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3. Description of the test sites considered 
In this work, within the above approaches proposed, two types have been used:  

• phenomenological models with measurements of ground water level at a defined 
location to obtain displacements of a point in the same location using 
phenomenological relationship, for Vallcebre landslides in which frequency of 
recorded data allows to use directly these data;  

• mixed models in which effective rainfall is input to a ground water model furnishing 
pore water pressures within the slope regarding the Italian cases of Orvieto landslides 
and Fosso San Martino ones.  

In this latter case numerical analysis must be defined as a general methods for solving 
complicated mathematical problems using the basic arithmetic operations. In the case of 
modeling the behavior of geotechnical materials, pore water pressures, the continuum with 
infinitely many degrees of freedom is replaced by a set of points or elements with a finite 
number of interconnections. Instead of unknown continuous functions, the numerical values 
of these functions are determined in a set of discrete points. So finally the governing system 
of differential or integral equations is replaced by a large system of linear of nonlinear 
algebraic equations. It is of course necessary to use computers to solve these equations. From 
this point of view it is possible to say that the development of numerical models is directly 
connected with the development of computers. Today numerical models can be divided into 
three large groups: finite element method (FEM), boundary element method as a part of 
integral methods (BEM) and the distinct element method (DEM).  
 
Numerical method proposed is GeoStudio 2004, a section designed to outline fundamental 
steps required and to develop a finite element or limit equilibrium analysis. The steps outlined 
are intended to represent a small checklist of steps that can be run through each time you 
develop a model to ensure that the basic requirements of numerical modeling have been 
fulfilled. The general procedures have been separated depending on the type of analysis you 
are conducting (finite element or limit equilibrium):  SEEP/W, SIGMA/W, QUAKE/W, 
TEMP/W, CTRAN/W AND VADOSE/W.  
There are three fundamental components to developing any finite element model: material 
properties, geometry and boundary conditions.  Before working through these components, 
you must first tell the software what type of analysis you are going to conduct.   
The first step, before you define any material or describe the geometry is to identify what type 
of analysis you are going to conduct (steady-state or transient, in-situ or load deformation, 
dynamic or initial static, particle tracking or advection/dispersion etc.).  Use KeyIn Analysis 
Settings to specify settings which are specific to the analysis including: Analysis Type, View 
(2D, Axisymmetric or Plan) and Time Steps. 
To define the properties of materials it is often necessary to describe single value soil 
parameters (cohesion, phi, E, K-ratio, dispersivity, etc.) as well as functions (stress, 
conductivity, water content, etc). In finite element modeling, material properties are an 
element property.  Therefore, once all the materials have been fully defined, you can develop 
the problem geometry including the finite element mesh.  
There are two main steps to defining geometry: sketching the problem and then developing 
the finite element mesh. First of all use Set Page and Set Scale to ensure that your working 
area is appropriately sized and scaled. Turn on Snap to Grid and adjust the increments as 
required to help define the geometry and finite element mesh. Create an axis with Set Axis to 
help define the geometry.  An axis is also very useful to confirm the scale has been properly 
defined and will help you interpret the results. Use sketch objects such as Sketch Lines to 
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outline the general geometry and to schematically identify the location of boundary 
conditions.  
Subsequently use Draw Regions to define and discretize the problem domain.  Individual 
materials should be developed by individual regions.   
Once a basic finite element mesh has been developed, the mesh and region properties can be 
fine-tuned using KeyIn Regions and Region Properties.  
Without boundary conditions it is not possible to obtain a finite element solution. Boundary 
conditions can be considered to be the driving or resisting forces that exist around the 
perimeter or “boundary” of the problem.  A solution will be determined within the finite 
element mesh as a result of these imposed conditions (head, flux, force, displacement etc).  
 
 
 
SEEP/W  
SEEP/W is a finite element software product for analyzing groundwater seepage and excess 
pore-water pressure dissipation problems within porous materials such as soil and rock. Its 
comprehensive formulation allows you to consider analyses ranging from simple, saturated 
steady-state problems to sophisticated, saturated-unsaturated time-dependent problems. You 
can apply SEEP/W to the analysis and design of geotechnical, civil, hydrogeological, and 
mining engineering projects. In addition to traditional steady-state saturated flow analysis, the 
saturated/unsaturated formulation of SEEP/W makes it possible to analyze seepage as a 
function of time and to consider such processes as the infiltration of precipitation. The 
transient feature allows you to analyze such problems as the migration of a wetting front and 
the dissipation of excess pore-water pressure.  
SEEP/W allows you to generate your finite element mesh by drawing regions on the screen. 
You can then interactively apply boundary conditions and specify material properties. You 
can even estimate the material property functions from easily measured parameters like grain-
size, saturated conductivity, saturated water content, and the air-entry value. Once you have 
solved your seepage problem, SEEP/W offers many tools for viewing results. Generate 
contours or x-y plots of any computed parameter, such as head, pressure, gradient, velocity, 
and conductivity. Velocity vectors show flow direction and rate. Transient conditions can be 
shown as the changing water table position over time. Then export results into other 
applications, such as Microsoft Excel or Word, for further analysis or to prepare 
presentations. 
 
 
 
 

SLOPE/W  
When developing a limit equilibrium analysis you should think in terms of four primary 
components: Method of Analysis; Material Properties/Strength Models, Geometry and Slip 
Surface Definition.  Additionally, your problem might also include secondary components 
such as: Pore-water Pressures; Tension Cracks; Reinforcement and Imposed Loading. In 
SLOPE/W many of these components are either defined within Analysis Settings.   
The first step is to open the KeyIn Analysis Settings command.  This is a very important 
dialogue box where you define options that you will use in developing your simulation 
(Method of Analysis, Pore-water Pressures, Slip Surface Definition, Factor of Safety 
Distribution options). 
There are many different analysis methods available within SLOPE/W (Bishop, Morgenstern-
Price etc).   
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Several pore-water pressures options can be used in SLOPE/W (piezometric line, finite 
element heads etc.).  If you plan on including pore water pressures in your analysis you need 
to identify which option will be used in the PWP Tab of KeyIn Analysis Settings. 
There are several options available to help define the shape and position of the trail slip 
surfaces.   
Materials can be defined using single material property parameters (unit weight, cohesion, 
phi) and strength functions (anisotropic or shear/normal).  
The input parameters required will be dependant on the strength model selected. Defined 
functions and single material property parameters are assigned to individual materials using 
KeyIn Material Properties. Therefore, once all the materials have been fully defined, 
definition of the problem geometry can begin. 
Depending on what slip surface option you have selected under KeyIn Analysis Settings, you 
will need to go to the Draw Slip Surface pull down menu and use the individual slip surface 
commands to define the slip surface options on your profile (Draw Slip Surface Grid, Draw 
Slip Surface Limits, Draw Slip Surface Fully Specified etc.).  If you are using an option that 
requires an Axis Point, it must be defined before the other slip surface definition features can 
be completed.  

 
In order to understand how these programs might be used, it will be necessary to propose a 
description of analyzed sites. About Orvieto and Fosso San Martino sites mixed models are 
developed by using FEM programs and in other wise regarding Vallcebre site a 
phenomenological model is proposed.  
One must not forget that SEEP of GeoStudio has been used to model pore pressure whereas 
SLOPE has been used to operate with limit equilibrium analyses described in chapter 4. 
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3.1. Orvieto 
The town of Orvieto, located 105 km north of Rome, extends on top of a 50 m thick slab of 
soft pyroclastic rocks with subvertical cliffs as you can see in subsequently figure 14. The 
slab overlies a Plio- Pleistocene overconsolidated clayey substratum in which the gentler 
lower part of the hill is carved. Interposed between the two formations are 3–15 m of weakly 
cemented, coarsegrained and silty materials of fluvial-lacustrine origin (Albornoz Formation).  

 
Figure 14: Geological map of the Orvieto hill and main landslides. Calvello, M. et al. (2007) 

 
Investigations have been carried out in the northern clay slope within the area involved in the 
1900 Porta Cassia slide and also in an outer zone located next to the western slide flank. 
The slope extends over a length of 500–600 m between 220 and 120 m a.s.l. with an overall 
dip of 11°–12°. 
 

 

Figure 15: View of the northern slope of the Orvieto hill (triangles indicate the boundary of the 1900 Porta 
Cassia slide, whilst dots refer to the crown scarp of a smaller roto-translational slide; squares correspond 
to the location of instrumented boreholes like OM, OR, etc.). Tommasi, P. et al. (2004).  
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The in situ clay formation is blanketed by an irregular layer of slide deposits consisting of 
remoulded clay and volcanic materials. At depth, the clay is stiff and apparently intact, but 
proceeding upwards, the clay material softens, and fissures progressively appearing stifferers 
and undrained strength remaining quite high. Only at the top softening is accompanied by 
jointing and by the oxidation of both the discontinuities and the clayey matrix.  
Therefore, while the shallower part of the softened clay is clearly recognizable from a visual 
analysis of the cores, its lower limit can be traced only by means of logs of physical–
mechanical properties (natural water content, undrained strength, elastic wave velocity).  
On the basis of the structural analyses of different oriented cuts, subvertical joints have been 
related to slope deformation processes. Even though local tectonics may have contributed to 
joint formation, slope deformation has however determined their selective opening and hence 
weathering. 

 
Figure 16: Map of the northern slope of the Orvieto hill (latitude, 42°43’; longitude, 12°7’): (1) slide scarp, 
(2) limit of the area affected by minor deformations of the 1900 Porta Cassia slide, (3) limit of 
kinematically independent portions inside the 1900 Porta Cassia slide body, (4) geotechnical section, 
(5) instrumented borehole. Tommasi, P. et al. (2004) 

The slope materials also have different permeabilities. Falling head tests in the Casagrande 
piezometers provided permeability values of the magnitude of 10–11, 10–10, and 10–9 m/s for 
the stiff clay, softened clay, and slide debris, respectively.  
Moreover, a local increase in permeability is to be expected in the stiff clay where thin sandy 
layers are present (2 × 10–9 and 3 × 10–10 m/s for the deepest cells in boreholes O7 and O6, 
respectively). The permeability of slope materials may actually be affected by: grain size 
(significant amount of coarser fraction in the slide debris), texture (remoulding of the clay 
matrix of the slide debris and a more open fabric produced by the softening process) and 
pervasive fissuring in both slide debris and softened clay and jointing in softened clay. 
Infiltration in the tuff slab at Orvieto is probably lower than that existing on top of similar no 
urbanized hilltops; however, gardens and green areas cover about 40% of the slab surface and 
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some infiltration does take place from the road paving. Perched groundwater is essentially 
drained by the more permeable shallower clay slope materials and partially seeps out at the 
contact between the talus and the underlying clay. 

Figure 17: Geotechnical section parallel to the slope with log of the physical-mechanical properties 
material. Tommasi, P., et al. (2004) 

Figure 18: Geotechnical section normal to the slope with log of the physical-mechanical properties 
material. Tommasi, P. et al. (2004) 

All material properties have been proposed in table 1. Two groups of parameters appear: the 
first one involves index properties as unit weight and Attenberg limits and the second one 
relates strength parameters at residual conditions.  
The unweathered in situ clayey material (intact clay) and its softened upper layer is a clay and 
silt (clay fraction, CF, 50%) of medium plasticity (liquid limit, wL, 50%) that remains 
homogeneous throughout the investigated area.  
A minor increase in plasticity (wL = 53%) is found in the clayey slide debris, and it is mainly 
related to a higher clay fraction (CF = 56%) resulting from the disruption of the bonds 
between the clay particle aggregates that is caused by continuous deformations of the 
shallower part of the slope (activity is similar for the different slope materials). 
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Table 1: Index propreties and strength parameters for Orvieto’s area soils. 

   

   

In situ clay 
bedrock 

(unweathered) 

Softned 
clay  

Clayey slide 
debris 

Unit weight, γ (kN/m3)   19,6 19,7 
Nature water content, ωΝ 

(%) 20 20 - 30 20 - 30 
Liquid limit, ωL (%) 50 50 53 

Plasticity index, PI (%) 20 20 - 30 20 - 30 In
de

x p
ro
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iet

ies
 

Clay Fraction, CF (%) 50 50 56 
Residual friction angle, φ'R 

(°)   11,3 21,3 

St
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th

 
pa

ra
m

et
er
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Cohesion, c'(kPa)   0 18 

 
In Orvieto hill, at present, larger instabilities consist of extremely slow translational 
movements along well defined shear surfaces or bands extending from the slope toe up to the 
upper third of the slope (at times up to the foot of the cliff) within the softened portion of the 
in situ clay formation. These movements are likely to represent a very advanced evolutionary 
stage of old failures that started under quite different morphologic conditions and propagated 
retrogressively. Slope failures, characterized by a progressive mechanism, also occurred in 
more recent times following major man-made changes in slope geometry or hydraulic 
conditions.  
These shallow movements can be classified as “very slow” according to Cruden and Varnes 
(1996). Even though these shallower movements do not produce any disruption of the sliding 
mass, they are however responsible for significant long-term morphological changes, which 
can seriously damage buildings and infrastructures. 
 
The Orvieto’s ancient hilly rests on a tufaceous slab that overlies an overconsolidated clayey 
stratum, where numerous landslides systematically occur. The clay stratum has been affected, 
since prehistoric times, by failures and more or less slow movements that have left scarps and 
terraces still having a sharp relief and large extension (Manfredini et al. 1980).  
One of the most disastrous landslides occurred on November 1900, after a period of intense 
rainfall, in the northern flank of the hill. The technical authority in charge of the inspection of 
the landslide, reported that the displaced soil mass extended over the whole slope: the area 
involved in the Porta Cassia slide is shown in the previous figures.  
Along the hill, lot of damages occurred and the Umbro-Casentinese road and the Rome-
Florence railway were interrupted. 
For these reasons, monitoring started in 1982, when a piezometer and an inclinometer 
(borehole OR) were installed in the upper half of the slope, inside the area involved in the 
1900 Porta Cassia slide not far from its western limit.  
In 1996 two additional measurement stations for monitoring displacements and piezometric 
levels (boreholes OM and OV) were installed on the same side of the 1900 Porta Cassia slide 
area underneath the slide scarp and in the centre of the slope.  
Since the analysis of the new data did not resolve doubts about the hydraulic conditions and 
the kinematics of the movements, in the winter of 1998 four monitoring stations were 
installed. Three were located inside the slide area (boreholes O4, O5, and O6) and a fourth 
(O7) was located outside the Porta Cassia slide area, in the upper half of the slope on a terrace 
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produced by an older landslide with an apparent rotational component. At all monitoring 
locations, Casagrande-type cells were placed in the stiff clay and in the clayey debris; in four 
boreholes a third cell was installed within the softened clay layer. Casagrande-type 
piezometers have an appreciable hydrodynamic time lag but they were regarded as being 
effective in measuring very slow pore pressure changes over several years provided that tubes 
were accurately sealed and the borehole thoroughly filled with clay material throughout its 
entire length.  
Time lags of Casagrande-type piezometers associated with permeabilities of 10–9, 10–10 and 
10–11 m/s are about 1, 4, and 30 days, respectively (Terzaghi and Peck 1967).  
Therefore, they are important only for cells within the stiff clay formation when sandy 
laminae are not present. Variations in time of the piezometric levels were recorded over at 
least 5 years for all seven measurement locations; a 14 year record is available for the OR 
location, and a 7 year record is available for both the OV and OM locations.  
 
Slope movements have been measured by means of probe inclinometers inserted in 
aluminium casings. In 2001 tube O6 was replaced by an ABS casing. Inclinometer casings are 
all installed at the same locations as the piezometer boreholes and are embedded in the stiff 
clay for a length ensuring at least five reading steps (distance between consecutive steps is 2 
feet (0.61 m)). Measurements are performed with a Digitilt probe (Slope Indicator, Mukilteo, 
Washington).  
 
In low-permeability materials pore pressure perturbations occur after prolonged infiltration, 
therefore displacements and piezometer data were correlated with a rainfall (daily cumulative 
rainfall). Precipitation data were obtained by daily rainfalls measurements of the precipitation 
gauge of the State Hydrographic Survey, which is situated on top of the hill. The station has 
been working continuously since 1920 except for some stops in the 1940s and the late 1970s.  
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Hydraulic condition in the slope 
Five of the seven piezometers installed in the stiff clay are characterized by small seasonal 
fluctuations (figure 19 C) indicating that relatively short-term variations of hydraulic 
conditions at the boundaries (slab base and slope surface) produce only slight perturbations of 
pore pressure at depth. Piezometric levels reach a maximum between March and May and a 
minimum in September–October. In the subsequently figure the effects of intense water 
inflow during drilling of an adjacent borehole can be observed. Water inflow has a minor 
influence on pore pressure at depth, but a larger response was measured in the cell located 
within the softened clay, where opened joints reduce head losses. 
 

 
Figure 19: Typical oscillations of piezometer levels in the different materials (borehole O6). The abrupt 
rise of piezometric levels produced by the inflow from a borehole drilled at some 5 m of distance can 
be noticed. Tommasi, P. et al. (2004) 

In contrast to the stiff clay, in the debris cover and in the softened clay, the relatively rapid 
response of pore pressures is evidenced by the sharp seasonal excursions of piezometric 
levels.  
In the clay debris (figure 19 A) oscillations of piezometric levels range between 2 m and 4 m 
depending on borehole location (higher excursions are found where a coarse fraction is more 
abundant, for example in the 6 m deep cell at the OV location).  
Piezometers reach maximum levels between January and March and minimum levels occur in 
September and occasionally in August.  
In the softened clay, smaller but apparent excursions are measured (about 1 m) (figure 19 B); 
oscillations are wider where the clay contains thick sandy sequences or is heavily fissured and 
jointed. Extreme values are concomitant with those of the shallow cells but oscillations are 
more regular. On average, maximum piezometer levels are always delayed some two to three 
months with respect to the rainfall peaks. Piezometer minima occur at the end of the dry 
season, which is about a month after minimum rainfall. 
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Kinematic characteristics of slope movements 
 
Inclinometer data indicate that movements occur at various depths with different displacement 
rates and directions. Presently, in the slope area involved in the 1900 Porta Cassia slide, OM, 
OR, OV and O5 inclinometers are detecting extremely slow displacements (according to the 
velocity classification proposed by Cruden and Varnes 1996) within the softened clay, which 
might occur on the same deep slip surface α. In all inclinometers, displacements rates ranging 
between 1 and 2 mm/year, even if a relatively higher rate is displayed in the lower part of the 
slope. The displacement vectors of the two uppermost inclinometers are rotated slightly 
eastwards, thus supporting the hypothesis, based on the analysis of aerial photos, that the slide 
mass is broken into large blocks that are in part kinematically independent (Tommasi et al. 
1997).  

 
Figure 20: Displacements within the softened clay detected by inclinometers OM, OR, OV, and O5 
(section 1–1’). Tommasi, P. et al. (2004) 

The depth of α increases proceeding towards the centre of the 1900 Porta Cassia landslide 
where it reaches a depth of 33 m. The sliding surface has a dip of 17° in proximity to the slide 
scarp and flattens downhill to some 8°, intersecting the ground surface a few metres above the 
Paglia River plain, where the 1900 Porta Cassia slip surface was found to emerge.  
The respective sliding surfaces are generally located at the base of the weathered slope 
materials and run almost parallel to the ground surface (Bjerrum 1967). These movements are 
characterized by average velocities that are typical of very slow landslide phenomena (Cruden 
and Varnes 1996). Inside the Porta Cassia slide area, at least three distinct movements can be 
recognized: inclinometers OV and O4 indicate that the lower part of the slope is continuously 
displacing at an average velocity of 42 mm/year along a slip surface indicated as β towards a 
direction that virtually coincides with the local dip direction of the slope.  
Displacements occur along a very gently dipping slip surface (9°), which implies the 
mobilization of the residual strength.  
The presence of a single displacement zone in the O4 inclinometer also suggests that, at the 
foot of the slope, this slip surface coincides with that of the deeper movement.  
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Pore water pressure modeling 
 
Taking into account the displacements measured by the inclinometers, subsequently figure  
shows how the Porta Cassia landslide can be classified according to some important 
classification systems. Within the scheme proposed by Varnes (1978), the landslide is a roto 
translational slide in earth material. However, if the maximum measured velocity is 
considered (Cruden & Varnes 1996) the Porta Cassia landslide must be divided in two 
different phenomena: an extremely slow deep movement (as recorded by inclinometer OR) 
and a very slow shallower landslide at the toe of the slide (as recorded by inclinometer O4). 
The deep movement and the shallow one are classified, respectively, as extremely slow and 
very slow movements. By considering the Leroueil et al. (1996) classification system, the 
Porta Cassia landslide can be defined as an active slide in a structurally complex formation. 
 

 
Figure 21: The Porta Cassia landslide according to the classification systems proposed by Varnes (1978) 
and Cruden & Varnes (1996) 
 

Independently from the adopted classification system, the stages of activity of the landslide 
are strictly related to the time dependent changes of the groundwater pressures within the 
slope. When groundwater levels increase the slide starts to move or, if it is already moving, it 
accelerates; when the groundwater levels decrease the slide decelerates or, eventually, stops 
moving. 
For this reason it is necessary put many attention in elaboration of ground levels’ data given 
from rainfall.  
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Calvello, Cascini and Grimaldi (2007) proposed transient groundwater analysis from recorded 
rainfall for Porta Cassia landslide. The analysis is performed using the commercial finite 
element code SEEP/W (GEO-Slope 2004); section refers to the slope section 1-1’ and model 
is relative to 5 years of observations: from January 1996 to January 2001. 
 

 
Figure 22: Schematic of the finite element transient groundwater model of the Porta Cassia landslide and 
rainfall utilized for the transient model. Calvello, M. et al. (2007). 
 
The groundwater model only considers the upper 2 layers of the section (i.e. the debris clayey 
cover and the softened clay stratum) and assumes that the boundary between the softened clay 
and the stiff clay bedrock is impermeable.  
This assumption is in agreement with the water pressures in-situ measurements which 
recorded very different groundwater levels between the superficial and deep piezometers both 
in terms of absolute values and seasonal variations.  
Moreover it is in accordance with the hydraulic permeabilities of the strata reported by 
Tommasi et al. (2006), with differences of two orders of magnitude between the values of the 
upper and lower layer.  
The results of a preliminary model, which explicitly included the lower bedrock layer, 
confirm this further by showing that the groundwater regime in the upper two layers does not 
significantly differ from the groundwater regime relative to the scheme assumed herein. The 
initial conditions are set using the computed pore pressure values of the steady-state analysis 
with no surface unit flux.  
More details about the initial definition of the model, the calibration of the relevant input 
parameters and the results of the groundwater analysis are reported in Cascini et al. (2007).  
 
Herein, a comparison between the pore pressures measured at piezometer O4 and OV is 
reported in order to show the reliability of the adopted groundwater model. 
 In fact, although slightly overestimating the maximum groundwater levels reached during 
periods of intense rainfall, the adopted model is able to reproduce both the magnitude of the 
groundwater level variation with time and the time-occurrence of the lower and higher peaks. 
In figures 23 and 24 a good correspondence between monitored data (blue line) and results 
obtained by using this models (red line) is shown. For this reason in stability analyses only 
results from models will be considered to have a behavior of groundwater levels in each 
borehole. 
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Figure 23: Comparison between modeled and measured ground water level for OV borehole. Calvello, 
M. et al. (2007)  

 
Figure 24: Comparison between modeled and measured ground water level for O4 borehole. Calvello, 

M. et al. (2007) 
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In this way all data regarding pore water pressure are taken from SEEP finite element method. 
In order to understand how variations in time and in space develop, other analysis about 
change of ground water level in each borehole is proposed. 
A section through the Porta Cassia slide, obtained with the aid of the boreholes, shows a three 
layers stratigraphy, with a clayey debris upper cover, a middle softened clay layer and a stiff 
clay bedrock. The first one is proposed in GeoStudio in yellow region whereas the pink area 
represents softened clay; bedrock is the lower part. 

 
Figure 25: Section 1-1’ of Porta Cassia landslide in SEEP of GeoStudio.  

In this section all boreholes installed in the area were presented. The analysis planned will 
focus on boreholes OR, OV and O4: for each one some significant points (shown in 
subsequently figure) have been found and numerated.  
 
                

 

  
 

Figure 26: Characteristic points of boreholes OR, OV and O4. 

OV OR O4 
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For borehole OR it has been indicated: the upper point in ground (number 596), in contact 
with two different materials (point number 592), extreme points of shear zone represented as 
white area (number 589 and 588) and the last point is the lower one the contact between 
softened clay and bedrock (point number 586).  
Selected points for borehole OV are: the upper point in ground (number 1271), contact with 
two different materials (point number 1267),  the point where the instruments have been 
(number 1266) and extreme points of shear zone (numbers 1258 and 1257). 
Finally in the last borehole O4 it has been marked: the upper point in ground (point number 
2557), the point in which the instruments were installed (number 2554), point in contact with 
two different materials (number 2558), extreme points of shear zone in red area (numbers 
2553 and 2551) and a point in contact between softened clay and bedrock (point number 
2548).  
 
For each point when modeling with SEEP of GeoStudio the behavior of groundwater levels 
(PF) they were expressed as Total Head. More quantitative evidence of a closer relationship 
between groundwater recharge due to rainfall and pore pressure changes in the shallower 
slope materials is provided by research of maximum and minimum values of total head levels. 
In fact, as it can be seen in figure 27, when it rains, ground water level grows and pressure 
term too; for this reason, while maximum ground water level corresponds to a maximum 
value of total head, minimum ground water level corresponds to a  minimum total head. 
 

Maximum groudwater level                   PF1                 THmax=zA+p1/γ 

Minimum groudwater level                     PF2                 THmin=zA+p2/γ 

 

 
Figure 27: Scheme of total head conditions with maximum ground water level (PF1) and minimum one 

(PF2). 

 
 
This analysis underlines the variations of ground water levels in space and in time: in space 
because the study is conducted for three boreholes and for five or six points for each one and 
in time because the period of time from February 1996 until April 1998 has been taken into 
account. In this way more attention is provided for time of maximum and minimum total 
head. 
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Figure 28: Graph of Total Head for OR regarding five points of the same borehole. 

 
Behavior of the upper point (596) is different from the others represented by green line in 
points 592-589-588-586. This occurrence could be explained because the upper point has a 
big distance (20 meters) form all the other points: clayey debris cover is the larger stratum for 
this borehole. As expected, other points are concerned in softened clay and are so near that 
only a line is representative of change in total head.  
 
The oscillations of total head have been calculated in a range of time from February 1996 to 
April 1998 and each step of the program is considered as a week (seven days). The occurrence 
of maximum total head for both lines in January is due to the delayed response of the 
piezometer levels to the autumnal rainfall peaks: red line have a pick of maximum in 03 
January 1997 (step 105) and green one in 24 January 1997 (step 108). 
Minimum values occur after a dry period, before autumnal rainfall: minimum in 24 October 
1997 (step 147) for red line and a minimum in 31 October 1997 (step 148) for green one. 
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Figure 29: Graph of Total Head for OV regarding five points of the same borehole. 

 

 
Figure 30: Graph of Total Head for O4 regarding six points of the same borehole. 

Total head variations with depth and the related response of the piezometers installed in the 
clayey debris and in the softened clay indicate that the two materials are characterized by the 
same flow regime: in fact, for OV and O4 boreholes, for all points considered the same line 
translated in values has been proposed from results of modeling. 
Locally, the presence of large lenses of coarse material in the debris cover actually allow the 
formation of small perched groundwaters characterized by a rapid discharge (in particular in  
piezometer OV), which partially seep out along the slope.  
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The rising and the lowering of piezometric levels follow a different course. In fact, a number 
of cells suggest that recharge occurs at a constant velocity and is more rapid than the 
discharge, whose rate progressively reduces in time. 
In this case for OV borehole occur in the same steps of time : maximum at 27 December 1996 
(step 104) and minimum at 24 October 1997 (step 147) for all points considered. 
For O4 borehole too, peaks are all in line. In this case first the pick of minimum in 24 October 
1997 (step 147) occurs and it follows a peack of maximum in 28 November 1997 (step 152).  
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3.2. Fosso San Martino 
The hilly piedmont belt is located in the eastern part of Italy between Gran Sasso and Adriatic 
Sea. It is about 18 km large and 40 km long stretching out between River Pescara and River 
Tordino valleys. It is a hilly zone with elevations up to 400-500 m.a.s.l. descending gently 
from W to E. About climatate, the region can be classified as a temperate zone whose main 
features are: the average temperatures varies between 5°C (daily average in January) and 
24°C (daily average in July); the rainfall is of the order of 800-1000 mm/year with two 
maxima (in spring and autumn) and two minima  (in summer and winter). Rain episodes 
occur only when souther humid and warm winds can reach the area. The area is crossed by 
the most important rivers of the Adriatic side and the valley of main rivers are cut by 
numerous tributaries.   
The hilly piedmont belt is formed by a succession of marly clays which sedimented in the 
Lower Pliocene (“Cellino” formation) and Middle-Upper Pliocene (“Argille Grigio-Azzurre” 
formation). Tectonic formation are attenuated from W to E as you can see in the subsequent 
figure 31:   

 

Figure 31: The hilly piedmont zone in the regional geological map. Bertini, T., et al. (1984) 
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This study focus on the drainage basin of San Martino Stream whose area is 2.6 km2 cut in 
marly clays of “Argille Grigio Azzurre” formation largely overlain by colluvial silty- clayey 
deposit. 
The silty-clayey colluvial deposits are suggested very intense evolutional phases and because 
of their areal distribution and thickness, colluvial covers can be considered as a geologic 
formation. Anyway, main features of the two layers are:  
 

− marly clay bedrock: it outcrops at the very steep valley head ; on the left side marly 
clays outcrop at the slope foot. It is formed by more or less thick layers of grey marly 
clays; single layers are separated from another by beds of sand and silty sand of 
thickness variable from 0.02 to 2 cm. The bedrock upper portion is more or less 
deeply and it is a monocline with average dip angle of 10°; 

− colluvial cover: they are widely distributed over the valley left side where they reach 
locally 20 m in thickness. Materials which form them are clayey silts to light brown to 
grey with no sedimentary structures. Colluvial cover overlies the weathered part of the 
bedrock and contact surface is continuous and slightly steep and concave upwards. 

In the original work the authors (Bertini et al., 1984) also identified a thin superficial upper 
crust, whose exact thickness is not reported, characterized by a in situ hydraulic conductivity 
much higher than the hydraulic conductivity of the original colluvial soil. 

 

Figure 32: Fosso S. Martino landslide: geological sketch map and instrumented slope sector. Bertini, T., et 
al. (1984) 

The main morphological features of the San Martino Stream basin are those typically of 
hydrographic basins of the hilly piedmont zone: slope bare of vegetation. The valley 
transversal profile is markedly asymmetric: the left side, formed mainly by colluvial deposits, 
has an average inclinations of 8°-10° up to near its foot where slope increases to 20°; the right 
side is formed mainly by the marly clay bedrock and it is dissected by small incisions. At the 
foot of the slope of both the main and the secondary valleys, deep gullies in the bedrock 
evidence that rapid erosion is occurring on the right side of slope. 
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Figure 33: Fosso S. Martino landslide: cross section of  landslide with location of installed instruments 
(modified after Bertini et al.) 

The soil profile can be reduced to three overlying zones: a marly clay bedrock, a weathered 
band of the bedrock and a clayey silt colluvial cover.  
Given the presence of this upper layer, which eases the rainfall infiltration into the slope, the 
net rainfall has been assumed equal to the recorded rainfall. This assumption is further 
justified by the fact that the slopes are bare of vegetation. 
The relevant physical and mechanical properties of the three main soil layers forming the 
slope are reported in table 2 in which appears that both bedrock and cover materials are 
inorganic inactive clays of medium plasticity:  

 
Table 2: Soil properties al soil layers at landslide site. 

   

   

Marly clay 
bedrock 

(unweathered) 

Marly clay 
bedrock 

(weathered) 

Silty clay 
colluvial 

cover 
Unit weight, γ (kN/m3) 21,5 - 22 19,9 - 21,5 21 - 22 

Nature water content, ωΝ 
(%) 15 - 18 18 - 25 16-21 

Liquid limit, ωL (%) 41 - 51 41 - 51 39 - 45 
Plasticity index, PI (%) 20 - 27 20 - 27 19 - 25 In
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Clay Fraction, CF (%) 25 - 50 25 - 50 40 - 50 
Residual friction angle, φ'R 

(°)   17 - 22 21 

Peak friction angle, φ' (°)    27 St
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ng
th
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Cohesion, c'(kPa)   0  25 
 
Slow movements of the colluvial cover have been ascertained with site investigations because 
of the only surface signs are mild undulations of the ground. A sector of the left side of San 
Martino valley has been put under instrumental control. At 180 m elevation it has been 
located a pluviometric station using continuous  recording pluviometer. Published in situ data 
regarding landslide refer to a 6-year monitoring period (from 1980 to 1985) and include 
observations from one pluviometric station, 12 electropneumatic piezometric cells (by SIS 
Geotecnica, Italy) and six inclinometers (means of SINCO Digitilt inclinometer System). 
Such instruments were all installed along the section of the slope shown in the previous figure 
that can be considered representative of the entire mass movement developing on the left side 
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of the valley. All instruments have been positioned at various depth on the same vertical and 
measurements have been carried out at intervals from 15 days to a month started in 1980. 
 
From pluviometric data recorded it has been possible to analyze the course of rainfalls and 
prominent events of the rainfall regime influencing the groundwater conditions. Piezometric 
levels varied with rainfall and decreased progressively from 1980 to 1982. 
 
The response of the pore water pressure regime to rainfall is attenuated within the marley 
clayey bedrock because the consolidation of this material might be the cause of instantaneous 
variation of pore water pressure in depth (Cavalera, 1977; Tavenas & Leroueil, 1981; Bertini, 
1984).  

 
Figure 34: a) Daily rainfall; b) Piezometric levels. Bertini, T. et al. (1984) 

The complicate groundwater flow system, characterized by two aquifers superimposed, might 
have an important influence about movements. In fact, the parallel to stratification greater 
permeability of the bedrock can account for piezometric heads in the lower aquifer lower than 
those in the intermediate aquifer.  
 
Inclinometric measurements have evidenced displacements in the colluvial cover in the period 
between February 1980 and March 1981. Station B and C were in operation at that time. The 
other stations, which started measurements at the beginning of 1982, have shown no 
appreciable displacements of the cover. The results obtained from measurements in station b 
and C are plotted in figure 35: 
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Figure 35: Displacements of inclinometers B and C at different times. Bertini, T., et al. (1984) 

A movement involving the ground between the surface and 22 m in depth at station B and 25 
m in depth at station C occurred. The deformation band, which corresponds to the lowest part 
of the moving mass is about 4 m  thick at station B and 3 m thick at station C. 
The moving mass includes the entire colluvial cover and the upper softened part of the 
weathered bedrock. When measurements started, slope movements were likely already active. 
Displacements continued for the entire 1980 and the first months of 1981, then diminished 
until they ceased at all from July 1981. If the entire span of one year from March 1980 is 
considered, measured displacements are practically equal for the two stations (30 mm station 
B and 28 mm station C). 
These results are taken from the first Bertini’s papers about Fosso San Martino landslides 
published in 1984. Then the same author proposed in 1986 a new version of displacement 
course regarding borehole B in the period from 1980 until 1985: 
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Figure 36: Inclinometer results from station B. Bertini, T., et al. (1986). 

Change of displacements rates is confirmed: very low and variable in time; rate increase and 
decrease are equal and contemporary at  the two stations. The loss of movements in period 
1981-1983 is due to rainfall lower than yearly average. The absence of significant relative 
displacements within the colluvial cover shows that this moved as a rigid body in a shear zone 
of 2 mm. 
It can be seen that movements and displacements rate are conformable to variations in the 
pore water pressure regime in the colluvial cover and that maximum deformations are 
concerned in the softened material. 
As in all slow landslides happens that with growing water pressure, landslide’s movements 
accelerate (Morgenstern, 1985). Moreover, for the same pore pressure the velocity displayed 
during a stage of pore pressure increase is larger than that measured during a stage of pore 
pressure decrease. 
This situation is shown for station B and confirmed from results of station C: 
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Figure 37: Station B: (a) piezometric level vs. time; (b) displacement rate vs. time. Bertini, T., et al. (1986) 

Figures proposed show that in dry periods, when the pore pressure decreases below a 
threshold value, slope movements stop, for instance, during the period from summer 1981 to 
fall 1983. In wetter periods, when the threshold pore pressure is exceeded, movements are 
reactivated. The relationship between pore pressure and displacement rate is nonlinear. 
(Picarelli, Urciuoli, Russo, 2001).  
The most important consideration drawing from this analysis is that Fosso San Martino 
landslide is an excellent example of an essentially translational slide in softened stiff clays 
which is cyclically mobilized by pore pressure fluctuations. Thus, an adequate evaluation of 
the relationship between rainfall and pore pressure variations within the slope is essential for a 
good prediction of the movements along the slip surface.  
However, this is frequently a very difficult task for a natural landslide as it requires ‘field 
validation’ based on a consistent data set of in situ observations. As far as the modeling of the 
seepage flow in a slope is concerned, one of the most effective numerical tools is FE 
modelling (FEM).  
In the procedure herein proposed, the groundwater model relies on a transient uncoupled 2D 
FE seepage analysis to compute the pore pressure regime in the slope induced by rainfall 
applied as an upper boundary condition. 
 

 
Figure 38: Fosso San Martino landslides in SEEP GeoStudio for pore water pressure model. Calvello, 

M.(2007) 
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Figure 39: Results of pore water pressure model. Calvello, M., et al. (2007). 

Piezometric measures do not show significant differences between the maximum and 
minimum water levels. Yet, given that non-negligible intermittent movements are recorded in 
Fosso San Martino area, it is assumed that even small pressure variations can be sufficient to 
mobilise the landslide.  
The results of the transient seepage analysis clearly indicate that the model is able to 
reproduce the water levels in almost all piezometers as well as the magnitude of their 
variation with time and the time-occurrence of their peaks. This leads to the belief that the real 
transient water flow in the slope is satisfactorily modeled by the calibrated analysis (Calvello, 
Cascini, Sorbino; 2007). For this reason, in next analysis, results of this model have been used 
when pore pressures are required.  
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A section through the Fosso San Martino slide as a mesh of SEEP program shows a layers 
stratigraphy with a colluvial cover and bedrock divided in the upper weathered marly clay 
bedrock  and the sudden unweathered ones. The first layer is proposed in GeoStudio in blue 
region whereas the orange area represents weathered bedrock and in yellow unweathered 
bedrock. 

Fig
uFigure 40: Section of Fosso San Martino landslide in GeoStudio mesh. 

As Orvieto landslide analysis, in Fosso San Martino too attention is leaded to ground water 
levels variations in time and in space. The course of total head is planned for each borehole 
and regarding noteworthy numerated points.  
The following graphs with localization of points and analysis about groundwater levels are 
proposed. Generally points found are the upper one in ground surface, point in which there is 
contact between two different materials and position in which instruments are installed that 
(except for borehole D8) are more than one for each borehole. 
The period of time in which variations of ground water levels have been observed goes from 
January 1980 until May 1984. In this model, steps of time about piezometric data furnished 
from SEEP are of 15 days. As for Orvieto case, more attention is provided for time of peacks 
of maximum and minimum total head. 
 

 
Figure 41: Localizations of points in borehole D8 and course oh total head in the same points. 
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Figure 42: Localizations of points in borehole A1 – A2 and course oh total head in the same points. 

 

 

Figure 43: Localizations of points in borehole F9 – F10 and course oh total head in the same points. 
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Figure 44: Localizations of points in borehole B3 – B4 – B5 and course oh total head in the same points. 

 

 
Figure 45: Localizations of points in borehole C6 – C7 and course oh total head in the same points. 
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Figure 46: Localizations of points in borehole G11 – G12 and course oh total head in the same points. 

In all graphs, fluctuations are regular and no any absolute peaks have been distinguished. 
Common characteristic underlined, instead, is the clean subdivision of course of total head in 
two groups: green lines are representative of bedrock layer, red and blue lines of colluvial 
cover ones. It seems that in the slope there are different ground water tables with different 
behaviors.  
This consequence is confirmed in letterature (Bertini el al. 1984). In these papers, the 
presence of different aquifers is announced: 

 
Figure 47: Schematic ground water flow system in a hill cross section. Bertini et al. (1984) 

− the flow in lower aquifer regarding bedrock layer is governed by the higher 
permeability in the direction parallel to stratification. In this aquifer, the recharge area 
is behind the hill top and the discharge area at the foot of the slope; 

− the flow regimen in the upper aquifer regarding colluvial cover layer is mostly 
governed by meteoric and environmental conditions. 
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3.3. Vallcebre 
The Vallcebre landslide is a large, active slope failure located in the upper Llobregat river 
basin, in the Eastern Pyrenees, 140 km north of Barcelona, Spain.  
The landslide is situated on the western slope of the Serra de la Llacuna. 
 

 
Figure 48: General view of Vallcebre translational slide. Picture taken 24 October 2007. 

 
The mobilised material consists of a set of shale, gypsum and claystone layers of continental 
origin gliding over a thick limestone bed, all of which are of Upper Cretaceous – Lower 
Palaeocene age. The dimensions of the slide mass are 1200 m long and 600m wide. The entire 
landslide involves an area of 0.8 km2 that shows superficial cracking and distinct ground 
displacements. The age of the landslide is not known but it is known to have been active for 
several centuries at least.  
From a geomorphological point of view, the Vallcebre landslide is of a translational type as 
you can see in figure 48. 
A longitudinal profile shows a stairshape with three main slide units of decreasing thickness 
towards the landslide toe (figure 49). Each unit is formed by a gentle slope surface bounded in 
its downhill edge by a scarp of a few tens of meters high. At the base of each scarp an 
extension area develops in the form of a graben. This fact is interpreted as the lower units 
moving more rapidly than upper ones, which has been confirmedby the monitoring network 
installed. The average slope of the landslide is about 10°. 
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Figure 49: A geomorphological sketch of the Vallcebre landslide. Corominas J., et al. (1999) 

  
 

 
Figure 50: Geological cross section (in the previous figure there is the locations of profiles) of the 
Vallcebre landslide. Corominas J., et al. (1999) 
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The toe of the landslide extends to the Vallcebre torrent bed, and is pushing it towards the 
opposite bank. As a result of this, the Vallcebre torrent has been shifted to the west more than 
ten meters and the foot of the landslide has overridden the opposite slope to form a back tilted 
surface (figure 51). The torrent undermines the landslide toe during floods, causing local 
rotational failures which decrease the overall stability. 
 

 
Figure 51: Photograph of the toe of the Vallcebre landslide which is being continuously undermined and 
eroded by the Vallcebre torrent. Local slope failures are observable in the front. Corominas J., et al. 
(1999) 
 
Most of the evidence of surface deformation is situated at the boundaries of the slide units in 
the form of distinct shear surfaces and tension cracks. At the base of each transverse scarp, 
both the ground surface and the trees are tilted backwards due to the development of a graben 
along with a slight rotation of the head.  
 

  

Figure 52: Signs on ground surface of the slide. Pictures taken 24 October 2007. 
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In contrast, within the units, the ground surface is only disturbed by minor fissures, scarps less 
than 50 m long, and by some cracking of the walls of farm-houses standing on the landslide. 
The direction of both the transverse scarps and grabens, indicates a movement towards the 
north-west. A secondary direction of movement, towards the Torrent Llarg, is also suggested 
by the trend of the escarpment of the upper slide unit, but this has not been validated to date. 
The most active area is the lower unit, which is bounded, at the south-western side, by the 
torrents of Vallcebre and Llarg and, at its north-eastern side, by a well developed lateral shear 
surface.  
 

 
Figure 53: Direction of movement for the upper and the intermediate units. Picture taken 24 October 

2007. 
 
 
The geological structure of the landslide has been obtained by means of an intense geological 
and geomorphological assessment, which has included mapping of the surficial exposures, 
geophysical surveys and drilling. The mobilised material consists of a sequence of continental 
sediments. From the bottom to the top it includes: densely fissured shales, 1 to 6 m thick, 
showing distinct slickensides; locally, gypsum lenses up to 5mthick and some tens of meters 
width which are predominant in the southern side of the landslide; and clayey siltstones rich 
in veins and micronodules of gypsum with thickness of up to tens of meters.  
In addition to these layers, the extension zones located at the toe of the scarps have been filled 
with colluvium composed of boulders and gravel with a silty matrix.  
Herein a table is proposed that could be considered as a summary of mechanical parameters 
determined with tests on undisturbed samples obtained by drilling. These soil characteristics 
have been used in numerical analyses. 
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Table 3: Soil properties at landslide site. 

   
   

Fissured shales Clayey siltstones 

Unit weight, γ (kN/m3) 22  20 
Nature water content, ωΝ (%)    

Liquid limit, ωL (%) 41,8 54,5 
Plasticity index, PI (%) 19,7 19,3 
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Clay Fraction, CF (%)     
Residual friction angle, φ'R (°) 23,4 33 

Peak friction angle, φ' (°) 38,7 38,7 
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Cohesion, c'(kPa) 0 0 
 
 
Gypsum lenses are affected by solution processes and have developed some karst features like 
pipes and springs. These pipes run close to the topographical surface and frequent collapses 
(sinkholes) are observable in the ground surface, which are arranged following approximately 
straight paths. 
The area is affected by two thrust faults and some associated folds. One of these faults runs 
underneath the landslide and has a vertical offset of about 10 m. The landslide also overlays 
and hides a tightly folded syncline that forms a thick core of red clayey siltstones. This 
syncline has an east-west trend and its axis dips towards the west, more or less parallel to the 
down-slope direction. 
 

Monitoring of the landslide 
The lower unit of the Vallcebre landslide has been monitored since 1987 using conventional 
surveying and photogrammetry (Gili and Corominas 1992). During July 1996, March 1997 
and April 1998, sixteen boreholes were drilled in the landslide in order to: log the geologic 
materials of the landslide; to provide undisturbed samples for laboratory tests; to allow in-situ 
hydrological testing; and to set up a monitoring network. Boreholes were equipped with 
piezometers, wire extensometers and inclinometers.  
 

 
Figure 54: Piezometers, wire extensometer and inclinometers in boreholes. Pictures taken 24 October 

2007. 
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The failure surface of the landslide was determined using inclinometers. The inclinometric 
profiles showed that the displacement occurs in a thin basal shear zone, with negligible 
deformation above it (Corominas et al. 1999). The shear zone develops through the fissured 
clayey siltstone layer, close to the contact with the limestone. It has an average inclination of 
10° towards the Vallcebre torrent and it runs roughly parallel to the ground surface except in 
the area close to the contact between the intermediate and lower units where the presence of 
the inverse fault produces a bedrock threshold and a decrease of the landslide thickness. The 
depth of the failure surface is not constant. Inclinometric readings showed that the lower slide 
unit has a thickness of 10 to 15 m, whereas the intermediate unit reaches a thickness of at least 
34 m in the northern side and between 14 and 19 m in the southern one. Since 1996, 
systematic logging of rainfall, groundwater level changes, and landslide displacements has 
been carried out every 20 min. 
 
Piezometric readings have indicated that changes in groundwater levels occur quickly. The 
extensometer has recorded sudden changes in displacement rates that can be directly related to 
the fluctuations of the water table governed by rainfall.  
 
Measurements of surface displacements using differential GPS have been used to complement 
the measurements of the inclinometers and wire extensometers. A total of 30 points were 
positioned on the landslide surface for periodic control. These points included reference 
points, stable points adjacent of the landslide, and targets within the landslide mass (buildings, 
outcropping rock blocks, steel rods and upper ends of the boreholes). Real Time Kinematics 
and Fast Static were used to analyze the GPS observations (Gili et al. 2000). Fourteen GPS 
campaigns were carried out from December 1995 to February 1998. During this period 
horizontal displacements up to 1.6 m and subsidence of the landslide surface of up to 
0.35mwere observed.  
 

 
Figure 55: GPS point control in Vallcebre area. Picture taken 24 October 2007. 

 
The wire extensometer measurements show that the landslide has never completely stopped 
moving since the continuous monitoring started in November 1996, although velocities 
reduced significantly during dry periods (figure 56). On the other hand, the history of 
displacement of the extensometers reflects that different parts of the landslide mass move 
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synchronically but with a different rate of displacement. Extensometer S2 has shown the 
fastest displacements, with maximum recorded rates of up to 50mm/week. The other 
extensometers standing on this slide unit, the S5, S9 and S11, have exhibited rates lower than 
those of S2, although they were of the same order of magnitude. At borehole S6, placed on 
the intermediate slide unit, the velocity is significantly smaller, indicating that, compared to 
the lower unit, the intermediate unit is less active. 

 
Figure 56: Wire displacements at boreholes S-2, S-5, S6, S9 and S-11. Corominas J., et al. (1999) 

 

Hydrological changes and landslide response 
Groundwater variations for the period November 1996 to October 1997, measured using six 
piezometers are shown in figure 57:  
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Figure 57: Piezometric record of boreholes S-2, S-5, S6, S9 and S-11. Corominas J., et al. (1999) 

 
All piezometers were open from top to bottom, which gives an average position of the water 
table in the borehole. A parallel groundwater flow was assumed in all analyses. The data show 
that groundwater reacts almost immediately to rainfall inputs, suggesting that water 
infiltration is controlled by fissures and pipes rather than by soil porosity.  
The role of the karstic network in the gypsum lenses is unclear but all the observed features 
are very shallow (up to 3 m depth), which is well above of the normal groundwater level 
fluctuation. Thus it might play only a secondary role. Despite the rapid response of the 
piezometers, peak water levels are attained at slightly different times depending on the 
permeability of the adjacent material. Two basic types of responses to rainfall have been 
observed, depending on the location of the piezometers. These located in tension zones, such 
as S5, show a smaller variation in groundwater level (ranging between 0.5 and 2 m) and a 
faster drainage compared to the piezometers located elsewhere (for example S2, S4 and S11). 
The latter piezometers experience changes of 2 to 5 m and a slower rate of groundwater level 
decrease. The behavior of piezometer S5 is consistent with the presence of high permeability 
cracks in the tension zone (graben). Consequently, it can be inferred that cracks act as 
preferential drainage paths within the landslide. In addition to the rapid response to 
precipitation inputs, all piezometers show a defined level below which the groundwater table 
decreases very slowly. This level may be observed during the periods February–April 1997 
and September–October 1997, in which no or negligible rain was recorded in the area. 
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