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ABSTRACT Landslides in Alpine valleys pose significant hazards due to potential impacts on
inhabited areas and landslide-dam formation. These valleys feature diverse glacial
deposits (moraine, debris talus, and glacio-fluvio-lacustrine materials) with varying
technical traits. A comprehensive study investigated a Carnic Alps landslide in north-
eastern Italy, focusing on moraine deposits. This entailed geological-geomorphological
analyses, slope deformation monitoring, and utilisation of 2D and 3D stability models.
The 19"-century landslide occurred in Tolmezzo, Friuli Venezia Giulia, and affected
the Cazzaso village. Geological-geomorphological studies involved LiDAR-derived
terrain models, borehole-based slope stratigraphy, and inclinometer-derived landslide
characterisation. Deformation data combined GPS measurements and multi-temporal
interferometric synthetic aperture radar. Reconstructing the slope’s geological model,
stability assessments employed 2D and 3D limit equilibrium methods, factoring in
groundwater and seismicity. Validation occurred against monitoring data and geological-
geomorphological observations. The 3D models further identified most landslide-
susceptible zones.

Key words: landslides, cost-effective GNSS, multi-temporal InSAR, slope stability analysis.

1. Introduction

Landslides that involve moraine deposits, formed by the advancement and retreat of glaciers,
present potential hazards in Alpine regions, directly impacting inhabited villages and towns.
Lateral moraine landslides can lead to the formation of landslide-dams, triggering chain effects
such as the creation of dam lakes, breaching of dams, and downstream flooding (Korup and
Tweed, 2007; Shulmeister et al., 2009; Fan et al., 2020; Panek et al., 2020; Gao et al., 2023).
Glacial deposits, particularly moraines, consist of heterogeneous materials with significant
variations in technical properties, ranging from glaciolacustrine silt and clay deposits to sands
and gravels containing large blocks resulting from lateral rockfalls and glacial transport (Novotny
and Klimes, 2014; Klimes et al., 2016; Perkins et al., 2017). While studies on the stability of
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glacial deposits, specifically moraines, are relatively scarce, this topic has gained increasing
attention, especially considering the rapid retreat of mountain glaciers and the accumulation
of recently formed deposits. Over the years, research on the stability of glacial deposits has
emphasised the pronounced heterogeneity of material characteristics, primarily attributed to
granulometric variations spanning from clay to boulders, reflecting transport and deposition
mechanisms (Springman et al., 2003; Novotny and Klimes, 2014; Klimes et al., 2016; Perkins
et al., 2017). Some studies have highlighted the significance of fine materials within moraine
deposits (Novotny and Klimes, 2014; Klimes et al., 2016), while others have demonstrated the
influence of internal stratification and the presence of low-strength layers as primary controls on
landslide volume (Baum et al., 2005; Perkins et al., 2017).

In an effort to propose mitigation strategies for hazards associated with the instability of
lateral moraine deposits in Alpine regions, this study presents the results of mapping, monitoring,
and modelling efforts focused on a landslide in the south-eastern sector of the Alps, specifically
the Carnic Alps in north-eastern ltaly (Fig. 1). The study area encompasses moraine deposits
as well as slope deposits, including a paleo-landslide. The affected landslide area includes the
village of Cazzaso, which falls within the municipality of Tolmezzo, with residential areas situated
immediately below the terrace (Fig. 2). The But River, a stream characterised by damming
phenomena and fluvial captures during the post-glacial period, is also present in the vicinity
(Venturini and Discenza, 2020).

The analyses conducted in this study encompass several components: i) geological-technical
reconstruction of slope stratigraphy based on borehole data, including inclinometers for
identifying slip surfaces; ii) reconstruction of the hydrogeological structure through analysis
of piezometer data obtained from the boreholes; iii) ground displacement monitoring utilising
a network made of single-frequency Global Positioning System (GPS) and of high-cost Global
Navigation Satellite Systems (GNSS) sensors and Interferometric Synthetic Aperture Radar
(InSAR) data; iv) slope stability modelling using the Limit Equilibrium Method (LEM) in both 2D
and 3D analyses.

The methodology presented in this research involves the comparison of stability analytical
models utilisingthe LEM in both 2D and 3D dimensions. Thisis complemented by the incorporation
of displacement data sourced from inclinometers, single frequency GPS sensor networks, dual
frequency GNSS sensor networks, and Interferometric InSAR data. This comprehensive approach
facilitates the reciprocal validation of model outcomes and the interpretation of displacement
data. More specifically, the initial analysis of stability in 2D was substantiated by the outcomes
derived from 3D models. The validity of the analytical models was further affirmed through
the integration of displacement data, enabling the reconstruction of the deformation field
of the slope. The 2D stability analysis, performed on hypothetical sliding surfaces, not only
corroborated the findings of the 3D models but also contributed to the meaningful interpretation
of displacement data.

2. Case study

The study area, situated in the Carnic Alps between NE Italy and southern Austria (Fig. 1),
is part of the eastern sector of the Alpine mountain chain. It is characterised by the presence
of the external non-to low-metamorphic portion of the Variscan substratum of the Southern
Alps, which reflects the complex Variscan and Alpine deformational history (Brime et al.,
2008; Pasquareé Mariotto and Venturini, 2019). The collision between the Adria microplate and
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Fig. 1 - a) Geographic location of the study area, in the south-eastern Alps. b) Geological maps of the Friuli Venezia
Giulia region, highlighting the presence of moraine deposits in the study area (modified from https://www.regione.
fvg.it/rafvg/cms/RAFVG/ambiente-territorio/geologia/FOGLIAO1/ and Pondrelli et al., 2020). FUSE and TOLS are
reference GNSS networks belonging to the FReDNet permanent network of the Institute of Oceanography and Applied
Geophysics - OGS [more info can be found in Zuliani et al. (2018) and Tunini et al. (2024)]. In panel b, the key: anthropic
cover.
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Fig. 2 - Orthophotograph (a) and map (b) of the Cazzaso landslide (modified after Ubertini, 1990). The location of the
boreholes has also been reported, distinguishing those equipped with piezometers and those with inclinometers. The
location of the two profiles of Fig. 6 has also been reported. Background image: shaded relief model based on a Digital
Elevation Model (DEM) derived from LiDAR (Light Detection and Ranging) data of the Cazzaso village area (source:
https://irdat.regione.fvg.it/consultatore-dati-ambientali-territoriali/home?language=it).
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Eurasia, resulting from the counter-clockwise rotation of Adria, has created the active collision
zone with NW-SE oriented Dinaric overthrusts and E-W oriented Alpine thrusts (Anderson
and Jackson, 1987; Castellarin and Cantelli, 2000; Magrin and Rossi, 2020). The tectonic
history in the area can be divided into three phases: i) the Dinaric NE-SW compressional
stage (Mesoalpine) since the Upper Cretaceous-Paleogene, which formed south-westward
folds and thrusts; ii) the Insubric NNE-SSW compressional phase (Neo-Alpine) during the
Chattian-Burdigalian period, which displaced the Dinaric thrusts and partially reactivated and
counter-clockwise rotated their fronts; iii) the Valsuganese NNW-SSE compressions phase
(Serravalian-Tortonian age), which generated WSW-ENE-oriented thrusts and back thrusts
(Ponton, 2010).

The study area has experienced several strong earthquakes (M > 5) over the centuries,
including some notable events in the last century [Tolmezzo in 1928, Cansiglio in 1936, Gemona
in 1976 (Slejko et al., 2011)]. During the mainshock of 1976, a peak ground acceleration (PGA)
of >0.19 g was recorded by a sensor near the area of interest (Barnaba et al., 2007). The seismic
sequence triggered several landslides, but no movements were reported for the Cazzaso
landslide (Govi, 1977; Alvioli et al., 2024).

The Quaternary deposits in the area consist of glacial, fluvio-glacial, lacustrine, and fluvial
sediments, representing different glacial-interglacial phases (Desio, 1926; Colucci et al., 2014,
2016). The Last Glacial Maximum resulted in extensive glaciation, and small glaciers and rock
glaciers can still be found at elevations between 1830 and 2340 m a.s.l. (Serandrei Barbero et
al., 1989; Ehlers and Gibbard, 2004; Monegato et al., 2007; Carton et al., 2009; Carturan et al.,
2013; Colucci et al., 2014, 2016).

The presence of the Cazzaso landslide (Fig. 2) was already observed in the second half of the
19t century, with earlier reports dating back to 1807 and reactivation occurring in October 1851.
The landslide caused the displacement of the entire village by 24 m and the destruction of some
buildings (CNR-GNDCI, 1992). As a result, the village was partially relocated to a new location
1 km away (Cazzaso Nuova). The study area is situated in the But River valley, a tributary of the
Tagliamento River, which is one of the major rivers in the south-eastern Alps and flows through
the Friuli Venezia Giulia region (Scaini et al., 2021).

3. Materials and methods

In this work, the stratigraphy and technical features of the slope material have been
reconstructed by means of 10 borehole data (Fig. 2). Furthermore, to individuate and reconstruct
the sliding surface, seven inclinometers were installed. Additionally, the ground displacement,
deriving from a cost-effective GPS data and multi-temporal InSAR data, have also been analysed.
The latter derive from the Sentinel-1 (S-1) constellation of the European Copernicus program
and have been processed using the Parallel Small Baseline Subset (P-SBAS) algorithm (Casu
et al., 2014; Manunta et al., 2019). These data allowed reconstructing a geological-technical
model of the slope, which has been used to perform two types of landslide analytical modelling:
2D and 3D LEM modelling. The 2D LEM modelling has been used to quantitatively define the
instability of the Cazzaso landslide, considering the variability of the geotechnical parameters,
the hydrogeological structure, and the possible seismic load due to the strong regional seismicity.
The results have been used to calibrate a 3D LEM model, which, then, allowed us to define areas
with different slope stability.
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3.1. Borehole data

Boreholes have been drilled over the years since 1979, in order to obtain data on the
stratigraphic, geotechnical, and hydrogeological setting of the slope. The boreholes are equipped
with (fixed or mobile probe) inclinometers (see Table 1 for details) and/or piezometers. The
detection of the depth at which evidence of movement has been found was based mainly on
inclinometer data (only at CL7 and CL10, see Fig. 2b). The deeper borehole (CL10), performed
with continuous coring, was used to characterise the material by scissometric (Torvane) and
penetrometric (Pocket Penetrometer) tests, thanks to which it was possible to define the internal
friction angle (¢’) and the cohesion (c¢’) of the sampled material, following Mayne (2001), Jaeger
et al. (2007), Alejano et al. (2010), and Alejano and Carranza-Torres (2011). The list of boreholes
is shown in Table 1, while their locations are reported in Fig. 2.

Table 1 - Boreholes drilled in the survey area and summary of the installed instrumentation. “Site” pertains to the
drilling location as depicted in Fig. 3. “Type of measurement” specifies the instrumentation employed or the nature of
the observations conducted at the well. “Date of installation/drilling” denotes the date on which the well was drilled
or equipped. “Available/not available” indicates the availability of data for the particular measurement.

Site Type of measurement Date of installation/drilling Available/not available
Inclinometric Not available
CL1 August 1991
Piezometric Available
CL2 Inclinometric May 1979 Available
Inclinometric Not available
CL3 June 1991
Piezometric Available
Weather station Available
CL6 Inclinometric July 1991 Available
Piezometric Available
Inclinometric Available
CL7 August 1991
Piezometric Available
Inclinometric Available
CL8 September 1994
Piezometric Available
CPE1 Piezometric July 1997 Available
Inclinometric Available
L10 - — August 2003 -
Geotechnical characterisation Available

3.2. Cost-effective GPS network

The cost-effective GPS monitoring system (Fig. 3) is composed of 12 single-frequency GPS
stations [from GPS1 to GP12 (Zuliani et al., 2022a)], and 1 permanent dual-frequency GNSS
(Trimble NetR9 model) station located in the village of Cazzaso (CASO). The dual-frequency
station tracks both L1 and L2 carrier signals, while the single-frequency devices are able to track
only the L1 carrier from the GPS satellites. Nevertheless, if their data are combined with respect
to a closer GNSS reference station [FUSE, located at less than 5 km far, or TOLS, used in case of
unexpected failure of FUSE station, see Fig. 1b; further information can be found on www.crs.
ogs.it/frednet, Battaglia et al. (2003), Rossi et al. (2016, 2018), Zuliani et al. (2018), and Bragato
et al. (2021)], their capacity of positioning, in post-processing mode, reaches centimetre and
millimetre-level repeatability for hourly and daily sessions, respectively (Zuliani et al., 2022a).
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Fig. 3 - Cost-effective GPS monitoring network active on the Cazzaso landslide.

The GPS station network consists of two different types of stations: the node station (NS),
which receives the GPS signal and can transmit it only to the gateway, and the gateway station
(GW), which is capable not only of retrieving its own GPS signal, but also of collecting the
information deriving from the other node stations located nearby and sending them all to a
central server (Zuliani et al., 2022a, 2022b). The information, between NSs and GWs, travels
through a UHF radio at 868 MHz. The data coming from the GW are addressed through a
Long-Term Evolution fourth-generation wireless (LTE 4G) modem to a remote server. Details
on installation procedures and instrumentation can be found in Zuliani et al. (2022a, 2022b).
The system adopted for the configuration and control of the GPS network, as well for the data
elaboration, called DISPLAYCE, is a cost-effective solution dedicated to monitoring and early-
warning of critical infrastructures and areas subject to slope instability (www.yetitmoves.it/).
DISPLAYCE software calculates the displacement of each station at regular intervals (i.e. regular
sessions) of 1, 3, 6, 12, and/or 24 hours, providing different parameters of the GPS signal (signal-
to-noise ratio, number of cycle slips, etc.). The calculation of the displacements is the result
of the GPS data processing, which is carried out through the widely-known double difference
(DD) technique (Kaplan and Hegarty, 1996; Hofmann-Wellenhof et al., 2001). The DD technique
is based on the contemporary presence of at least two stations: a rover unit located on the
monitored structure, and a master station located outside of it, on a stable structure. The DD
technique allows to infer the distance between the rover and master, called baseline. In our
study, the rover is represented by each one of the GPS stations located on the Cazzaso landslide
(NS or GW stations), whereas the master is the FUSE station located approximately 2.3 km away
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from the landslide (Zuliani et al., 2022a), belonging to the permanent geodetic network FReDNet
(Zuliani et al., 2018, 2022a; Tunini et al., 2024).

3.3. Multi-temporal INSAR

In this work, a parallel version of the Small Baseline Subset [SBAS (Berardino et al., 2002)],
referred to as P-SBAS (Casu et al., 2014; Zinno et al., 2015, 2017; Manunta et al., 2019), has been
used to generate deformation time-series and corresponding velocity maps for each coherent
pixel of the investigated scene, with accuracies of about 5-10 mm and 1-2 mm/yr, respectively.

To analyse the ground deformation of the study area, we processed through the P-SBAS
algorithm 256 and 267 S-1 data acquired from ascending (Track 44) and descending (Track 95)
orbits, respectively, in the June 2016 - February 2021 interval. The single LOS (Line of Sight)
measurements were then combined according to Casu and Manconi (2016), to retrieve the
vertical and E-W ground displacement components.

3.4. Landslide analytical modelling

To analyse the stability of 2D slopes, the Slope Stability Analysis Program [SSAP (Borselli
et al., 2011; Borselli, 2022)] was utilised. The factor of safety (FS) was determined using the
Morgenstern-Price method (Morgenstern and Price, 1965), while the identification of critical
surfaces was conducted through the implementation of the Random Search engine, which
generated potential sliding surfaces using Monte Carlo methods (Borselli, 2022; Di Traglia et al.,
2023a, 2023b; Innocenti et al., 2023). Within SSAP, a feature known as the “Dynamic Surface
Search Attractor” was incorporated to gradually narrow down the initial research zone based on
the progressively recognised surfaces with lower FS.

SSAP generates graphical representations of surfaces with the lowest FS, as well as internal
distributions of forces and pressure, the distribution of local FS, and the local distribution of the
numerical reliability of the general FS solution (referred to as the RHO index). Additionally, SSAP
produces:

e a 2D colour map depicting the distribution of average local FS obtained through local
stress distribution. This is achieved by employing a quasi-Finite Element Analysis Model
[gFEM: (Borselli, 2022; Di Traglia et al., 2023a, 2023b)] that implements classical finite
element procedures (Schofield and Wroth, 1968; Griffiths and Lane, 1999). The colour
map describes the local distribution of FS and includes a representation of the likely
direction of plasticisation in areas where FS is less than 1;

e an over stress ratio (OSR) map based on the approach proposed by Farias and Naylor
(1998). This map highlights areas where the maximum local shear stress exceeds the
local shear strength (Borselli, 2022; Di Traglia et al., 2023a, 2023b). Areas with OSR values
greater than 1.0 are considered more prone to experiencing progressive failure.

The slope stability analysis was conducted along two profiles with different orientations
to accurately assess the slope stability (see profiles in Fig. 2b). Profile selection took into
consideration two factors: i) the presence of deformation structures such as scarps and trenches
(Profile 1), and ii) the maximum extent of the landslide (Profile 2). Topographic profiles were
derived from the LIDAR DEM (1x1 m? pixel resolution; source: irdat.regione.fvg.it/consultatore-
dati-ambientali-territoriali/home?language=it) and resampled at 25-metre intervals to create
a smoother surface, disregarding smaller and localised instability phenomena. For Profile 1,
tests were performed with varying aquifer depths to account for changes in the piezometric
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surface due to meteorological events (max variation = 10 m). Profile 2 considered a single ‘high’
piezometric surface, addressing critical scenarios.

In terms of loading conditions, the 2D slope stability analysis was conducted under static
and dynamic conditions. For the dynamic stability analysis, SSAP employed the pseudo-static
method and seismic coefficients. The horizontal force applied to the centroid of each wedge
was determined as F = Kh-W, where Kh represents the horizontal seismic coefficient and W
denotes the weight of the wedge. Kh is a function of the maximum horizontal acceleration
and the topographical and lithological properties of the site. The vertical seismic coefficient
Kv was assumed as Kv/kH = 0.5. The maximum horizontal seismic coefficient, Kh, was 0.07 g,
comparable to the maximum ground acceleration recorded in the area during the 1976-1977
seismic sequence (Barnaba et al., 2007). So, the final seismic coefficients used in SSAP were Kh
=0.07gand Kv=0.035g.

The 3D slope stability modelling was performed using the Scoops3D software (Reid et al.,
2015). This software evaluates slope stability based on a digital topography (in this case, the
resampled LiDAR DEM) using a 3D column approach that assesses the stability of numerous
potential failure surfaces within a user-defined volume range (Reid et al., 2000, 2015; Baum et al.,
2005). Stability analysis for rotational and spherical landslide surfaces was conducted using a 3D
version of Bishop’s simplified method (Reid et al., 2000, 2015). In addition to calculating the 3D
FS value and to identify the most critical surface (lowest FS), Scoops3D also provides information
on the volume and area associated with each potential landslide (Reid et al., 2000, 2015).

The numerical code offers the option to represent subsurface materials with full 3D
distributions of: i) internal friction angle (¢’), cohesion (c’), and weights (y . andy_); ii)
earthquake or seismic loading effects in pseudo-static analyses; iii) pore-water pressure effects
using pore-pressure ratios (relative to vertical stresses), a piezometric surface, or a full 3D
distribution of pressure heads; or iv) fully 3D variably saturated groundwater flow fields and the
effects of unsaturated suction stresses.

The reconstruction of the 3D geometry of the lithology has been performed using the data of
the boreholes, together with the geological reconstruction of the surface, and the morphological
elements of the slope. The basal boundary between the bedrock and moraine/slope deposits
was obtained by interpolating the slope upstream and downstream of the landslide, using a
series of topographic-lithological profiles, including the two profiles used for the 2D stability
calculation using SSAP, and interpolating the landslides edge using the methodology proposed
by Paulin et al. (2022). Although this simplification introduced assumptions and errors, it is
considered acceptable if we consider the fact that the interest is to estimate the instability of
the slope deposits and not to consider the landslides affecting the bedrock. Furthermore, the
analysis has been conducted considering search volumes between 10° and 10’ m?, in order to
neglect smaller and more localised instability phenomena.

4. Results

4.1. Geological-mechanical stratigraphy of the slope

The slope analysed in this work is made up of fairly fine material (light brown silty-sandy
clays), with the presence of coarser material, such as angular breccias of different sizes and
lithological characteristics. The thickness of this deposit is approximately 20-25 m in the CL10
borehole (Fig. 4). The shallowest part of the slope (<10 m below the ground level) is made up
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of very heterogeneous material, from sandy with lenses of gravels, to clast-supported gravels,
which have been interpreted as the deposit of the paleo-landslide that covers part of the slope.

Below the light brown silty-sandy clays deposits, there is a level of dark, hardened silty clays,
about 5 m thick in the CL10 survey (Fig. 4). In correspondence with the limit between the two
units, in the CL10 a sliding surface was identified in the inclinometers, about 32 m below the
ground level.
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Penetrometer) tests. Four lithologies -38.40
are identified: i) the paleo-landslide,
characterised by sands with gravel-rich %
horizons; ii) a moraine unit, consisting of ;DU
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grey-black, silty clays; iv) grey calcarenite Grey calcarenites and marly 53
and marly limestone. The first two levels limestones
together form the deposit attributed to
the slope (morainic deposits + paleo-
landslide), while the two deeper lithologies
-60

together form the bedrock.

Below the hardened clayey-silty level, there is a grey calcarenite and marly limestone in CL10.
Based on the characteristics of the material, it has been possible to reconstruct the
geotechnical parameters of the material. The slope was divided into 3 units (Table 2):

e amore surficial level, here called “Paleo-landslide”, which corresponds to the sandy deposit
with lenses and levels of gravels. The useful parameters for the Mohr-Coulomb failure
criterion (¢’ and c’) have been derived from the bibliography (e.g. Perkins et al., 2017);

e a central level, made by light brown silty-sandy clays, called “moraine”, characterised by
@’ =30° and ¢’ = 40 kPa on average, deriving from the scissometric data;

e a “bedrock”, which includes all the deepest levels of the deposit, to which very high
resistance values have been given, assuming that the instability phenomena we are
studying are shallower than the bedrock and, therefore, develop in the first two deposits.
A GHB (Generalised Hoek-Brown) failure criterion (Hoek et al., 2002) was hypothesised for
this level.
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Table 2 - Geomechanical/geotechnical parameters used for the LEM analysis, following the GHB (Hoek et al., 2002) or
the Mohr-Coulomb criterion, USC = Uniaxial Compressive Strength of intact rock (Mpa); GS/ = geological strength index
(a-dimensional); m, = lithological factor (a-dimensional); D = disturbance factor (a-dimensional); y, . = unsaturated
condition unit weight (kN/m?3); y_ = saturated condition unit weight (kN/m?3).

sat

Geomechanical/geotechnical parameters
following the GHB (Hoek et al., 2002) or the Mohr-Coulomb criterion

Layer @ (°) ¢ (kPa) Vipnsar (KN/mM3) V... (kN/m?)
Paleo-landslide 20 0 20 21
Moraine 30 40 20 215
UCS (MPa) GSI (-) m.(-) D(-) Vet (KN/M3) |y (KN/m?)
Bedrock 50 30 12 0 23 25

4.2. Ground displacement

The data deriving from the cost-effective, single frequency GPS network show that the
monitored part of the slope has displacements with a NW-SE direction, with predominantly
SE-oriented movement (Figs. 5a and 5b). The average horizontal displacement rates are lower
(<1.5 m/yr) near the landslide crown, while they reach 1 m/yr towards the central part of the
slope, close to the village of Cazzaso (Fig. 5a). The up-down (U-D) movements are negligible in

Fig. 5 - Displacement maps from the single frequency GPS network: a) horizontal (E-W) displacement, b) vertical
displacement, and from S-1 InSAR data: c) E-W component, d) vertical component.
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correspondence with the landslide crown, whereas they are mostly localised in the centre of the
slope (Fig. 5b).

INSAR data from S-1 are concentrated on the Cazzaso village and show an eastward and
downward displacement trend (Figs. 5¢c and 5d). The E-W data show an increase in the rate of
displacement from west to east, while the U-D data show differential vertical movements within
the village, with a more stable central area than the upstream and downstream areas. The rest
of the landslide is not monitored by the S-1 InSAR data, given the presence of vegetation on the
slope, which does not allow an estimate of the displacements.

4.3. Slope stability

The degree of stability of the slope has been quantified by means of a 2D stability analysis
using the LEM on the profiles 1 and 2, in different groundwater and loading conditions (Fig. 6).

For Profile 1, the most unstable sliding surface corresponds to the easternmost part of the
slope, delimited upstream by a morphological trench. Here, the OSR map reveals the presence
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Fig. 6 - Topographic and lithological profiles used for the 2D LEM slope stability analysis. In panel a, two different
groundwater settings are introduced, accounting for the low-level and high-level groundwater table, whereas in panel
b only a high-level groundwater table is considered. For a better understanding of the location of the profiles, the site
of the CASO station has been included in both images.
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of a maximum local shear stress greater than the local shear strength. In Fig. 7, it is possible
to highlight how the whole slope is in a high stress state, accounting for both the instability
of the whole slope and at the same time the possible presence of multiple sliding surfaces.
The geometry and location of the areas with high OSR remain the same as the hydrogeological
conditions vary, as well as those of seismic load. The only variation is the value of FS on the most
unstable surface, which changes from values of FS = 1.21 to 0.94, revealing a substantial critical
stability of the slope unless strong shaking induced by strong earthquakes.

As for Profile 2, the situation is similar to Profile 1. The stability analyses identify a critical
surface in the southernmost part of the slope and the presence of high OSR throughout the
moraine deposit.

It is, therefore, possible to establish that the entire slope is in critical conditions, therefore
compatible with the possible presence of a deep sliding surface, that the most unstable area is
the outermost one, and that the internal stress state suggests the possible presence by multiple
sliding surfaces.
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Profile 1 - Low Level Profile 1 - High Level

Fig. 7 - Local distribution of the OSR obtained using SSAP software, in different groundwater settings and loading
conditions, highlighting the presence of zones of high internal stress, suggesting the possible presence by multiple
sliding surfaces.

Considering the results of the 2D analysis, a 3D model of the slope has been created and
the 3D LEM analysis has been performed using the Scoops3D software. The analysis has been
conducted in the volume range, and the results are expressed in terms of FS 3D distribution (Fig.
8). The results in static conditions and full saturation of the deposits reveal the presence of areas
with the lowest FS (<1.1) in the outermost areas of the slope, in accordance with the results of
the 2D analysis. The presence of seismic load increases the area with FS <1.1, involving a large
part of the slope, including the one where the town of Cazzaso is located.

5. Discussion and conclusive remarks

The results obtained indicate that the studied area is characterised by instability phenomena
affecting the entire slope comprised of moraine deposits. The stratigraphic reconstruction
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Fig. 8 - Results of the 3D LEM analysis obtained using Scoops3D software, in complete saturated condition: a) no
seismic load, b) K, = 0.07 g. The location of the GNSS reference station CASO has also been reported.
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reveals variations in granulometry, distinguishing the material from the paleo-landslide deposits
that partially overlay it.

The 2D LEM analysis along different stability profiles highlights areas where the maximum
local shear stress exceeds the local shear strength (Fig. 7). This observation, in conjunction with
the presence of morphological features such as trenches, counter-slopes, and terracing (see
Fig. 2b), suggests that the entire slope is under tension, indicating the occurrence of both deep
instability phenomena and multiple shallower surfaces. Examining the local distribution of FS
(Figs. 7 and 9), it is observed that the potential direction of plasticisation, derived from zones
where locally FS values fall below 1, aligns with the slope movements recorded by GPS and InSAR
data (Fig. 9). The similarity between the data obtained from 2D analytical models and ground
displacement data collected by multi-platform sensors confirms the reliability of the LEM model
results (Fig. 9).
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Fig. 9 - Results of the 2D LEM analysis on Profile 2, highlighting the distribution of the local FS. The purple ??? arrows
represent the likely direction of plasticisation for those areas where FS < 1 and the directions are compatible with
those derived from displacements measured by GPS sensors and InSAR.

The geological-technical model employed for the 2D modellingis also applied to the 3D models
to determine areas with varying susceptibility to failure (Fig. 8). The findings of the 3D analysis
align with the 2D results, considering the inherent differences in FS calculation and surface
identification methods employed by different software. In static conditions (but completely
saturated, therefore extreme in terms of distribution of the piezometric surface), it is observed
that the village of Cazzaso is only partially located within a highly unstable area (identified here
with FS values below 1.1, accounting for any uncertainties inherent in the model). The most
unstable areas are situated to the east and south of the slope, confirming the results of stability
analyses conducted on profiles 1 and 2.

Pseudo-static analyses, with reference coefficients of seismic action Kh = 0.07 g and
Kv =0.035 g, reveal destabilisation across a significant portion of the slope, with FS values below
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1 encompassing the entire eastern and southern sectors of the village of Cazzaso. These results
are consistent with dynamic analyses conducted using SSAP, wherein the most critical failure
surfaces yield FS values below 1.

To validate the results of the 3D analysis, a 2D calculation of the FS of individual surfaces
was carried out (Fig. 10). Surface 1 defines the deposits of the paleo-landslide at the base and
intersects the topographical surface in correspondence with the Cazzaso village (Fig. 10a).
Surface 2 delimits the entire slope (Fig. 10b), while Surface 3 involves only the moraine deposits
(Fig. 10c), with the crown in the village of Cazzaso and the foot at the base of the slope, as it
would derive from the results of the 3D models.
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Fig. 10 - Results of the LEM stability analysis conducted on single surfaces in Profile 2, with different seismic load
conditions. Surface 3 is the most critical, and at the same time satisfies the constraint imposed by the CL7 and CL10
inclinometers (sliding surface about 30 m below the ground level), the location of which is shown in the figure.

Surfaces 1 and 3 respect the constraint imposed by the CL7 and CL10 inclinometers, i.e. to
have a sliding surface located about 30 m below the ground level. On the contrary, Surface 2
represents a deep surface that involves the entire slope. These three surfaces have three different
implications: 1) Surface 1 would correspond to the residual movements of the paleo-landslide,
which in case of reactivation would impact the town of Cazzaso from upslope; 2) Surface 2
would imply a very large and deep movement, but without large differential movements on
the landslide body, with less damage to buildings; 3) the destabilisation of a sector of the slope,
with a landslide crown placed in the village of Cazzaso, that would imply strong differential
movements even in the case of slow movements of the landslide.

The result of the stability analysis on the individual surfaces revealed that Surface 3 is the
one with the lowest FS of all three, regardless of the loading conditions (Fig. 10d). This could
be the explanation of the identified movements of the CL7 and CL10 inclinometers, and it is in
good agreement with the results of the 3D models. Surface 1 is the most stable, even if more
detailed checks are necessary, also considering the possible presence of groundwater due to
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local hydrogeological conditions, or the presence of soil thicknesses sufficient for the triggering
of more superficial phenomena such as soil slip and soil slides, which can turn into debris flows.
Data from single-frequency GPS sensors may in part record displacements related to these
localised instability conditions. Surface 2, on the other hand, has intermediate values, and it
approaches criticality only in conditions of high seismic acceleration.

The approach proposed in this study, which compares analytical models of stability using the
LEM in 2D and 3D, along with displacement data obtained from inclinometers, single frequency
GPS sensor networks, and InSAR data, enables the mutual validation of model results and
interpretation of displacement data. Specifically, the initial 2D stability analysis was supported
by the findings of the 3D models. The analytical models were further validated by integrating
the displacement data, allowing for the reconstruction of the slope’s deformation field. The 2D
stability analysis conducted on hypothetical sliding surfaces not only validated the results of
the 3D models but also helped interpret the displacement data. It is important to underline,
however, that this study does not intend to examine the effects of seismic activity on the Cazzaso
landslide. Instead, it focuses on the impact of pore pressure variation in response to water table
conditions. The proposed pseudo-static analysis primarily functions to impose an additional
constraint on the geotechnical model of the slope. In this scenario, applying a pseudo-horizontal
acceleration, similar to that observed during a documented event, enhances the robustness of
the geological-technical model employed for slope modelling. A thorough analysis, potentially
incorporating dynamic models, would be more appropriate for investigating the site’s response
to large earthquakes. This approach would encompass not only the possible acceleration but
also consider the type of movement.

This methodology confirmed our initial conceptual model, which attributed a significant
role to the moraine deposits in the observed instability phenomena. However, the results do
not exclude the possibility of deeper sliding surfaces or the activation of shallower surfaces
under local conditions that were not extensively analysed in this study. Nevertheless, it can
be asserted that the presence of moraine deposits comprising the slope of Cazzaso village, as
well as their widespread occurrence in many neighbouring Alpine valleys, represents a primary
hazard factor associated with landslides. The findings of this study, both in terms of analysis
methodology and results, tailored appropriately to the conditions of each slope characterised by
a comparable geological structure, serve as a starting point for mitigating landslide risks in the
region, particularly in areas near streams and rivers characterised by morainic deposits in their
valleys. It is worth noting that the Alpine valleys, especially those in the south-eastern Alps, have
historically experienced frequent instances of river barriers caused by landslides.
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