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a b s t r a c t

This paper is Part 2 of two companion papers, proposing a multidisciplinary approach to assess stability
and velocity evolution of a large landslide located in the Central Italian Alps (upper Valtellina region):
the Ruinon landslide. Part 1 of this work presented a 3D stress–strain finite element analysis, which
assessed the morphological and geomechanical predisposition of the slope to gravitational instabilities
and defined the current stress state along the slope. In this paper, a thermo-hydro-mechanical (THM)
numerical analysis is applied to the landslide shear zone, to assess the link between landslide driving
factors and the shear band material response. Data used as input for the model were pore pressure,
reference stresses and initial temperature at the sliding surface, as well as the monitored velocity
of the landslide body, assumed to move as a rigid block. The shear band material was modeled as
a visco-plastic medium with thermal softening and velocity hardening, thus thermal- and load-rate
sensitivity of the material were estimated through laboratory testing. To this end, triaxial compression
tests with thermal control were performed on rock samples representative of the shear band. To
constrain the model, results of the analysis presented in Part 1 were used to define the stress state at
the sliding surface and the relationship between pore pressure and shear stresses. Then, pore pressure
data from in-situ piezometers relevant to the period 2014–2018 were introduced and a best fitting
between modeled and monitored landslide velocities was obtained. Finally, velocities were forecasted
for the period 2018–2020 and a process of validation was performed using field displacement data.
The outputs of the model adequately simulate the measured landslide velocity, reproducing the sliding
behavior and its relationship with pore pressure. The presented approach may be applied to further
case studies, aimed at defining a novel physics based early warning strategy for landslides.

© 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/).
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1. Introduction

Large slope instability processes are the result of a complex
nteraction among different geological, geomorphological, and
limatic factors. Their evolution can lead to catastrophic events
i.e., slope collapse) with a great impact on human activities,
ausing destruction and loss of life. Even if a slope collapse is
ot achieved, episodic acceleration of large landslides can cause
nfrastructure damage and lead to secondary gravitational events
uch as rockfalls and debris flows. Because of their great socio-
conomic impact, in the last decades, several studies have been
eveloped to understand their causes, behavior, and create tools
o predict their evolution over time and space.

Analytical, statistical, and numerical methods have been de-
loyed to understand the long-term evolution of such natural
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352-3808/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a
processes, predicting stability, future displacements, and poten-
tial catastrophic scenarios. Some authors (e.g.,1–6) have focused
n the evolution of mobilizing stresses (i.e., climatic, seismic and
nthropic factors) and their interaction with internal resisting
orces through the concept of limit equilibrium, leading to the
alculation of slope’s factor of safety. However, this approach
oes not allow to calculate the displacement evolution, and has
imited validity in a three-dimensional time-dependent system.
his concept was progressively replaced with real-time deforma-
ion assessment tools, firstly suggested by Saito 1965 and Saito
9697,8 and generalized by Voight 1988.9 These tools are based
n the definition of the landslide collapse time, by calculating the
nverse of the measured velocity: when the inverse of velocity
eaches zero (i.e., displacement tends to infinity), the landslide
ccelerates catastrophically, representing slope failure.10,11 While
hese methods are effective for the development of real time early
arning systems, they are not able to forecast the activation of
he slope movement and displacement, as they neither include
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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physical nor geometrical factors (e.g., material properties and
landslide geometries).

In this context, stress–strain models can be developed to
nalyze the relationship between external (e.g., climate, seismic
vents, human activities) and internal factors (e.g., mechani-
al properties, slope morphology). They are able to reproduce
ite-specific conditions, allowing to evaluate landslide initiation
echanisms and simulate the induced displacement field.12–18
tress–strain models are usually focused on analyzing the mech-
nisms of initial onset of failure and their topographic, geological
nd climatic control.19–21
The time-dependent evolution of large landslides is usually

ccounted for, by introducing a creep behavior of the slope.22,23
he typical creep deformation curve consists of three distinct
tages in a strain-time diagram: (i) primary or transient creep,
ii) secondary or steady-state creep, (iii) tertiary or accelerat-
ng creep. Following the initial stage with high strain rates,
lip continues at a sustained long-term steady rate, due to the
volution of drainage conditions, thermal softening, and a rate-
trengthening slip behavior of the shear zone.24 For higher shear
tresses, the development of microcracks and cavities leads to
ncreased porosity and reduced effective contact area between
aterial components, resulting in higher strain rates. When in-
reased pore pressure reduces the effective stress, causing further
oss of shear strength, accelerated creep can occur, leading to
atastrophic failure.
In recent years, several authors focused on the time-dependent

ehavior of landslide shear band materials.25–29 Understanding
he behavior of the sliding surface and its response during slip,
s, in fact, key to analyze and predict the failure mechanisms of
eep-seated landslides. Veveakis et al. 200730 developed a model
pplied to the Vajont landslide, that accounts for heat production
ue to sliding friction in the shear band, relating the creeping
otion to a thermally self-driven transient process. This creep-

ng phase can be followed by progressive heating localization
ithin the shear band that eventually triggers a catastrophic
ressurization phase. Cecinato and Zervos 201231 proposed a gen-
ralized constitutive model accounting for heat generation and
iffusion, pore pressure generation and dissipation, and thermal
ependence of shear band materials, suitable to capture the final
ollapse dynamic evolution of large-scale landslides occurring in
coherent fashion. De Blasio and Medici 201732 studied the ma-
erial response of the shear band due to friction and temperature
ncrease related to acceleration steps of a sliding mass.

Considering all the above evidence, Seguí et al. 202033 pro-
ided a time-dependent assessment tool for large deep-seated
andslides, combining internal and external factors acting on their
liding surface. This model assumes that the landslide body may
e represented by a rigid block sliding on a thin visco-plastic
hear band, undergoing thermal softening and velocity hardening.
hen the landslide moves, mechanical dissipation, due to fric-

ion, raises the basal temperature, while the shearing resistance
f the shear-band material is reduced. This process can continue
p to the point that when the shear strength decreases uncon-
rollably, due to a thermal runaway instability,34 considering the
istory of external loading conditions that weakens the shearing
esistance of the sliding surface. Based on a number of exper-
mental studies conducted on clayey material,35 that showed a
ependence of mechanical properties on temperature36,37 and
oading rate,38,39 Seguí and Veveakis 202135 performed further
aboratory tests on landslide shear band materials, demonstrating
heir thermal and loading rate sensitivity, also constraining the
odel assumptions.
In this work, the 1D thermo-poro-mechanical mathematical

odel proposed by Seguí et al. 202033 and Seguì 202040 is applied
o the Ruinon landslide, located in the Central Italian Alps (upper
2

altellina region). Ruinon represents one of the most active cases
n the Alpine region, with a main sliding surface located at a depth
f 70–90 m, for a total estimated volume of the sliding mass
f about 20 Mm3.41–43 The aim of this study is to implement a
hysically based model, that will allow to forecast the stability
nd the velocity evolution of the landslide, by providing critical
alues for measurable variables (i.e., groundwater level). This
tudy explores the capabilities of an innovative tool for analyzing
he landslide evolution, which accounts for thermal and velocity
ensitivities of the shear band material, as well as the effect
f pore pressure, in promoting the evolution of different creep
tages.
The present work represents ‘Part 2’ of an analysis introduced

n a companion paper, Morcioni et al. 2023,44 where a numerical
inite Element Model (FEM) was defined to simulate the current
tress–strain state of the Ruinon slope. The results of the FEM
odeling will be used to define the stress state at the slip surface
f the landslide, as well as the distribution of pore pressures.
The paper is structured as follows. First, the Ruinon landslide is

escribed focusing on the main geological features and its driving
actors. Then, based on collected data from the landslide monitor-
ng system and laboratory tests conducted on rock samples, the
mplementation of a thermo-poro-mechanical model is described.
ext, a process of calibration is performed using data relevant to
he period 2014–2018, followed by a validation analysis regarding
he 2018–2020 period. Results from the numerical analyses are
inally presented focusing on the simulated strain and velocity
volution of the landslide.

. Ruinon landslide

The Ruinon landslide is located in the Upper Valtellina region
Central Italian Alps), between the villages of Bormio and Santa
aterina Valfurva, on the right flank of the Frodolfo Valley (Fig. 1).
his landslide is considered one of the most active cases in the
lpine region, with a main sliding surface located at a depth
f approximately 70–90 m, for a total estimated volume of the
liding mass of 20 Mm3.41–43 The main active body extends at
levations between 1600 and 2100 m a.s.l., and is located at
he toe of a deep-seated gravitational slope deformation (Saline
SGSD), which affects the entire slope up to its top at 3000 m
.s.l.19,45 Two different landslide scarps identify the main active
ody: the so-called ‘‘high niche’’, which develops between about
050 and 2100 m a.s.l., and the ‘‘low niche’’, located at 1900–
950 m a.s.l. (Fig. 1); the two rock scarps have considerable
eights, of the order of tens of meters. Direct geological investi-
ations conducted by the authors of this work confirm the main
eomorphological features noted by previous studies19: above the
andslide body, traction trenches, tensile fractures, scarps and
tructural depressions approximately parallel to the main val-
ey axis (predominantly in the WNW-ESE direction) are present,
ndicating a strong gravitational activity of the slope (Fig. 1).

The geological framework is related to the Austroalpine Nappe
rrangement composed by a crystalline basement of the Pre-
ermian age. Along the slope, the ‘‘Bormio Phillites’’, a metapelitic
nit belonging to the Campo nappe outcrops (Fig. 1), with a per-
asive millimetric schistosity and mylonitic texture.46,47 The out-
ropping rock masses are highly fractured and strongly deformed
ith isoclinal and minor transposed folds recording a polyphase
ectonic and metamorphic evolution during the Varisican and
lpine orogenies.48–50 The Ruinon slope is affected by brittle
ectonic activity, as shown by the presence of faults, generally
ub vertical or steeply inclined, connected to recent distension
rocesses. Three main systems of brittle structures with ENE-
SW, NNE-SSW, and NE-SW directions are present (Fig. 1). In
articular, the last one (NE-SW) outcrops along the main axis of
he landslide body.
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Fig. 1. Geological settings of the Ruinon landslide.
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Due to the intense gravitational activity and surface weath-
ring processes, the active landslide body consists of strongly
isoriented phyllite boulders of the size of meters to decameters
n diameters, embedded in a silty matrix. A large deposit of debris
overs the entire slope, down to the bottom of the valley.
Geotechnical and seismic surveys allowed to define the na-

ure of the rock-mass below the landslide deposit, showing a
ithological uniformity with extremely fractured phyllites lying on
ndisturbed phyllites. Boreholes drilled in 1988–1989, identified
deep shear zone of gravitational origin characterized by up to 2
eters thick layers of cataclastic granular material and a highly
eathered silty matrix. They were defined by a sudden drop of
he RQD (Rock Quality Designation) index, with values tending
owards zero within the undisturbed phyllites body.42 The in-
tallation of inclinometers allowed to highlight the presence of
econdary composite surfaces affecting the debris cover. How-
ver, many uncertainties remain with regards to the deep pattern
f deformation since inclinometers have been sheared off quickly
fter installation, due to the high activity of the shallower debris.
he presence of multiple weak layers, highlight that significant
nternal differential movements could exist from the sliding base
p to the surface.
The slope exhibits a complex hydrogeological setting governed

y the presence of the Confinale stream, flowing on the left
lank of the landslide body. The presence of multiple traction ele-
ents, such as morphological depressions and sinkholes, promote
urface water infiltration upstream of the main landslide body
Fig. 1). In addition, sub-vertical faults along both the Confinale
tream and the landslide body, could significantly affect deep
ater circulation. Previous authors recognized the presence of an
quifer located within the landslide body due to the high per-
eability material (debris and highly disarticulated rock masses)

aying over a silty low-permeability layer, corresponding to the
3

sliding surface. However, groundwater circulation and aquifer
recharge system are not well understood yet. Downstream of the
lower niche, two spring alignments at 1850 and 1750 m a.s.l.
are present (Fig. 1). Their location could be connected to the
emergence of the slip surface.

By previous studies41–43,51,52 it has been recognized that pore
ater pressures highly influence the activity of the landslide.
nalysis of displacement-time and velocity–time behavior showed
mpulsive landslide acceleration events when the piezometric
evel rises, which are superimposed on slow and constant slope
ovements. A key role of rainfall and snowmelt as an accelerating

actor for the landslide has been observed41 with accelerations
rimarily occurring in late spring to summer.

.1. Landslide evolution

Even if the local name ‘‘Ruinon’’ (meaning ruined slope) re-
eals a persistent instability of the slope, no gravitational events
n the area were reported before 1960. The landslide has been
howing intense activity since 1981, and it experienced a major
cceleration in 1987–1988 due to heavy rainfall that affected the
ntire region (Valtellina floods). In 1984, following the occurrence
f debris flows, the first geological investigations were carried
ut, and in 1997, after severe rockfalls, an in-situ monitoring
etwork was installed.
Slope hazards related to the evolution of the landslide threaten

he national road SS300, that runs through the valley bottom con-
ecting the villages of Bormio and Santa Caterina Valfurva. A ma-
or risk is that a general collapse could obstruct the Frodolfo River,
reating an unstable dam that would be potentially hazardous for
illages along the valley. In June 1998, a debris flow interrupted
he national road, and a monitoring system was implemented
see Section 2.2) and upgraded to an automated mode.



A. Morcioni, T. Apuani, F. Cecinato et al. Geomechanics for Energy and the Environment 36 (2023) 100494

l
o
l
b
a
d
o
f
y
a
2
p
r
a
g
F
a
a

2

i
c
o
t
s
a
o
e
a
T
C
A
p
(
c

u
(
1
I
c
i
s

t
t
e
b
c

Between spring 2014 and fall 2016, accelerated displacements
ed to frequent road closures because of a possible progression
f the sliding mass downslope of the lower scarp. In June 2019,
andslide velocities increased to much higher values than ever
efore, reaching more than 1 m/day for 5 months.52 Although
failure of the rockslide still did not occur, a great amount of
ebris moved downstream reaching the valley floor. A rock block
f about 90 m3 rolled down, damaging the national road, and
orcing its prolonged closure. The most active areas in recent
ears have been the central and western parts of the lower body,
nd new scarps developed in the northwest portion. After the
019 events, important actions concerning the improvement of
assive structures to protect the National Road and reduce the
isk of flooding, in case of collapse, have been carried out. In
ddition, the monitoring system has been reinforced, and new
eological surveys have been carried out for the construction of a
rodolfo River by-pass tunnel. In the last few years, the catchment
nd removal of water from the Confinale stream, combined with
dry period, led to a gradual stabilization of the landslide.

.2. Monitoring system and previous studies

Currently, the area affected by the Ruinon Landslide is mon-
tored by both, shallow and deep instrumentation, mainly lo-
ated in the area of the two niches and upstream of the higher
ne. The monitoring network includes 5 piezometers, extensome-
ers, inclinometers (Fig. 1), and a ground-based interferometric
ynthetic aperture radar (GBInSAR – Fig. 2). The presence of
well-developed monitoring network provides a large amount
f data, and has allowed to carry out several studies on the
volution of the landslide, by analyzing the triggering factors,
nd leading to the development of an early-warning system.
he monitoring system is managed by the Geological Monitoring
enter (CMG in italian), belonging to the Sondrio Department of
RPA Lombardia, which has installed the instrumentation and
erforms periodic campaigns of surveys with manual equipment
dystometric, piezometric, GPS, and inclinometric measurement
ampaigns).
Initial studies were mainly focused on the definition of vol-

mes and materials involved in the gravitational phenomena
Section 2). Geological and geotechnical investigations began in
988. Up to date, 34 boreholes have been drilled along the slope.
nvestigations also included seismic-refraction surveys, geome-
hanical surveys, and mechanical laboratory tests (e.g., uniax-
al compression, direct shear tests) to analyze the elastic and
trength properties of the materials.
Agliardi et al. 200119 developed a conceptual model regarding

the kinematics, age, and state of activity of the Saline DSGSD.
Results showed that deformations started after the Late-Wurmian
age (15,000 ± 11,000 years B.P.) and continued until few cen-
turies ago, not excluding a present-day low-rate activity. Numer-
ical modeling indicates post-glacial distress as the main triggering
factor of the deep slope deformation.

Crosta and Agliardi 200341 applied the generalized method
proposed by Voight 1988, 1989,9,53 to assess the non-linear time-
dependent behavior of the Ruinon landslide towards failure, and
defining alert velocity thresholds using displacements monitoring
data.

The Ruinon landslide was picked as one of the first experi-
mental sites monitored by a GBInSAR system54,55 that was per-
manently installed in 200656 as a monitoring and early warning
tool (Fig. 2a). Ground-based satellite data from years 2006–2007
were analyzed by Del Ventisette et al. 2012,51 defining a relation
between displacements of the landslide body and the rainfall
regime. Crosta et al. 201743 analyzed 9 years of continuous moni-
toring activity (2006–2014), identifying ‘‘early warning domains’’
4

within the landslide body, defined by homogeneous materials,
sliding mechanisms and response to rainfall inputs. For each
landslide domain, displacement rates and rainfall thresholds were
defined. Carlà et al. 202152 reviewed more than a decade of
GBInSAR data, analyzing the evolution of the slope in both space
and time. Starting from displacement data, the thickness of the
rapidly moving layer of debris was assessed. The results of the
FEM performed by the authors, suggested that the debris cover
downslope of the lower scarp is near the limit equilibrium, even
in the absence of external forcing, whereas the onset of move-
ments in the upper area are predominantly governed by abrupt
rises of piezometric levels. Despite the variability of materials,
morphology and activity, every sector of the slope seems to be
related to the same driving mechanism. Currently, the GBInSAR
consists of 45 target points located along the landslide body,
whose distance to the radar instrument is measured continuously
with an interval depending on the state of the landslide activity.

Fig. 2b shows the cumulative displacement values of the
2014–2020 period, recorded from four different monitoring points
of the GBInSAR system. A continuous deformation of the landslide
body, typical of a secondary creep behavior, is quite evident
(Fig. 2). Moreover, a seasonal component can also be noted,
with a significant increase in deformation rates during the late
spring to summer period, in correspondence with substantial
rainfall and snowmelt. Two episodes of landslide acceleration
are well noticeable during the years of 2016 and 2019, causing
rapid shallow gravitational events, as discussed in Section 2.2. By
relating the landslide velocity to the trend of groundwater level
recorded by the piezometer located close to the landslide body
(PZ4), a correlation between pore pressures and the strain rate is
apparent (Fig. 2c).

3. Methodology

In this work, a thermo-poro-mechanical model with a 1D
approach was developed, and a constitutive equation was im-
plemented to link the pore pressure evolution with the landslide
internal response.

The presented model assumes that most of the landslide de-
formation is concentrated on a basal shear band, representing the
sliding surface: the landslide body is considered as a rigid block
sliding on a thin visco-plastic shear band that exhibits thermal
softening and velocity hardening. When the landslide accelerates,
mechanical dissipation occurs due to friction, which raises the
basal temperature and reduces the shearing resistance of the
shear-band material. This process can continue up to the point
when the friction coefficient decreases uncontrollably due to a
thermal runaway instability.30,33 The system is thus forced to
become unstable, even when reducing the external driving factors
(i.e., decreasing of the groundwater table), as it was shown to
occur in the case of the Vajont landslide.57,58

The mathematical model and the constitutive equations used
to forecast the behavior of this type of landslides were, first,
proposed by Vardoulakis 2002b,59 and further developed, among
others, by Veveakis et al. 2007,30 Cecinato et al. 201131 and Seguì
et al. 2020.33 The model was applied to the Vajont landslide
(Italy) and to the Shuping landslide (Three Gorges Dam, China),
to back analyze their stability and velocity evolution,33 and to
he El Forn Landslide (Andorra) as an early warning tool.35 In
he following sections, the mathematical formulation (already
xtensively described in Seguì et al. 202032 and Seguì 202040) is
riefly recalled and the application of the model to the Ruinon
ase history is presented.
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Fig. 2. (a) Location of the target points of the GBInSAR monitoring system; target points analyzed in this work are highlighted with different colors (see the legend).
(b) Cumulative displacements and rainfall recorded at the Confinale station (location in Fig. 1). (c) Velocity of the landslide body (E15 point) and evolution of the
pore pressure calculated at the sliding surface, based on data collected by piezometer PZ4 (see Section 3.3).
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3.1. Mathematical model

Starting from momentum, mass, and energy balance laws, and
y assuming that the landslide shear band is fully saturated,
ithout advection and volumetric changes (εV = εzz = 0),
he governing equation describing temperature generation and
iffusion within the sliding surface can be defined as:

∂T
∂t

= α
∂2T
∂Z2 +

(
τdγ̇

ρCP

)
(1)

Where α = K/ρCP is the thermal diffusivity, ρ is is the density, CP
is the specific heat capacity, K is the thermal conductivity of the
shear band material, τd is the shear stress acting on the sliding
surface, γ̇ is the shear strain rate, and T is temperature.

In Eq. (1), a constitutive response for the irreversible part
of the strain-rate needs to be introduced. This is obtained by
considering the sliding material to be visco-plastic, exhibiting
a thermal and rate sensitivity behavior, following the work of
Vardoulakis 2002a29 and Veveakis et al. 2007.30 By assuming
velocity hardening (the shear strength increases as the shearing
velocity increases) and thermal softening (when the temperature
increases, the shear strength of the material decreases) the con-
stitutive law for the shearing material can be described by the
following expression:

γ̇ = γ̇ref

(
τd

τref

)1/N

em(T−T0) (2)

Where γ̇ref is the reference shear strain-rate, τref is the reference
hear stress, N is the frictional rate-sensitivity coefficient, m is
the ratio of the temperature sensitivity coefficient (M) over the
strain-rate sensitivity coefficient (N), T is the temperature in the
shear band, and T0 is a reference temperature. Therefore, Eq. (1)
can be written as:

∂T
= α

∂2T
2 +

(
τd

)
γ̇ref

(
τd

)1/N

em(T−T0) (3)

∂t ∂Z ρCP τref

5

q. (3) can be reduced to a dimensionless equation by considering
he following dimensionless parameters:

z∗
= z/(0.5 ∗ z)

t∗ = (km/ (0.5 ∗ ds)2) ∗ t
T ∗

= m (T − T0)

Where, ds is the thickness of the active shear band. Eq. (3) in
dimensionless form, becomes:

∂T ∗

∂t∗
=

∂2T ∗

∂Z∗2 + GreT
∗

(4)

where Gr is the Gruntfest number,34 defined as:

Gr = G0

(
1 +

Pf
Pf 0

)1+ 1
N

(5)

With:

G0 = m
γ̇ref

αρCP

ds2

4
τd,ref (6)

where Pf the groundwater pressure and Pf 0 the reference pres-
sure.

The Gruntfest number is a dimensionless parameter that could
be considered to act as a link between the external loading con-
ditions and the internal response of the material, since it evolves
with the pore water pressure (Eq. (5)), and consequently with
time. As shown by Eq. (4), it should be noted that the system
depends on a single parameter, Gr, that expresses the ratio of
the mechanical work converted into heat over the heat diffusion
capabilities of the material. Following the discussion presented
in Seguí et al. 2020,33 the stability assessment of the system
can be performed by computing the steady-state response of the
dimensionless temperature as a function of the Gruntfest number,
through a numerical bifurcation analysis. If the combination of
pore pressure (and consequently shear stresses), Gruntfest num-
ber and temperature is such that the state of the system remains
within the area of stability (green area in Fig. 3), the system has
the capacity to diffuse away the heat generated inside the shear
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Fig. 3. Representation of the steady-state curve and area of stability of the
dimensionless temperature as a function of the Gruntfest number. The value
of critical Grunfest is also highlighted in red. A full mathematical discussion can
be found in Refs. 30, 33, 34, 60.

band due to friction and maintain a stable, slow creeping. As soon
as the shear stress or temperature lead Gr to increase above the
ritical value (Grc), or the (Gr, T ) combination to lie outside the
rea of stability, the system is entering a quasi-adiabatic regime,
here the heat generated due to friction cannot be diffused away,
ausing abrupt increase of the temperature leading to a so-called
hermal runaway process.34

Once the temperature is calculated by solving Eq. (4), the next
tep is to determine the velocity, V, and cumulative displacement,
, of the landslide. This is achieved in our model by integrating
he strain rate over space and time. For the velocity:

=

∫ ds/2

−ds/2
γ̇ dz = V0

∫ 1

0

(
Pf
Pf 0

)1/N

eT
∗

dz∗ (7)

here V0 is the reference velocity of the slope, which can be
alculated from the slope displacement data detected outside the
ain landslide body.
Based on the above presented mathematical formulation, the

nput data required by the model are the pore pressure, reference
tress and velocity, as well as the initial temperature at the shear
and and its thickness. In addition, to define the constitutive
arameters of the shear band (modeled as a visco-plastic medium
ith thermal softening and velocity hardening, see Eq. (2)), ther-
al and load rate sensitivity of the material must be measured
r estimated, along with thermal diffusivity and density.

.2. Laboratory tests: thermal and load rate sensitivity

Experimental tests in a customized triaxial apparatus with
elocity and temperature control were performed to explore the
uinon material behavior and define thermal and load rate sen-
itivity parameters. Although representative values have been
uggested in the literature, they are material sensitive and can
nly be fully determined through laboratory testing at different
oading rates and temperatures. Because of the non-linear depen-
ence of Gr on thermal and load rate sensitivity, the model is
xtremely sensitive to small variations of their values (especially
or N).

The material tested in this framework, was sampled from the
ock cores of the boreholes drilled along the Ruinon slope. Since
o material is available from the shear band, as the boreholes
6

are located outside the main landslide body, intact rock samples
were collected at a depth of about 30 m from the locations closest
to the landslide. Geological surveys and stratigraphic analyses
have shown lithological homogeneity along the slope, and it is
therefore reasonable to assume that the material composing the
sliding surface is the same as the main landslide body, only with
a different degree of fracturing. From the collected material, 6
cylindrical specimens (38 mm diameter, 75 mm height) were
obtained (Fig. 4b). The rock material consists of phyllites with
light bands composed of sericite, chlorite and sometimes graphite
minerals and quartz bands. Quartz can also be present in veins or
lenses.42,46

The six available samples were divided into two groups of
three samples each, one to be tested for the load rate sensitivity
and one for the thermal sensitivity. Load-rate sensitivity tests
were conducted in a triaxial machine by applying a confining
pressure of 1 MPa and a strain-controlled axial load until the
specimen was led to a critical state or failure. Three different
loading rates were tested: 0.005, 0.1 and 0.2 mm/min.

Thermal sensitivity tests were carried out by keeping the con-
fining pressure and the loading rate at constant values of 1 MPa
and 0.1 mm/min, respectively. During the first step, samples were
heated to a specified temperature through a warming process
with 3 ◦C steps, inducing a rate of 1.5 ◦C per hour before letting
it equilibrate. Once the temperature had stabilized, the axial
load was increased while keeping the strain rate of 0.1 mm/min
constant, and the specimen was brought to failure (step 2). The
temperature of the sample was monitored with a thermal probe
less than 10 mm away from the sample, and the imposed tem-
perature was held constant until steady-state was achieved in the
specimen. Four different temperatures (20, 35, 50 and 80 ◦C) were
ested. By studying the relationship between deviatoric failure
tress, temperature (Fig. 4c), and loading velocity (Fig. 4d), the
hermal sensitivity (M = 0.006 ◦C−1) and load rate sensitivity
(N = 0.075) parameters were obtained. Regarding the results
of the rate sensitivity, a power interpolation fitting line was
obtained, suggesting a rate hardening behavior of the material.
The thermal sensitivity results show an exponential interpolation
line, suggesting a thermal softening behavior. These results are in
accordance with the analysis conducted by Seguì and Veveakis
202135 and Seguì 202040 on similar rock materials. Compared
ith literature values, the tested material showed moderate load
ate sensitivity and low thermal sensitivity, probably due to the
ature of the material with a poor clay mineral component.

.3. Model application to the ruinon landslide

Monitoring data presented in Section 2.2 (Fig. 2), showed a
arked correlation between landslide velocities and pore pres-
ure variations. In this section, the thermo-poro-mechanical math-
matical model, combined with the constitutive law calibrated
ith the laboratory test results (rate and thermal sensitivities), is
pplied to the Ruinon landslide.
The input data required by the model are represented by pore

ressure values at the sliding surface, together with the shear
and material properties. Hydraulic load values measured by the
iezometer located at the high niche of the landslide (Fig. 2a)
ere used to calculate the pore pressure values by the relation
f = gHρw (where g is the gravity acceleration, H the water
ead, and ρw the water density). From previous studies, in fact, it
an be assumed that the shallow aquifer (Fig. 2) located in the
liding mass is responsible for the development of pore water
ressures along the sliding surface. Considering the stratigraphic
og data, a slip surface of 80 meters depth was assumed, and pore
ressures were calculated in hydrostatic conditions considering
he piezometric head above the sliding surface (Fig. 5).
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Fig. 4. (a) Values of axial loads and temperature applied to the rock samples tested in a triaxial cell with a confinement pressure of 1 MPa. (b) Example of
sample tested in the triaxial cell. (c) Relation detected between deviatoric failure stress and axial loads. (d) Relation detected between deviatoric failure stress and
temperature.
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Fig. 5. Pore pressure data introduced as input factor for the analysis.

A reference temperature value of 10 ◦C was defined, which can
e considered a representative average annual value for the slope
t the considered sliding depths. This value agrees with the water
emperatures measured at the springs around the ‘‘low niche’’.
he thermal and mechanical parameters of the material derived
rom both laboratory tests (Section 3.2) and the literature, are
resented in Table 1.
Having constrained the above values, the remaining param-

ters required in the expression of Gr are the reference values
 r

7

of the loading stress, and the active shear band thickness, ds.
oth quantities cannot be easily determined from field data. To
onstrain the loading stress, results from the regional FEM stress–
train model presented in Morcioni et al. 202344 were introduced.
t a depth of about 80 m, the model indicates shear stresses in
range of 0.2–0.5 MPa that were used as reference values (τref ).

n addition, the results of 3D stress–strain modeling presented in
art 1 of this study,44 allowed us to assess the time-dependent
volution of the shear stress with piezometric level. Through
EM modeling, by comparing effective stress values for different
roundwater scenarios, a linear relationship was obtained. This
llowed, as a first approximation, to introduce a simple linear
quation to calculate the stress state along the slip surface of the
andslide, depending only on the depth of the groundwater table.

Concerning the thickness of the active shear band, an initial
alue of 0.1 m was assumed, based on stratigraphic and geological
ata (see Section 2). Then, the thermal sensitivity coefficient M
nd the reference values of the stress were used to infer the
hear thickness value through an inversion analysis,33 described
n Section 4. The modeling analysis was divided into two different
teps. In a first step defined ‘‘training step’’, the pore pressure
ata relevant to the years 2014–2018 were introduced as input
actors. This step allowed to calibrate the model, by comparing
he outputs of the model with the displacement and velocity data

ecorded by the landslide monitoring system. The normalized
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Table 1
Material parameters of the Ruinon shear band.

Parameter Value Detection method

Load rate sensitivity (N) 0.075 Laboratory test
Thermal sensitivity (M) 0.006 ◦C−1 Laboratory test
Thermal diffusivity (α) 6e−7 (m2/s) Cermak and Rybach 198261

Density (ρ) 2700 (Kg/m3) Griffini 200442

Heat capacity (CP ) 910 (J/Kg*K) Cermak and Rybach 198261

Thermal conductivity (K ) 1.5 (W/(m*K)) Cermak and Rybach 198261

Reference slope velocity (V0) 0.018 m/yr In-situ monitoring system
Reference stresses (τref ) 2e5 Pa Stress–strain modeling- Part1
Reference temperature (Tref ) 10 ◦C Assumption based on in-situ observations
Active shear band thickness (ds) 0.1 m Inversion analysis - calibration
Initial Gruntfest number (G0) 2e−5 Inversion analysis - calibration
field data were fitted by the model calculated velocity using the
time-dependent Gr number as an inversion parameter. Once the
odel was calibrated, defining G0 and ds, the second step of

he analysis involved the prediction of velocities by introducing
ore pressure values relevant to years 2018–2020. To validate
he model, calculated output velocities were compared to the
ormalized field data recorded by the GBInSAR system, which
rovided a sufficiently large dataset. Point E15 (Fig. 2) was taken
s a reference because: (i) the location of this station represents
he center of mass of the landslide, and (ii) it exhibits the largest
isplacements, which allows us to evaluate the slope stability
or the worst-case scenario. The choice of taking velocity data
ecorded at the slope surface as representative of the slope as-
umes the landslide mass to move as a rigid body with no change
n velocity from the shear band to the topographic surface, as
equired by the model. This may be seen as a strong assump-
ion and a limitation of the adopted approach, but it allows to
erform a conservative analysis. In fact, all risk protection and
itigation actions refer to surface velocity values of the landslide
ody, which typically exhibit a similar trend to the deep ones
ut with higher magnitudes. Thus, simulating surface velocities
llows us to directly plan risk protection and mitigation activities,
epresenting an advantage, especially considering the possibility
o forecast future landslide evolutions.

. Results

Model outputs were analyzed in terms of simulated veloc-
ty trends and Gruntfest number evolution, in relation to pore
ressure inputs and the associated curve of stability.
In a first step the model was calibrated, based on the compar-

son between modeled velocities and velocity data recorded by
he monitoring system in the period January 2014–January 2018.
ll parameters required by the model were calibrated by identi-
ying the best fitting between simulated and monitored landslide
elocity in the above stated period (Fig. 6a). In this phase, the
runtfest number was constrained by an inverse analysis: al-
hough all parameters that define Gr are known, an assumption
or G0 is necessary.

Different values of G0 were thus hypothesized, and a value of
e-5 was defined as the one providing the best velocity fitting
Fig. 6a). Moreover, the thickness of the shear band (ds) was
onstrained by solving Eq. (6) as a function of ds. Considering the
est-fit value of G0, Eq. (6) was applied to invert for the shear
and thickness (ds) and the driving background stress (τd,ref ).

Using a range of thermal sensitivity (M) values, different relations
between τd,ref and ds were obtained (Fig. 6b). Fixing the thermal
sensitivity by considering the results of laboratory tests (Sec-
tion 3.1), a value of ds could be defined in the plot by constraining
the reference shear stresses. A τ interval of 0.2–0.5 MPa acting
d,ref

8

on the sliding surface was defined based on results of the regional
FEM modeling, presented in Part 1 of this work.44 By evaluating
the relationship between all the factors introduced in the plot of
Fig. 6b, a shear band thickness of 0.1 meters was obtained.

Once calibrated, the model was validated over the years 2018–
2020, without changing the values defined in the calibration
step. As can be seen in Fig. 7c, a good correspondence between
recorded and simulated values of velocity was obtained.

Deviations between the two curves in Fig. 7c are mainly de-
fined by differences in the magnitude and amplitude of a few
velocity peaks. However, in general, the model reproduces with
accuracy the landslide behavior, by correctly identifying periods
of maximum acceleration of the sliding mass. The relationship
between groundwater level trends and landslide velocity is well
reproduced. Fig. 7a and b respectively show the evaluated Grunt-
fest number (Gr) against normalized temperature in the model’s
phase space and the basal temperature over time.

Fig. 7a shows that Gr and temperature vary along the lower
branch of the stable curve (i.e., within the stable area of the
graph) with values close to the unstable area of the phase-space,
but never reaching it, hence the landslide remains stable in the
secondary creep phase. This agrees with the monitored evolu-
tion of the landslide, exhibiting near-collapse conditions with
significant accelerations and very frequent gravitational events
(Section 2.1). The calculated basal temperature (Fig. 7c) follows
the evolution of the shear stresses (and consequently the pore
pressures) acting along the slip surface. It varies over a range of
about 5 degrees, with maximum temperature peaks correspond-
ing to pore pressure peaks. During the years 2016 and 2019, a
significant landslide acceleration event occurred, in correspon-
dence with a sudden increase in the piezometric level. This also
resulted in a rise of the basal temperature, due to the increase of
frictional heat, which may have modified the internal mechanical
conditions and exacerbated the velocity values.

5. Discussion and conclusions

In this work, a physics-based mathematical model was applied
to the Ruinon landslide, allowing the simulation of the displace-
ment history recorded by a bespoke geotechnical monitoring
system. The model combines external and internal factors that
control the landslide evolution, through the definition of the so-
called Gruntfest number. The pore pressure evolution (causing a
basal shear stress evolution), due to groundwater fluctuations,
represents the main external driving factor for the landslide,
while the mechanical weakening of the shear band, due to loading
rate and temperature variations, defines its internal response.

Considering the time-period covered by the analysis, sta-
ble conditions are simulated by the model. Gr values, however,
evolve close to critical stability in the model phase space, in ac-

cordance with field observations and previous work that showed
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Fig. 6. Model calibration analysis. (a) Best fitting obtained between modeled and monitored velocities. (b) Evolution of the shear stress in relation to the active shear
band thickness, with different scenarios of thermal sensitivity (M). Fixing the thermal sensitivity value by considering the results of laboratory tests (M = 0.006), a
value of ds was defined by constraining the reference shear stresses on results of the regional FEM modeling.

Fig. 7. (a) Evolution of the Gruntfest number and the modeled temperature (b). (c) Validation of the model by predicting velocities for the years 2018–2020 and
comparing them with the monitored ones.
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a significant landslide activity with displacements and velocity
values close to a critical point (i.e., close to tertiary creep, or final
acceleration of the landslide, representing catastrophic collapse).
By way of example, velocity thresholds identified by Crosta and
Agliardi 200341 were exceeded several times at the monitored
oint, during the 2014, 2016, and 2019 events.
Deviations between the calculated and monitored velocities

re shown in this study, and a slight difference between the two
an be noted in terms of magnitude and time lag, especially at
he velocity peaks. This may be explained considering the one-
imensional approach of the presented analysis, which neglects
he natural 2- and 3-D evolution of the stresses. Moreover, in
his work, field velocities are relevant to a monitoring point
ocated on the surface of the landslide body, that can be affected
y secondary shallow accelerations, which are neglected by this
odeling approach. However, considering all the necessary as-
umptions made in the mathematical model, the results obtained
an be considered to faithfully simulate the general behavior
f the landslide, by properly matching the velocity peaks and
heir time of occurrence. In fact, the landslide sliding behavior
nd its relationship with the pore pressure evolution was well
eproduced.

Another uncertainty factor may be represented by the temper-
ture calculated at the sliding surface, as no monitoring data for
his parameter are available. However, the reference temperature
T0) of 10 ◦C is sufficiently representative of the slope under
analysis, consistently with water temperature data recorded at
springs near the lower landslide niche. This value is also in agree-
ment with temperatures calculated in previous works, where the
thermal evolution along an Alpine slope was simulated in similar
geological and morphological conditions.62,63 Future numerical
imulations of the entire slope could be performed to include
hermal diffusion and groundwater-driven convection processes
o better define the boundary temperature values at the sliding
urface.
The parameters used in the model (listed in Table 1) are in line

ith realistic ranges reported in the literature. Concerning the
alues of G0 and ds (which are the most uncertain parameters,
s they cannot be directly measured or easily estimated), they
ere constrained through a calibration process, involving inverse
nalysis until the best match between modeled and measured
elocities was achieved. The only way to better constrain G0
ould be to obtain temperature monitoring values at the sliding
urface, as shown by Seguí and Veveakis 2021,35 and define a
tatistical distribution analysis to identify the best fitting between
he calculated temperature and the monitored one. Monitoring
he temperature along the slip surface would lead to greater reli-
bility of the model. In addition, temperature monitoring would
llow us to check the real-time stability condition of the landslide
nd continuously assess its positioning in the stability phase-
pace (see Fig. 7). A key feature of the presented analysis lies
n the consequentiality between the output of the regional FEM
odel44 and the input of the present analysis. In fact, a linear

elation between the shear stress and the groundwater level was
dentified44 and introduced to define the reference effective stress
tate along the sliding surface.
This model represents an innovative physics-based tool to

nalyze the behavior of landslides and could constitute the basis
f a landslide early-warning system, used in combination with
raditional monitoring methods. The key feature of this model
s that it accounts for the thermal and velocity sensitivities of
he shear band material, as well as the effect of pore pressure in
romoting the evolution of different creeping stages. Once vali-
ated with field data, the model can be also used as a real-time
ssessment tool, to forecast the behavior of large deep-seated

andslides, especially considering future climate change scenarios.

10
In future developments of the analysis, regional climate models
can be used to obtain climate projected data for the Ruinon area.
The long-term temperature and pore pressure evolution along the
slope, with particular reference to the depth of the sliding surface,
can be forecasted and used in the model to verify their influence
on the landslide behavior.

The robustness of the modeling approach proposed by Seguì
et al. 2020,33 Seguì 2020,40 Seguì and Veveakis 202135 has been
emonstrated in this work, by applying the model to a dif-
erent geological, geomorphological, and geomechanical setting.
he main advantage of this approach is that it allows for a
hysics-based solution, by requiring relatively few input param-
ters, which can be easily obtained from the literature in the
bsence of direct measurements. The presented approach may
oon be applied to further case studies, aimed at the definition
f a novel physics-based early warning tool for landslides.
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