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a b s t r a c t

This manuscript is Part 1 of two companion papers that explore a multidisciplinary approach to predict
velocity and stability of a large landslide located in the Central Italian Alps: the Ruinon landslide. The
area is of high geological interest due to the presence of numerous shallow and deep gravitational
instability processes that affect valley flanks, mainly driven by unfavorable morphological conditions
and geomechanical properties of rock masses. In this manuscript, a 3D finite element model (FEM) was
implemented in order to analyze the stress–strain distribution along the Ruinon rock-slope. Goals are
to define the relation between morphological factors, mechanical parameters and the development of
irreversible strains. The model was defined based on morphological features and mechanical properties
detected along the slope, as well as on piezometric data from the landslide monitoring system. In a first
step of the analysis, a static simulation was carried out under dry conditions. Then, a validation process
was performed by comparing numerical outputs with geomorphological field observations. Finally, a
parametric analysis was carried out where different piezometric level scenarios were evaluated in
order to assess the influence of both mechanical parameters and pore pressure on the distribution of
high sliding susceptibility areas. By overlaying satellite images with the model outputs, results were
shown to accurately reproduce the extent of the slope areas subject to active gravitational instability.
Parametric analyses showed a clear relationship between the input factors and the magnitude of strain,
while the extension of areas subject to irreversible deformation did not change significantly. Stress
distribution and stress–strain relations defined in this article are subsequently introduced in a thermo-
hydro-mechanical (THM) numerical model presented in Part 2 of this work, where the evolution of
the Ruinon landside is simulated.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

In recent years, an increase in the occurrence of landslide
vents in the Alpine region has been observed, mainly related to
n extremization of climate variables.1,2 The interaction with hu-
an activities drove local administrations and scientific commu-
ities to increase their interest in the analysis and management
f these natural processes.
Landslide forecast is very challenging since their occurrence

s related to both internal (e.g. material type, in situ stresses,
eometrical and mechanical fracture network features) and ex-
ernal factors (e.g. intense rainfall events, snowmelt, freeze-thaw
ycles), which are extremely variable over space and time.3 In
he past few decades, several authors have proposed a number
f studies, both at regional and local scales, regarding the effect
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E-mail address: andrea.morcioni@unimi.it (A. Morcioni).
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2352-3808/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a
of climatic factors on the occurrence of landslides.4–7 Inspec-
tion of the relevant bibliography, however, reveals the lack of
common criteria and comprehensive procedural schemes for the
spatiotemporal analysis and modeling of landslides (initiation, re-
activation, and runout). The issue concerns not only shallow land-
slides, whose climate control is better understood, but also large
landslides and rock avalanches, where the large volumes involved
imply a high damage potential of these processes. Therefore, risk
management is crucial since preventive actions (e.g., stabiliza-
tion of entire slopes, effective defense works) are in most cases
technically and/or economically unfeasible. The first step toward
the prevention and mitigation of landslide risk is to identify the
areas most prone to gravitational instability, that is, where the
hazard is higher, and human activities are exposed to greater risk.
Landslide susceptibility and hazard mapping have been based on
the analysis of past landslide phenomena (inventory maps) and
historical climate series (mainly rainfall). Within this framework,
several approaches have been outlined that can be classified into:
statistical,8–11 deterministic12–15 and numerical.16–20
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Over large areas, statistical and machine learning methods
re the most widely used, assuming landslide occurrence as a
unction derived from a combination of predictive factors such
s morphological, land-use and geological features. Only recently,
limate factors have been introduced as predictors to develop
on-stationary landslide susceptibility maps.21–24 The resulting
lgorithms aim to search for the optimal relationships that link
he independent variables (morphology, land use, geology, cli-
ate) to the dependent ones (landslide occurrence). Through

hem, it is possible to quantitatively and objectively assess the
mpact of each parameter on the occurrence of known gravita-
ional instability events along space and time. These methods,
owever, do not directly account for the physical laws governing
he initiation and development of instabilities and crucial fac-
ors such as stress distribution, pore pressures, material proper-
ies and external loads are not investigated. Moreover, statistical
pproaches are not verifiable under important changes in the
riving factors: the conditions responsible for observed landslide
henomena may in the future no longer exist,25–27 especially
n the context of ongoing climate change and other emerging
cenarios. When applied outside its training range, a predictive
tatistical model is forced to work in an extrapolation scenario
nd, therefore, may lead to inaccurate results.
Deterministic methods provide quantitative information on

andslide hazard by calculating the factor of safety for each map
nit in order to plot its spatial distribution.28–31 The factor of
afety is defined as the ratio of resisting forces to driving forces
cting along a potential failure surface, and is usually calculated
hrough the limit equilibrium (LE) formulation (e.g. Refs. 32–
4). Stability analyses by limit equilibrium methods have been
erformed generally by considering the plane strain assump-
ion, adopting a 2D cross-section of the slope taken as rep-
esentative of the real case. However, slope failures occur in
hree dimensions, and the significance of this difference, can-
ot always be neglected. LE methods require a simplified topo-
raphic surface geometry that does not allow evaluation of the
ole of morphology in stress distribution, which is of primary
mportance in natural slopes. The increased number of publi-
ations describing three-dimensional approaches, has motivated
ome scientists to make comparisons between two- and three-
imensional methods, typically resulting in a higher factor of
afety for 3D analyses (e.g., Ref. 35). In addition, this approach
as little applicability in defining landslide hazard over large
reas, due to geological and mechanical variability of natural sys-
ems, that cannot be easily accounted for. Deterministic methods
re widely employed to solve geotechnical engineering problems
t the slope scale, finding good acceptance in the practitioner
ommunity over the years, through the development of different
umerical software.20,36–38 Despite its inherent limitations and a
arge number of simplifying assumptions, due to its simplicity,
omputational speed and ease of programming, the LE method
s one of the most widely used deterministic approaches for
eoengineering remediation.
Numerical techniques represent a good alternative to quantify

lope stability and simulate slope stress–strain evolution un-
er different external loads. Several authors adopted numerical
echniques (based either on continuum or discontinuum formu-
ations) to solve complex problems of slope stability, notably
sing Strength Reduction Techniques (e.g., Refs. 19, 39–41) that
llow to quantify the stability of a slope with a factor of safety.
he finite element method (FEM), represents a powerful and
ersatile alternative approach to LE slope stability analysis. While
n the latter, only global equilibrium equations and (interface)
onstitutive laws are enforced, the former allows to achieve an
xact solution of the mechanical problem, by also accounting for

ompatibility equations, thereby allowing to calculate internal

2

trains and displacements. In addition, with the advancement in
omputing capabilities, the development of 3D FEM simulations
equires reasonable computational costs even on large models,
llowing the topographic factor to be included in the analysis of
atural slope stabilities.40,42,43
This manuscript is Part 1 of two companion papers that ex-

lore a multidisciplinary approach to define a time-dependent
lope stability criterion, that links the external forcing of a land-
lide with its internal response, to forecast its stability and ve-
ocity by identifying critical values, which can be measured in
he field. In this work, a 3D FEM numerical model was imple-
ented to analyze the stress–strain distribution along an Alpine
lope, where an active landslide is located (Ruinon landslide,
ondrio Province, Italy). This work aims to define the relationship
etween morphological factors, mechanical parameters, and the
evelopment of irreversible strains. This analysis also aims to
valuate the most prone areas to gravitational instability, by
sing numerical stress–strain methods that incorporate the mor-
hology of the slope, the strength properties of the geological
edium, and the gravity factor. Because of its simplicity and the

imited number of parameters required by the analysis, this tool
ay represent a valuable approach for landslide risk assessment
nd the installation and implementation of monitoring systems
n areas of known instability.

The presented model was validated by comparing numerical
utputs with morphological field observations, by focusing on
he geometric elements of the landslide bodies detected in the
egion (depth of the sliding surface and location of irreversible
eformations). A parametric analysis was carried out, and dif-
erent piezometric level scenarios were evaluated to assess the
nfluence of both mechanical parameters and pore pressure on
he distribution of high sliding susceptibility areas in the model.

In the companion (Part 2) paper,44 the stress–strain distribu-
tion calculated via FEM modeling in this work, is implemented
into a thermo-hydro-mechanical (THM) mathematical model,
where the stability and the velocity evolution of the Ruinon
landside are simulated.

The paper is structured as follows. First, the study area is
described by focusing on the main gravitational instability events
that characterize the region (Section 2). Then, the modeling ap-
proach and the mechanical model are presented (Section 3).
Results of the stress–strain analysis in dry conditions are first pre-
sented in Section 4 followed by the validation process, parametric
and hydromechanical analyses. In Section 5 a general discussion
is finally provided.

2. Study area

The study area is located in the Upper Valtellina region (Cen-
tral Italian Alps), between the villages of Bormio and Santa Cate-
rina Valfurva. The modeled region includes the right flank of the
Frodolfo valley, where complex active gravitational processes are
occurring (Fig. 1a).

The geological framework of the region, is related to the Aus-
troalpine Nappe arrangement (Fig. 1b), which is composed by
a crystalline basement of the pre-Permian age, with an N to E
vergence. In the study area, the Campo Nappe with the Bormio
Phyllites (metapelitic unit) outcrops (Fig. 1b; Ref. 45). This for-
mation exhibits a pervasive schistosity with millimeter to cen-
timeter spacing, defined by a submillimeter alternation of films of
white mica, opaque minerals, and quartz-feldspathic microlithon,
conferring a mylonitic texture to the rocks.46 Rock masses are
strongly deformed with isoclinal and minor transposed folds,
recording a polyphase tectonic and metamorphic evolution dur-
ing the Varisican and the Alpine orogeneses.47–49 Locally, phyllites
are characterized by the inclusion of magmatic bodies of late to
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Fig. 1. (a) Satellite image of the study area50; active gravitational processes are highlighted in red while the modeled area is defined by the gray box. (b) Geological
ap of the area, in a 1:200.000 scale.46 (c) Cross-section of the modeled slope along the Ruinon landslide body; the section tracing is defined in Fig. 1 A. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
post-Varisican and late Alpine age, and other bodies of the Campo
Nappe unit as marbles and prasinites.46

Throughout its history, the valley has been affected by geo-
morphological dynamics, including fluvial and glacial processes,
that have modeled its shape and caused the gradual mechani-
cal stress release of the slopes.51 As a result, the valley flanks
are morphologically very steep slopes affected by gravitational
phenomena, mainly controlled by climate dynamics.

The Ruinon landslide is located on the right flank of the
valley and a few kilometers West of the Sant’Antonio village
(Fig. 1a). This landslide is considered one of the most active
cases in the Alpine region, with a main sliding surface located
at approximately 70–90 m depth (Fig. 1c). With an estimated
total volume of the sliding mass of 20 Mm3.52–55 This landslide
has been showing an intense activity since 1981, with a major
acceleration in 1987–1988 due to heavy rainfalls. Between the
spring of 2014 and the fall of 2016, accelerated displacements
were observed, and in June of 2019 landslide velocities increased
to much higher values than ever before, reaching up to 1 m/day
during approximately 5 months.56 The main active body extends
3

at elevations between 1600 and 2100 m.a.s.l., and is located
at the base of a deep-seated gravitational slope deformation,
which affects the entire slope up to its top at 3000 m.a.s.l..51,52,57
Slope hazards related to the evolution of the landslide seriously
impacted the regional road, located along the valley bottom.56
Currently, the area affected by the landslide is monitored by
both shallow and deep instrumentation, including three active
piezometers, extensimeters, inclinometers, and a ground-based
interferometric synthetic aperture radar (GBInSAR).

Other instability events involving smaller sliding mass vol-
umes are present in the study area, mainly promoted by highly
fractured rock masses. Among the main ones, on the right flank
of the slope, there is the Gembresca landslide, which involves a
sliding mass of approximately 10.000 m3 and is currently in a dor-
mant condition but can be reactivated by not particularly intense
external forcings (Ref. 53; Fig. 1a). Ancient landslide deposits
are also present along the valley bottom, suggesting an intense
geomorphological activity of the slopes, even in earlier geolog-
ical eras. Upstream of the Ruinon and Gembresca landslides, in
a range between 1650 m.a.s.l. and 2830 m.a.s.l., rock scarps,



A. Morcioni, T. Apuani, F. Cecinato et al. Geomechanics for Energy and the Environment 36 (2023) 100493

3

3

u
S E
i
L
p
c

c
o
i
C
i
i
p

s
T
t
b
s
f
M

w
g
r
i
e
a
a
s
f
w
g
i
o

m
m
s
r
p

3

i
s
i
a

u
I
f
d

W

c
r
s
p

f

A
c
c
t

f

W
M
i
a
t
t

f
f
r

g

W
ω

u
a

N

traction trenches, tensile fractures, and structural depressions
valleys are present, approximately parallel to the main valley axis
(predominantly in the WNW-ESE direction), indicating a strong
gravitational activity of the slope.51,52,57

. Methods

.1. modeling approach

Numerical analysis of the Ruinon rock slope was performed
sing the open-source C++ MOOSE (Multiphysics Object-Oriented
imulation Environment) framework, with a FEM approach. MOOS
s a numerical framework developed, primarily, by Idaho National
aboratory.58 It is a powerful tool for simulating multiphysics
rocesses because of its nonlinear solver, that supports efficient
oupling between systems of physical equations.
Multiple physical processes can be solved in an implicit, fully

oupled way. MOOSE’s project has generated a growing devel-
per community of scientists and researchers actively involved
n its continued development, and use in diverse research fields.
urrently, MOOSE provides physics modules for solving problems
n mechanics, porous flow, phase field modeling, and geochem-
cal processes. All these modules are available to users, and any
hysics library can be included in the analyses.
The input file represents the core of the simulation, where

eparate components are used to define all the required elements.
hey include: the mesh geometry, the variables to solve for, the
erms of the system of equations to be solved (called kernels), the
oundary conditions, the initial conditions, and the calculation
ettings (solver options and timesteps). An external input mesh
ile, containing the geometric and topological information for
OOSE, can also be provided and called in the input file.
In this work, the geometrical model of the study area was built

ith Gmsh,59 an external three-dimensional finite-element mesh
enerator (Fig. 2). In Gmsh, a model is defined using its boundary
epresentation: a volume is bounded by a set of surfaces, a surface
s bounded by a set of curves, and a curve is bounded by two
ndpoints. Each topological element can be uniquely named. By
ssigning a specific name to each surface, it is possible to apply
physical boundary condition for numerical analysis, simply by
pecifying the name of the surface in the MOOSE input file. The
inite element mesh of the model is a tessellation of its geometry,
ith simple elements of various shapes (lines, triangles, quadran-
les, tetrahedrons, prisms, hexahedrons, and pyramids), arranged
n such a way that if two of them intersect, they do so only along
ne face, edge or node, and never otherwise.
The MOOSE simulator can output results in a variety of for-

ats, from comma-separated plain text to common binary for-
ats, that can be easily read with a popular post-processing
oftware. In this work, output files of numerical simulations were
ead in a binary format with Paraview, an open-source multiple-
latform for interactive visualization.60

.2. Theoretical model

In this Section, the physical framework underlying the MOOSE
mplementation is discussed. In the model, a continuum repre-
entation of a homogeneous rock mass with a single fluid phase
s considered. The following subsections describe the mechanical
nd hydrogeological processes represented in this formulation.
The mechanical model is based on the Tensor Mechanics mod-

le, a library of simulation tools that solve continuum problems.
t can be used to simulate both small and finite strain constitutive
rameworks, including elasticity, plasticity, creep, and damage
ue to cracking and property degradation. In this work, a finite
4

strain formulation is used, and an elasto-plastic constitutive law
is assumed.

The mechanical deformation is solved by the momentum bal-
ance under static assumption, leading to the evolution of effective
stresses σ ′, defined as:

ϑσ ′

ij

ϑxij
+ ρSgi = 0

Where ρS is the density of the solid and gi the gravity vector. The
total strain rate, εij, is decomposed into a reversible (elastic), εr

ij,
and an irreversible (plastic), εi

ij, part:

εij = εr
ij + εi

ij

The reversible part is assumed to follow a linear elastic relation-
ship of the form:

εr
ij = C e

ijklσ
′

ij

here, σij
′ represents the effective stress tensor and C e

ijkl is the
elasticity tensor. The irreversible part of the strain rate follows a
plastic law of the form:

εi
ij = χ

∂g
∂σij

Where, g represents the plastic potential and χ is a scalar plastic
multiplier. The specification of the yield criterion involved the
Coulomb plastic formulation with a softening scheme, which pos-
tulated a linear relationship between shear strength on a plane
and the normal stress acting on it:

τ = c − σN tanφ

where τ is the shear strength, σn is the normal stress (positive
in tension), φ is in the angle of internal friction, and c is the
ohesion. Combining the Coulomb criterion with the Mohr circle
epresentation of stress state, and considering the admissible
tates, the Mohr–Coulomb (MC) failure criterion (fs) in terms of
rincipal stresses can be expressed as:

S =
1
2

(σ1 − σ3) +
1
2

(σ1 + σ3) sinφ − c ∗ cosφ = 0

s many materials described by MC plasticity, such as rocks,
annot sustain large tensile stresses, a tensile cutoff in the failure
riterion was also considered.58 The yield surface representing
he tension cutoff is defined as:

t = σ3 − σt = 0

here, σt is the tensile strength of the material. In 3 dimensions,
C plasticity is defined by six yielding functions that are planar

n the coordinates of principal stresses. They produce a region of
dmissible stresses in the shape of a hexagonal pyramid. Adding
he tensile cutoff, the pyramid’s tip is removed, turning it into a
riangular-based pyramid.

The plastic potential function is described by means of two
unctions: gS and gt , which are used to define the shear plastic
low and the tensile plastic flow, respectively. The function gS cor-
esponds to a, generally, non-associated law, and has the form:

S = σ1 + σ3Nω

here Nω is a parameter that depends on the dilation angle,
. This parameter should be less than or equal to the resid-
al friction angle, which makes the flow rule non-associated or
ssociated respectively; and

ω =
1 + sinω

1 − sinω
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Fig. 2. (a) Main morphological features of the investigated area. (b) Implementation of the mechanical model from the slope morphological data.
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he function gt corresponds to an associated flow rule, and is
ritten as:

t = ft = σ3 − σt

he mechanical framework presented above was also extended
o account for pore fluid pressure and the evolution of porosity.
OOSE’s PorousFlow module was used to compute pore pressure
istribution in the model and couple it with the mechanical com-
onent. PorousFlow is a library of physics for fluid and heat flow,
olving problems with an arbitrary number of phases (such as gas
nd liquid) and fluid components (species present in each fluid
hase). The momentum balance equations for the fluid phase can
e expressed as:

∂Pf
∂t

= αV∇
2Pf − ε

pl
V

Where β is the compressibility factor, Pf is the pore pressure, αV
s the Biot coefficient (which is kept equal to 1 in the present
ork), and ε

pl
V the volumetric plastic strain. The pore pressure evo-

lution is defined as:

Pf = Ph + ∆Pf

Where, Ph is the hydrostatic pressure, and ∆Pf the excess pore
ressure. Following Terzaghi’s principle, the dependence of the
ore fluid pressure, Pf , on the stress, σij, is stated explicitly as:

ij = σ ′

ij − αV δijPf

Where, σij
′ is the effective stress (stresses are taken negative in

compression). Volumetric strains control the evolution of porosity
and the volume that can be occupied by a fluid. This process
is fundamental to the coupling between fluid flow and solid
mechanics. The total porosity, θ , is expressed as the sum of its
initial value (θ0) and the changed interconnected pore volume. In
this model, the pore volume can be modified only by mechani-
cal processes (∆θmech). The evolution of the mechanical porosity
contains two components, an elastic part:

∆θ e
mech = (1 − θ )βS∆Pf

Where βs is the compressibility coefficients of the solid, and a
plastic part:

∆θ
pl

= (1 − θ )∆ε
pl
mech V c

5

being ∆ε
pl
V the increment of the volumetric plastic strain. There-

ore, the total porosity is defined by the relation:

= θ0 + ∆θmech = θ0 + ∆θ e
mech + ∆θ

pl
mech = Vf /V

here Vf is the volume occupied by the fluid. Considering the
cale of the analysis (slope to regional), Darcy’s law is used to re-
ate the mass flux to the pore pressure gradient, under saturated
onditions:

= (vf − vs)θ = −
k
µf

(∇Pf − ρf gi)

here, vf is the velocity of the fluid, vs is the velocity of the
olid, θ is the total porosity, µf is the viscosity of the fluid, k the
ermeability, and gi the gravity vector. In the model, the perme-
bility is considered isotropic and constant (i.e., not dependent on
orosity).

.3. Definition of the numerical model

The model domain develops along the North slope of the
alfurva valley (Fig. 1a). The modeled region lies between the
avallaro valley to the North, and the Confinale valley to the
outh. To the West, the model limit is represented by the main
alley floor with the Frodolfo River, flowing toward North-West,
hile to the East, the boundary is represented by the mountain
idge separating the Valfurva from the Zebrù valley. The model
ncludes the areas where the main instability phenomena of the
egion have been observed, namely the Ruinon landslide and the
embresca landslide.
The model has a squared shape base, and it covers an area of

5.8 km2, calculated from the topographical surface. The highest
levation of the model is 3072 m.a.s.l., in correspondence with
he Saline peak, and the lower one is 1370 m.a.s.l. along the main
alley floor.
The geometrical model was developed based on the 2015

igital Terrain Model of the Lombardy Region61 and assuming
homogeneous and isotropic medium (Fig. 2a). The model was
iscretized into a finite-element mesh, by the definition of hex-
hedral zones (Fig. 2b). A maximum zone size of 200 meters
as set, allowing the meshing software to create a grid that best

its the morphology, hence obtaining a significant reduction in

omputational time. To speed up computational times, the mesh
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Table 1
Material parameters of the modeled slope obtained from laboratory tests and
literature.53

Parameter Value Detection method

Density 2700 kg/m3 Literature53

Young modulus 50 GPa Laboratory test53

Poisson ratio 0.3 Laboratory test53

Cohesion 1 MPa Laboratory test53

Friction angle 35◦ Laboratory test53

Uniaxial compressive strength 80 MPa Laboratory test53

Tensile strength 5 MPa Laboratory test53
Porosity 0.1 Assumption based

on literature
data53

size increases with depth until it reaches maximum value of 500
m. To minimize the mechanical effects due to the presence of
lateral geometric constraints in the modeled area, an ‘outer box’
was constructed by extending the lateral boundaries by 1000 m.
Without this artifice, the application of Dirichlet-type mechanical
boundary conditions at zero velocity (as is typically assumed
in slope stability analyses), would result in the development of
unrealistic stresses and strains near the boundaries. The exces-
sive proximity of the boundaries to the area of interest would
bring about significant computational errors. The definition of
a rigid external box with computational continuity, allows to
move the constriction zones away from the area of interest, while
preserving the computational result.

Boundary conditions fixed at zero velocity were specified
long the bottom boundary of the entire model, as well as at the
xternal side boundaries.
As for the hydrogeological model, a basal water table was

ntroduced, and free outer boundaries were defined by keeping
ore pressures at constant values. The piezometric surface is
epresented by an external surface, introduced into the model
y setting zero pore pressure along it. Then, hydrostatic pore
ressures are calculated by the model, based on the location
f the piezometric surface and gravity forces. In this study, the
ater table was built considering the presence of the Frodolfo
iver flowing at the base of the slope and taking into account the
roundwater level measured in three piezometers located along
he slope, in correspondence of the Ruinon landslide body. These
epresent fixed points through which the piezometric surface was
uilt. The elaborated piezometric surface represents the shallow-
st aquifer, whose temporal evolution influences the mechanical
volution of the slope.
The model was parameterized according to laboratory tests

onducted in previous studies53 as summarized in Table 1. The
echanical parameters are derived from triaxial tests conducted
n the core material of boreholes, drilled along the Ruinon land-
lide body. From the test results, the Hoek & Brown curvilinear
racture envelope62 was defined, and the equivalent values of
ohesion and friction angle, according to the MC criterion, were
lso defined. Considering the lithological homogeneity of the
tudy area (Section 2), as a first approximation, the mechanical
arameters derived were assumed to apply everywhere in the
odeled domain. As discussed in Section 3.1, an elasto-plastic
C constitutive model was adopted for the main model domain,
hereas a linear elastic behavior was assumed for the ‘outer box’.

.4. Numerical simulation

In a first step (Step 1), a static analysis was performed under
ry conditions, considering the mechanical parameters presented
n Table 1. The model was then validated, by comparing simu-
ation results with geomorphological observations, i.e., by over-
aying satellite images with model results (see Section 4). Four
6

different meshes were used as inputs to evaluate the influence of
the grid size on numerical results (stress and strain distribution),
and to identify the best configuration, in terms of computational
cost and accuracy of the results.

Once the model was validated and the best performing mesh
was identified, the next two steps (Step 2 and 3) included a me-
chanical and a hydromechanical parametric analysis, respectively.
In Step 2, the cohesion value was varied from 1 MPa to 0.25
MPa, to evaluate and quantify the effect of strength parameters in
the development of irreversible strains. In Step 3, three different
piezometric level scenarios were defined, based on the field data
(piezometers) installed along the Ruinon slope. The water level
scenarios were defined as follows: (i) ordinary regime (water
level in the piezometer at 40 meters depth), (ii) maximum regime
(30 meters depth), and (iii) an extreme regime (20 meters depth).
The aim of this parametric study was to analyze the role of pore
pressure in the development of irreversible strains. The evolution
of effective stresses at varying groundwater level was also ex-
plored, and was used in the thermo-hydro-mechanical analysis
presented in the ‘Part 2’ companion paper.44

4. Results

Considering the purpose of this study, model results were an-
alyzed in terms of the development of irreversible deformations
along the slope, as well as the redistribution of the stress–strain
field within the model domain. With reference to the theoretical
background presented in Section 3.2, plastic deformation defines
the irreversible part of the strain tensor, highlighting areas where
gravitational instabilities preferentially develop. The magnitude
and distribution of shear plastic strains are analyzed below.

Introducing the elasto-plastic mechanical properties detected
with laboratory tests and shown in Table 1 (Step 1, discussed in
Section 3.3), it was possible to simulate the stress–strain state
along the model domain, brought about by gravity and 3D topo-
graphical constraints (Fig. 3a–c).

It can be observed that zones of high deformation develop in
the eastern portion of the model and on its southern border. Fo-
cusing on the magnitude and distribution of shear plastic strain,
two main clusters of large deformation were identified. The first
one, corresponding to the Confinale valley, extends from the
bottom of the Frodolfo valley up to an elevation of 2000 m.a.s.l..

The maximum shear plastic strain values detected lie in the
range between 0.03 and 0.04%. The second cluster of large de-
formation is located along the principal Frodolfo valley, with a
main concentration of strains on the southern limit of the model
(Fig. 3b).

To validate the model and relate simulation outputs to the
gravitational processes that affect the study area, a comparison
between model outputs and geomorphological observations was
performed. Hence, the satellite image of the study area50 was
verlaid to the model domain, by matching each pixel of the
mage to the model coordinates. As shown in Fig. 2d, a good
orrelation was observed between the location of the simulated
rreversible deformation zones and the gravitational instability
vents, affecting the modeled area (Ruinon and Gembresca land-
lide). Moreover, analyzing the 2D cross sections taken along
he model domain (Fig. 3), the geometries of the landslide bod-
es (Fig. 1c) were reproduced with a good qualitative accuracy.
ross-Section A in Fig. 3e explores the evolution of the Gem-
resca landslide, which has been documented to involve only a
hallow and limited portion of the slope,53 as correctly simu-
ated by the model. Concerning the Ruinon landslide, geomorpho-
ogical and geomechanical observations carried out by previous
uthors52,53,55 highlighted a composite slip surface at about 80 m
epth, and an upper scarp of the landslide body at about 2100 m
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Fig. 3. (a–c) Results of the stress–strain analysis in dry conditions. (d) Model validation by overlying shear plastic strains with satellite images of the study area.50
e–f) Section of the model representing plastic shear deformation along the landslide bodies.
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.s.l (Fig. 1). The cross-section B of Fig. 3f, cuts the slope along
he Ruinon landslide body, following its sliding direction. In this
ross-section, it can be observed that the maximum irreversible
eformations are simulated in the shallowest portion of the slope
nd become zero at a depth greater than 150 m. Considering these
bservations, in both 2D and 3D space, the model adequately sim-
lates the gravitational evolution of the slope, and the observed
olumes of the sliding masses are comparable with the simulation
esults. After model validation, different mesh sizes were tested
o identify the best configuration, in terms of computational cost
nd accuracy of results. Mesh sizes of 100, 150, 200, and 250
eters were tested (Fig. 4).
 m

7

It may be observed that the distribution of plastic strains is
onsistent in all mesh configurations (Fig. 4), where the two main
lusters of irreversible deformation discussed earlier during the
alidation process are maintained. However, with a finer mesh,
he geometries of the landslide bodies are better defined. In
ddition, adopting mesh sizes of 100 or 150 m the presence of
eformation along the valley bottom is well reproduced. With
mesh size of 100 m, the model simulation ends after 1000 s
sing a standard desktop multicore workstation. By increasing the
esh size, the computation time is significantly reduced, while

he limits of high deformation bodies become less defined. The
esh size of 250 m is not sufficient to simulate the gravitational
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Fig. 4. Distribution of plastic shear strains resulted by considering different computational mesh sizes.
instabilities affecting the model domain, exhibiting a very poor
definition due to the large grid size. Computation times are re-
duced to 20 s for the 200 m mesh, and to 15 s for the 250 m
mesh. Considering the good consistency of the outputs held by
the models with different mesh sizes, it was deemed appropriate
to continue the analysis with the 200 m grid, on which the vali-
dation process was performed. In this way, computational times
could be kept low, even considering the subsequent introduction
of the hydro-mechanical coupling, likely to lead to a substantial
increase in simulation time.

Further, a parametric analysis was performed (Step 2), to ex-
plore the relation between cohesion values and the development
of plastic strains (Fig. 5). Decreasing cohesion from 1 MPa to
0.25 MPa, led to a considerable increase in the development of
plastic deformation. However, it can be observed that even if
shear plastic strains increase in magnitude, neither the extent
of areas affected by irreversible deformation, nor the location
of the two clusters of high strains identified during the model
validation step (Fig. 4), change significantly. To analyze the trend
in strain magnitude with the evolution of mechanical parameters,
a vertical profile was defined, in correspondence of the Ruinon
landslide body and three reference points A, B, C (see Fig. 3)

were monitored: Point ‘‘A’’ is located on the slope surface, Point

8

‘‘B’’ inside the landslide body (40 meters depth), and Point ‘‘C’’
at a depth of 150 meters (i.e. below the slip surface detected
by geotechnical site investigations). As shown in Fig. 5e, a loga-
rithmic relationship could be identified between cohesion values
and normalized shear strain magnitude values (defined as the
ratio of the measured value to the maximum simulated one) at
all the three monitoring points (A, B, and C): starting from low
strain values (0.001 to 0.003%) at 1 MPa of cohesion (quite stable
conditions of the slope), large strain values (0.05 to 0.06%) were
obtained at a cohesion of 0.25 MPa.

The two most shallow points A and B (orange and blue lines
in Fig. 5e) exhibited a similar behavior with curves that follow
the same evolutionary trend. On the other hand, the deeper point
at 150 m depth (gray line in Fig. 5e) showed a more stable
behavior, even at very low cohesion values (0.25 to 0.5 MPa).
This trend is consistent with the geomechanical evolution of
the slope reconstructed from site investigations, suggesting the
slope to be stable at depths greater than 100 meters (below the
sliding surface, located at 70–90 m depth). In Step 3 of numerical
modeling, hydrogeological factors were introduced, considering
the three different water level scenarios defined in Section 3.3.
A clear correlation was shown between the piezometric sur-

face level and the evolution of plastic deformation, with effects
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Fig. 5. (a–d) Distribution of plastic shear strains obtained from parametric analysis by introducing different values of mechanical parameters. (e) Evolution of plastic
strain values (y-axis) as cohesion decreases (x-axis); a logarithmic equation is written for each case near the corresponding curve.
comparable to those induced by the mechanical degradation pro-
cess (Fig. 6). Furthermore, a linear dependence between effective
shear stresses and pore pressure was observed (i.e., at constant
depth, as pore pressures increase, the effective shear stresses
decay, according to a linear relationship).
9

Comparing the ‘‘dry-model’’ with the ‘‘scenario-I drained-

model’’ (Section 3.3) results, an increase in strain values was

observed. As the piezometric level increases, the magnitude of

plastic deformation increases, while the areal distribution of
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Fig. 6. (a-d) Distribution of plastic shear strains obtained from hydromechanical analysis by introducing different scenarios of groundwater level. (e) Evolution of
plastic strain values (y axis) at different ground water level scenarios (x axis); a polynomial relation is highlighted.

10
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zones under irreversible deformation remains the same. How-
ever, the rising water level also induces the development of
plastic strains along the main valley floor, as a result of the
increase in pore pressures at the bottom of both valley flanks.
Analyzing the monitoring points A, B, C along the Ruinon land-
slide body (Fig. 3), a polynomial (parabolic) relation was detected
between the magnitude of plastic shear strains and the simu-
lated trend of the piezometric level (Fig. 6e). The introduction
of pore pressures (transition between dry model and ‘‘scenario-
I drained-model’’) generates a sudden increase in strain values
(as an example, the normalized strain values recorded at point
A in Fig. 6 increased from 0.3 to 0.7), while the subsequent
progressive rising of the water table causes only a limited strain
growth (at the same point, normalized strain values increased
from 0.7 to 0.9). In general, it can be observed that the effects of
mechanical degradation and changes in pore pressure are similar.
However, decreasing the cohesion has a greater influence on
strain rates than increasing the pore pressure. Overall, a good
correspondence with the observed geotechnical evolution of the
slope is also maintained in the hydro-mechanical analysis, with
higher plastic strain (normalized values between 0.5 and 0.9,
Fig. 6e) in correspondence of the shallower points and greater
stability (normalized values between 0.2 and 0.5, Fig. 6e) at the
deepest one.

5. Discussion and conclusions

Analysis and understanding of slope instability processes is
rucial for landslide forecasting, risk mitigation, and infrastruc-
ure protection efforts.63,64 To account for the physical process
f landslide initiation and simulate slope stress–strain evolution
nder different external loads, numerical methods are widely
mployed. In this work, a numerical 3D FEM model was de-
eloped for an Alpine slope, exhibiting gravitational instability.
he main goal of this work was to assess landslide-prone ar-
as within a large domain by analyzing the physical processes
ehind the slope instability initiation. The model employed in
his study assumes a homogeneous and isotropic material, and
o slip surfaces were established a priori. From morphological
ata and laboratory test results, a simple mechanical model was
efined using a standard elasto-plastic constitutive law. In a first
tep of the analysis, a static simulation was performed under dry
onditions. Then, mechanical and hydromechanical parametric
nalyses were performed, exploring different mechanical and
ydrogeological scenarios. Numerical results are shown to accu-
ately reproduce the extent of the areas that are most prone to
ravitational instabilities: overlapping satellite images with the
odel outputs, a good correspondence between areas of simu-

ated irreversible deformation, and the location of gravitational
nstability phenomena was verified.

Then, two parametric analyses allowed us to explore different
tress–strain evolution scenarios. In both cases, a clear correlation
etween input factors and the magnitude of strain has been
hown, while the spatial distribution of irreversible deformations
oes not significantly change.
The main advantage of this approach is the ability to simu-

ate gravitational instability processes without needing a large
mount of input data. The crucial input information is the topo-
raphical surface, the mechanical strength parameters (such as
ohesion and friction angle) and the depth of the groundwater
able. Concerning mechanical data, it has been demonstrated that
ecreasing values of cohesion (from 1 to 0.25 MPa) result in an
ncrease in the magnitude of strains (0.001 to 0.06%), without a
ignificant change in the distribution of unstable zones. There-
ore for other case studies, in the absence of measured data,
epresentative mechanical values estimated from the literature
11
may be sufficient to identify the areas most prone to instability.
Then, different scenarios of mechanical evolution can be easily
accounted for, through a parametric analysis. The same concept
can be also applied to the pore pressure distribution, since it has
been shown that the mean depth of the water table is sufficient to
identify most active areas. Also, for the latter factor, different sce-
narios of pore pressure evolution can be easily explored through
a hydromechanical analysis.

The possibility of accounting for the evolution over time of
driving factors, such as morphology, mechanical parameters, and
climate-related variables, among others, and the inclusion of a
3D topography is an advantage over statistical and LE-based
methods. Because of its physically based structure, with this
model it is possible to dynamically incorporate the evolution of
landslide controlling factors over time, and assess the potential
development of high landslide susceptibility zones.

Moreover, the results of this work show that numerical meth-
ods can be a potentially powerful tool to analyze slopes’ evolu-
tion, even when in situ and satellite areal monitoring data are
not available. In fact, in some regions, the analysis of satellite
data is very difficult, due to the unfavorable orientation of the
slopes with respect to the satellite orbits, or to the presence of
very steep valley flanks covered by vegetation. In these cases,
slope deformation data over time are not available. A physics-
based approach, such as the one presented in this paper, can
overcome this problem by identifying active zones and evaluating
slope evolution scenarios, representing a valuable support tool for
landslide risk forecasting and mitigation. In addition, this method
can be useful in defining the priority and the design of landslide
monitoring systems, since it allows the detection of the areas
most prone to gravitational instabilities, where planning efforts
need to be focused. This applies not only to current slope con-
ditions, but also to different (future) mechanical or hydrological
scenarios, allowing monitoring actions to be planned over time.

In this work, a homogeneous and isotropic model was adopted
that does not include lithologic variations or the presence of
significant geologic features such as faults or thrusts. This as-
sumption is considered valid as the simulated domain is litho-
logically homogeneous (Fig. 1b, Section 2), but it may constitute
an oversimplification for other case studies. Numerical stress–
strain models still find applicability, even in complex geologic
settings,42 leading, however, to much higher computational costs,
especially for large modeled regions, thus making it unsuitable
for practitioners’ calculations. In some cases, with high complex-
ity (being typical in Alpine environments), this may represent
a limitation and the method may find little applicability. One
solution may be represented by the ability to perform different
parametric analyses, allowing the exploration of the presence
of various geologic features, by simply varying the mechanical
properties set on the different units of the model domain.

Focusing on the Ruinon landslide body, in addition to correctly
identifying the unstable area, the presented analysis allowed us
to calculate the stress state along its sliding surface: the basal
mean shear stresses detected at a depth of about 80 m varies
between 0.1 and 0.5 MPa, depending on the groundwater level.
These values will be used as input factors in the development
of a 1D thermo-hydro-mechanical model of the landslide, that
will allow us to simulate the behavior and the evolution of the
Ruinon landslide through a physics-based approach (see ‘Part
2’ companion paper44). A linear dependency between the pore
pressure and the effective shear stresses has been also detected
with the FEM analysis (Section 4). This will allow, as a first
approximation, to use a simple linear equation to calculate the
stress state along the slip surface of the landslide, depending only
on the depth of the water table.

Therefore, this work represents a first step toward the defi-
nition of a multi-approach analysis, in which different methods
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converge toward the definition of a physics-based criterion, that
allows the evaluation of landslide scenarios, starting from their
geometric and stress–strain assessment (FEM analysis, discussed
in this work), toward the simulation of their velocities and their
stability over time (1D THM mathematical modeling44).
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