisions related to 
those approaches are defined later, i.e. small deformations / displacements vs 
large deformations / displacements, equivalent continuum methods due to the 
large amount of discontinuities or a consideration of the joints individually, etc. 

 Material modelling uncertainties may lead to very different results according to 
the parameters used by each numerical expert.  Even if in Process  material pa-
rameters and constitutive laws are defined in detail, there are still many options 
in the computation itself.  This is particularly significant if elastoplastic models 
are used. As an example, the use of associated or non associated flow rules is 
rarely defined in previous processes, and it has influence on the final computed 
strains and displacements. Additionally, the solution of nonlinear equations in-
troduces mathematical uncertainties because the result may depend on the qual-
ity of the convergence when solving the equations. 

 Initial conditions may play a fundamental role in some cases, especially if elas-
toplastic constitutive models are used. This is one of the most difficult tasks in 
numerical analysis of geomechanical problems. Often the initial stress state can 
not be defined in Process  because it is cumbersome or just because of the lack 
of information.  In that case it is suggested to generate an initial stress state from 
a computation of the equilibrium of the whole mass assuming elastic behaviour 
and applying gravity.  This analysis will be referred later. 

 Results may be also very sensitive to the assumed hydraulic conditions. Usually 
in Process  the expert decides whether to incorporate groundwater flow or not 
in the analyses. However, after that decision, there is a wide range of computa-
tional options that may difficult the comparison of two simulations of the same 
site. For example, it could be assumed that water flows only through discontinui-
ties, and the hydraulic conductivity is that of the joints. Alternatively, a contin-
uum approach would look for an equivalent permeability value. 

 Interpretation of the results is not always straightforward. Even in 2D simula-
tions, it is not clear what does global failure mean. If a particular zone of the 
model has reached failure conditions, still the equilibrium may be possible. If 3D 
models are used, the analysis of those zones becomes more complex. In fact it is 
very difficult to visualize stresses and strains in 3D images, even using powerful 
post-processors codes. 

 Time effects are very difficult to incorporate in the models whereas in practice 
many large landslides exhibit a clear time dependency. There are a few reasons 
for such dependence. First of all, it is well known that rocks may have a creep 
component in their stress-strain relationship. This is very rock-type dependent, 
but it has been used in many cases (i.e. (Scavia et al., 1999), and in this project). 
Secondly, transient water flow may introduce additional time effects in dis-
placement records. Finally, in case of progressive failure (i.e. due to softening 
behaviour) the evolution of the whole landslide may require to consider the time 
scale in the analysis. Even when a good geological and numerical model is used, 
considering time effects is a challenging task. Apart from these reasons, climatic 
actions (rainfall infiltration, snow melting), seismic actions (earthquakes) or 
manmade actions (excavations, changes of geometry, etc.) introduce an addi-
tional time dependency on the landslide behaviour. 
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Despite all the limitations indicated above, the process of obtaining simulations of the land-
slide behaviour has the advantage of being the last stage of the flow diagram showed in 
Figure 1. Thus it is possible to check the validity of the results and therefore to decide 
whether it is necessary to make changes in the previous processes. This is referred to as 
“feedback” of the simulation to the initial steps of modelling. As computer models have be-
come routine tools for the analysis of landslides, and because of their “apparent” powerful ca-
pabilities, one may minimise the importance of the field geomorphologic observation and 
data. The amount of information required by such powerful tools must agree with the quality 
and amount of information provided by previous processes. An example of how numerical 
simulations may improve when a detailed geomorphologic observation is performed is pre-
sented in (Corominas and Ledesma, 2002). 
 
According to the experience of this project and to the previous experiences, the steps to fol-
low in this final process may be the following: 
 

a) Generate an initial stress state using a preliminary calculation of the model. Typically 
gravity is applied to the whole mass and then the displacements are reset to zero while 
the stresses are kept.  In this way, a stress field in equilibrium is obtained. The value of 
the Young modulus is not determinant, as equilibrium is not too related with it (unless 
there are different materials with different properties). Vertical stresses are directly re-
lated to the specific weight of the rock. Poisson’s ratio has a more important role in 
this case, because horizontal stresses depend on its value. A sensitivity analysis may 
be performed to check its effect. High tectonic stresses cannot be created from elastic-
ity and applying gravity, and therefore the definition of initial stresses in those cases 
may require manual work. Alternatively, an initial stress state may be created by ex-
cavation of elements after applying gravity to a horizontal terrain, reproducing the 
formation of a valley by river or glacier erosion, for instance. 

  
b) Solve the new equilibrium of the model after applying a new action (climatic effect, 

new loads, etc.). Alternatively, a strength reduction may be applied to trigger instabil-
ity conditions. Generally, it is worthwhile to start the simulations with the simplest set 
of parameters or conditions, i.e. elastic model and increased strengths to avoid failure, 
or assuming the joints very rigid, if they are considered. This is very helpful because it 
allows detecting any previous errors in the model, and shows the potential areas of 
failure because usually stress concentrations arise there. However, stress concentra-
tions may appear also due to the boundary conditions or to abrupt changes in the 
model geometry. Once the simplest case has been checked, it is required to solve again 
the stability problem using an improved set of parameters, that is considering the ac-
tual strength or assuming elastoplastic behaviour. Note that global failure conditions 
may lead to a non-convergence of the numerical model, because there is no physi-
cal/mathematical solution for the equilibrium analysis. 

 
c) The case solved in the previous step could be considered a “base case”, but due to the 

uncertainties inherent to these problems, a sensitivity analysis becomes very conven-
ient. In this way a few additional cases are analyzed, in such a way that each new case 
implies a change of one parameter only with respect to previous calculations. This 
sensitivity analysis may include not only changes in parameters but also changes in 
boundary and/or initial conditions. 
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d) A final comparison between simulations and reality is required. This comparison also 
leads to a feedback for the geological model that may require a further repetition of the 
whole chain indicated in Figure 1. The simulations must be seen not as a final stage, 
but as an instrument to understand the reality, and therefore, additional improvements 
may be eventually required. If the objective of the analysis is to predict failure condi-
tions (in space and time scales), the task may become very time consuming, as nu-
merical tools available are rather limited for performing this forecast.  

 
The procedure outlined is very general and obviously each site may require specific actions. 
In this project, equilibrium conditions have been analyzed for all the sites, but failure condi-
tions have not been obtained in all cases. Due to the difficulties indicated in this report, the 
analyses performed have focussed on the simulation of geomorphologic features rather than 
studying the mechanical triggering mechanisms. When a monitoring system existed, the simu-
lation has also been compared with the displacement records. In general it should be recog-
nized that despite the advances in modelling, we are still far from predicting failure condi-
tions, especially in the time scale. Only a few cases have been presented in the literature, and 
they can not be assumed as general ones (Fukozono, 1990; Voight, 1988). 
 
As an example of the numerical work carried out in the framework of this project some se-
lected figures are presented here. For a complete description refer to report D7.  Figure 10, 
Figure 11 and Figure 12 present a typical result of the numerical simulation of the failure of 
the Oselitzenbach test site, carried out by different teams participating in the project.  
 
 
 

 
 

Figure 10:  Shear strain rate and displacement vectors at Oselitzenbach using a FLAC3D model 
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Figure 11:  Displacements of the unstable rock mass at Oselitzenbach obtained using a Map3D model 

 
 
 

z

x

y

valley

top 

z

x y

valley

top

z 

x y 
valley

top



 

 17

 

 
 

Figure 12:  Displacement contours in the Y-direction – cut view showing the sliding mass, obtained 
using a DRAC model. 

 
 
Note that despite the different numerical models used by each group, the main trends of the 
landslide failure are reproduced in the same manner. Of course this is mainly due to the com-
mon information shared by all the groups, and in practice no coordinated experts could be 
lead to different results according to the hypothesis considered. These results indicate that at 
least, information on displacements and location of failure area may be obtained using stan-
dard numerical models. Time scale is however more difficult to consider. 
 
Another example of application of these tools is presented in Figure 13, where the four stages 
of a finite element model of the Encampadana site, including interfaces, is presented. An at-
tempt to reproduce the geologic processes that have occurred at the site has been performed. 
This is a strategy that could become very useful if a relation between geomorphologic features 
and mechanical analyses is envisaged. The generation of the valley erosion, the glacier forma-
tion and its subsequent removal are the actions that have defined the current stability condi-
tions of the site. The numerical simulation has been able to reproduce some of the features 
that are typical of such large deep seated landslides, as shown in Figure 14 and Figure 15 (the 
uphill facing scarps and the graben at the top of the massif arise naturally from the analyses). 
This is a clear example of a feedback to geological modelling from the mechanical modelling, 
and it constitutes a good example of the closing loop of the process flow indicated in Figure 1.  
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a) b) 

  
c) d) 

 
Figure 13:  Four-stage sequence of the Encampadana 2D modelling: a) initial stress conditions; b) 
river erosion; c) glaciation including basal erosion of the glacier; d) final stage after glacier retreat 

 
 
 

6 Concluding remarks 
This report was intended to include a set of guidelines for performing numerical analyses of 
large landslides. Most probably the reader will have the feeling that this type of analyses are 
full of difficulties, and despite the capabilities of the numerical techniques, this work is not 
straightforward. Indeed our knowledge is still far from being able to reproduce natural phe-
nomena such as landslides. For instance we cannot in general predict the temporal occurrence 
of displacements leading to failure conditions, and thus, the development of alarm systems 
based on these models is still a matter of further research. 
 
Only some particular situations are easy to simulate, whereas the majority of the real prob-
lems are too complex to be solved using these tools. Therefore, a risk manager should become 
aware of these difficulties and select only a few specific sites for this type of analysis. He/she 
should be also conscious of the cost of performing that work. 
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Figure 14:  Uphill facing scarps obtained in most of the simulations of the Encampadana site, and pic-
ture showing one of this scarps found on site 
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Figure 15:  Zone of vertical settlement found in the models containing a ductile core, and view of En-

campadana site exhibiting the graben, consistent with that result of the analyses 
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When defining the modelling work for a particular case, it is important to point out those 
three stages or processes that should be carried out. The quality of the final result depends on 
the quality of each independent process. First, a geological model should be built from field 
observation (basically geomorphologic information and lithologic and structural data). This 
requires some expertise on field geology. Secondly, the geological model should be trans-
formed into a numerical one, discretizing the domain using any pre-processor available. This 
is not exempt of uncertainties, because the limitations of the numerical models require simpli-
fying the initial geological model. A final process consists of computing output variables (i.e. 
displacements and stresses) after defining initial and boundary conditions.  
 
The indicated flow process does not finish after that simulation, but on the contrary, it is nec-
essary to compare the results with field information and to decide if further analyses are re-
quired. This is a feedback to the geological model again, which may be redefined with this 
new information. Additionally, a sensitivity analysis provides in general with very valuable 
information and may help when selecting the critical aspects controlling the landslide behav-
iour.  
 
In this report this three processes have been considered in detail, and the indications presented 
may be useful for future works. From those explanations, a pessimistic feeling will arise when 
dealing with the prediction and modelling of triggering mechanisms leading to failure condi-
tions. In the IMIRILAND project we tried however to use triggering models to verify the 
morphological and geostructural information and to estimate the geometry of the rock mass to 
be assumed in the following runout analyses, and this work has been to some extent very suc-
cessful. Thus the feedback from numerical modelling to the geological model has proved to 
be very important in this research. 
 
It should be noted that the numerical models and their results can only be as good as the mod-
els they are based on (e.g. topographic, geologic, etc.).  Especially: 

− Strength parameters have to be back calculated from observations in nature and cannot 
be taken from laboratory tests on small samples because dimensions of laboratory 
specimens cannot include properties of large-scale structures such as mass movements.  

− The choice of the most suitable code is essential, since each code has its own character-
istic features and limitations. 

 
Moreover uncertainties may result from 

− The number of elements, which is limited by calculation speed. 
− Large deformations occurring in reality which can be only partially considered.  They 

can produce new fractures that can change material behaviour of the rock mass and 
thus change the mechanisms. 

  
The IMIRILAND project has considered a few tests sites with different degrees of informa-
tion and different characteristics. Although the analysis of landslides is still a site dependent 
task, and the tools available have been very different from one group to another, an important 
effort has been performed to incorporate all this diversity in a common framework, and to de-
fine general rules suitable for other cases. These guidelines may be helpful either for further 
research in the area or for experts involved in the risk management on mountainous environ-
ments.  
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