THE CADEGLIANO-VICONAGO ACTIVE LANDSLIDE: THE IMPACT OF THE
PLEISTOCENE ALPINE GLACIER SYSTEM AS A KEY FOR THE COMPRE-
HENSION OF THE CURRENT EVOLUTION AND THE FUTURE COLLAPSE
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ABSTRACT

The frequent approach to the numerical modelling of stability of large rock slope failure relies on set of information such as field observa-
tions, laboratory and in-situ mechanical tests and study of the historical activity of the phenomenon, overlooking the factors connected to
the millenary climate variation. During the Last Glacial Maximum (LGM), the European Alps presented an ice cover reaching several hun-
dred meters. The glacial retreat is known to be responsible of tensional release that may cause deep damage of the slope. The numerical
modelling of stability of the Cadegliano-Viconago landslide, in the Southern Alps, highlights the influence of the glacial load as key factor
in the development of conditions leading to the slope rupture. The deformation data exposed by the model are consistent with the data
registered by the DMS® monitoring system. The information collected in situ and from stability models allow to perform runout models

useful for the estimation of hazard maps.

INTRODUCTION

The landslide of Cadegliano Viconago located in the central southern Alps has been for over twenty years a danger to the population and
infrastructures along the course of the Tresa river, natural border between Italy and Switzerland. The landslide state of activity is tracked by
annual geodetic monitoring and continuous monitoring through DMS® (Differential Monitoring of Stability) columns and is currently limited
to few centimeters of displacement per year. This deformation pattern can drastically change during heavy rainfall events with opening of
decimeters wide tension cracks. A catastrophic collapse would lead to the partial or total interruption of the road system, a barrage of the

Tresa river with the likely formation of a lake and the destruction of a well field for drinking water use in Switzerland.

THE CADEGLIANO-VICONAGO LANDSLIDE

The Cadegliano-Viconago landslide involve metamorphic scists belonging to the structural domain of the Southalpine called in the area
"Serie dei Laghi". The lithologies observed are mica schists and paragneisses with intercalations of fine-grained orthogneisses. The counter
slope schistosity is typically pervasive, monoclinic with dip between 15° and 35° and dip direction between 240° and 280°. The landslide
body effects the slope from 265 m a.s.l. up to approx. 500 m a.s.l. over a surface of 130°000 m2. The upper limit of the slope is characterized
by a 40 meters scarp while the toe is difficult to identify as it is masked by slope debris (Figure 1).
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Figure 1. View of the main features of the landslide (top image) and geological model (bottom image)

METHODS

CHARACTERIZATION OF THE LANDSLIDE BODY

In January 2021 three core drillings were realised for hosting the DMS columns, provided useful information on the state of rock mass dam-
age of the landslide body. The borehole hosting the DMS2 column crosses between 40-41 meter a cataclastic band of mica schist, index of
strong friction connected to the landslide activity. Since we believe that the cataclastic band play a dominant role in the kinematics of the
landslide, a sample has been collected and tested in laboratory through Direct Shear Test, obtaining a value of cohesion of 19.4 KPa and
friction angle of 32°. Moreover, the evaluation of 23 rock samples using the Point Load Test (PLT) indicates the poor mechanical properties
of the landslide mass. The rock mass parameters have also been evaluated by the method of the Geological Strenght Index GSI. Considering
the values of strength by PLT, the GSI method outline values of shear strength of 25 kPa, compressive strength of 805.31 kPa, Young modulus
of 2.5 GPa, indicative of a highly altered rock mass.

MONITORING

The DMS® (acronym of Differential Monitoring of Stability) (Lovisolo et al. 2003) is a differential multiparametric monitoring system of
the stability of soils, rocks and structures. The system allows to study the slope behavior through continuously, automatically and in real
time measurements in 2-3 dimensions. The DMS® system consists of a modular column, formed by a sequence of rigid tubular elements
equipped possibly with inclinometer, accelerometer, temperature and piezometric sensors. The tubular elements are connected each other
with high resistance flexible joints, installed in the ground inside a borehole. In March 2021 three DMS columns were installed on the
landslide body. Two DMS® full equipped columns were located on the portion of the slope characterized by the presence of morphologic
indicators of active movements. A third DMS® column was placed at the base of the slope and was equipped with piezometer (Further

details on Table 1)
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Head elevation Depth Sensors : inclinometric, accelerometer, temperature | Sensors : piezometric
DMS1 | 427.8ma.s.l. 41m 20 sensors sensors at 14.5 and 38.5 m
DMS2 | 409.3ma.s.l. 63 m 30 sensors sensors at 34.5 and 60.5 m
DMS3 | 272.2ma.s.l. 18 m no sensor sensor at 17.5m

Table 1. DMS columns sensor characteristics

NUMERICAL MODELLING OF STABILITY

The two-dimensional explicit finite-difference continuum numerical modelling using the FLAC 2D of Itasca Consulting Group Inc., has been
performed considering a NNW-SSE cross section (parallel to the direction of the landslide movements) from the slope crest to the bedrock
hided below the alluvial plain. In particular, the cross profile buried by alluvial deposits has been outlined by projecting the rocky slope
under the alluvial deposit, by considering the mean slope gradient. The modelling was characterized by three steps. In the step 1 we re-
produced the glacier mass and set geo-mechanical parameters higher of some order of magnitude than the ordinary, letting the modelling

reaching the initial eauilibrium.
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Figure 2. Cumulative displacements for DMST and DMSZ in north direction (i graph a and c), east-west direction (graph b and d), azimuth direction (graph e and f ) and accelerometric events

(grap g and h).

The procedure was performed to minimize the inertial effects and avoid failures before the actual modelling. In the step 2 we progressively
removed the ice load to simulate the glacier retreat, reaching at each ice removal the equilibrium force. The results of this procedure showed
in Figure 3 represent the change of plasticity and shear stress conditions. The modelling has then been validated with a wide range of me-
chanical values to find the best set to represent the current slope deformation. In the step 3 we proceeded considering the cataclastic band
by means of an interface. The shape and the depth of the interface was outlined by the borehole core stratigraphic data and by observation
of the morpho-structures along the slope.

During the modelling, the water table was steady at the depth of 30 m under the slope surface according to the monitoring data.
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Step 1 Step 2 Step 3
Preliminar rock Glicier Dt_afinitive I"?ck parameters f&dding of the
parameters + ice remotion interface
Constitutive model Ubiquitous joints elastic model | Ubiquitous joints Mohr-Coulomb
Density [kg/m3] 2700 900 2700 2200
Volume modulus [Pa] 15E9 2E9 15E9 10E6
Shear modulus [Pa] 7.6E9 1E9 7.6E9 6E6
Cohesion [Pa] 1E10 0.5E6 19.4E3
Friction angle [°] 40 25 32
Joints dip angle [°] 10 10
Joint cohesion [Pa] 1E10 1E5
Joint friction angle [°] 40 20

Table 2: Numerical modelling parameters

COLLAPSE SCENARIOS: VOLUMES

The 2D modelling has facilitated the identification of potential collapse volumes. This analysis should be juxtaposed with inclinometric data
(from the monitoring campaign spanning from 2002 to 2011) and morphological evidence for comprehensive evaluation. The definition
of the unstable volumes has been analysed through the Geographic Information System (GIS). We generate three digital elevation models
(DEM) of the slope deprived of the unstable volumes. The volume of each scenario is obtained from the volume difference between the
current and the generated DEM. Possible scenarios of runout have been evaluated through the use of the RAMMS::DEBRISFLOW model by
the WSL Institute for Snow and Avalanche Research SLF (Christen et al. 2010).

COLLAPSE SCENARIOS: RUNOUT MODELLING

The choice of the RAMMS:DEBRISFLOW module is motivated by the expected dynamics of the completely disintegrated rock mass charac-
terizing the slope, which could assume a kinematics typical of flows as observed in previous events. The parametric analysis of u, § and p
representing respectively the dry-Coulomb type friction, the viscous-turbulent friction and the momentum based stopping criterion, has been
performed on the paroxysmal scenario of collapse called "scenario 3" discussed later in the results. The choice to perform the parametric
analysis on such scenario is related to its magnitude similarity to a nearby previous collapse witnessed by a large deposit at the base of the

slope (Figure 4). Collapse expansion was analysed in terms of the gradient of the deposit produced and its propagation.

RESULTS AND DISCUSSION

The monitoring through the DMS® columns highlighted the location of the shear band and the depth of the water table. In correspondence
of the column DMS1, the shear band is located at depth between 25 and 30 m and participate to a total displacement of 30 mm from March
2021 to November 2023 (Figures 2a, 2b, 2e). Along the columns DMS2 the shear band has been observed at the depth of about 40 m, with
a cumulative displacement of over 100 mm. The accelerometric data does not exceed the 200 mGal and the events are distributed along

the entire DMS1 and grouped shallower than 40 meters for the DMS2, supporting the displacement in north direction (Figures 2c¢ and h).

NUMERICAL MODELLING OF STABILITY

A first numerical model was performed without the influence of the glacial cap. The results of this model do not exhibit any evidences of
slope deformations, demonstrating the significant role played by the glacial load and the post-glacial stress release in the development of
rock mass instability. The numerical model results, encompassing the deglaciation phase, illustrate the development of bands of shear stress

increment, potentially indicating the localization of various failure surfaces.
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Figure 3. Images a to d, stability modelling of the shear stress slope evolution for step 2. Images e and f, stability analysis of the step 3.

Two damage surfaces are observed at about 200 metres deep, not validated by the DMS columns as much deeper than the instrumenta-
tion. However, at the altitude of 620-640m a.s.l., scarps evidence the existence of a deep deformation supporting the model results. Further
downstream, a surface of plasticization is observed, in correspondence to the most superficial slip surface in accord with the inclinometric
DMS data (Figure 3f). The band of plastic material clearly outline the extent of the slide, exposed in the expansion model as "scenario 3".
A further zone of instability is observed at an altitude between 350 and 290 m a.s.l.. Based on morphological observations and the results

of numerical modelling, it is believed that this sector can rise to two possible collapse scenarios, identified as "scenario 2" and "scenario 1".

VOLUMES MOBILIZED AND RUNOUT MODELLING
The volumes obtained as discussed in the methods, results in a volume around 70 k m3 for "scenario 1," 180 k m3 for "scenario 2," and 2.3

M m3 for "scenario 3."
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Figure 4. Runout modelling scenarios and interaction with floodplain infrastructures

Since the RAMMS::DEBRISFLOW module does not take into account the volume increase of the landslide mass during the collapse (porosity
of a crushed rock deposit is commonly between 18 and 35 %, Hungr and Evans, 2004), the modelled volumes has been increased by 30 %.
The three scenarios caused different impacts as the interruption of road network, damage of the well field and dam of the Tresa and Lisora

rivers.

CONCLUSIONS

The stability and runout modelling of the Cadegliano-Viconago landslide yielded significant outcomes in hazard assessment. Modelling the
glacial retreat following the Last Glacial Maximum facilitated the identification of profound slope damage, both numerically simulated and
observable in data retrieved from inclinometric columns. If the model effectively portrayed the damage extending several hundred meters
deep, the study of the shallower, active landslide necessitated the incorporation of a "mechanical weakness interface" band observed in
the geological surveys. Combining field observations, borehole data, monitoring records, and numerical modelling outputs, three collapse
scenarios were delineated. However, assigning specific return times to these scenarios remains challenging due to the absence of heavy and

sustained rainfall during the monitoring period with DMS® columns, necessary to define trigger thresholds.
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