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A multidisciplinary investigation of deep-seated

landslide reactivation triggered by an extreme rainfall
event: a case study of the Monesi di Mendatica
landslide, Ligurian Alps

Abstract In November 2016, an extreme rainfall event affected the
Ligurian Alps (NW Italy). Consequently, several landslides and
debris flows occurred in the upper Tanarello stream basin. In
particular, the village of Monesi di Mendatica was severely dam-
aged by two landslide phenomena: the activation of a rotational
landslide, which caused the total collapse of two buildings and part
of the main road, and the reactivation of a deep-seated planar
massive and a complex landslide, which widely fractured most of
the buildings in the village. The latter phenomenon was mostly
unknown and had never been monitored prior to the 2016 event.
Due to the extensive damage, the village of Monesi was completely
evacuated, and the road connecting a ski resort area in the upper
part of the valley was closed. Furthermore, a potentially dangerous
situation related to the eventual progressive evolution of this
landslide that could cause a temporary occlusion of the Tanarello
stream still remains. For this reason, we defined the landslide
behaviour, triggering conditions and chronological evolution lead-
ing to the 2016 event using a multidisciplinary approach. This
approach consisted of field surveys, satellite DInSAR time series
analyses, digital image correlation techniques, rainfall records
analyses, postevent monitoring campaigns and subsurface inves-
tigation data analyses, and numerical modelling. This multidisci-
plinary approach enhanced our understanding of this landslide,
which is fundamental to better comprehend its behaviour and
possible evolution.

Keywords Extreme rainfall - Digital image
correlation - DInSAR - Numerical modelling - Landslide
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Introduction

Worldwide, there are many landslides that have the potential to
reactivate. However, many of them are not monitored by in situ
measurement systems, and if they reactivate, the catastrophic
phase cannot be directly registered. In such cases, one of the initial
activities carried out during a scientific or technical investigation
is the identification of the recent landslide’s evolution and char-
acterization of its kinematics. These goals can be achieved by using
a multidisciplinary approach that combines traditional and inno-
vative elements, such as remote sensing data, meteorological data,
field surveys and numerical modelling (Mantovani et al. 2013;
Peduto et al. 2018; Tomds et al. 2018).

It is well known that some of the primary triggers of landslide
reactivation are extreme rainfall events. Many studies focus on the
definition of critical rainfall thresholds for landslide activation
(Iverson 2000; Peruccacci et al. 2017). In general, rainfall thresh-
olds perform better for shallow landslides or debris flows (Guzzetti
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et al. 2008; Tiranti and Rabuffetti 2010) than for deep-seated
landslides (Zézere et al. 2005; Guzzetti et al. 2007; Gao et al.
2018). The latter are more sensitive to long-term conditions, com-
plex combinations of geomechanical parameters and various land-
slide geometries, so the corresponding rainfall thresholds are more
difficult to determine. Several examples of massive and large
landslide reactivations due to extreme rainfall events have been
reported in the literature. Focusing on European cases, we note the
Val Pola rock avalanche in the central Alps in 1987 (Crosta et al.
2004), the Corniglio landslide in the Northern Apennines in 1994
(Bertolini and Pizziolo 2008), the Alpe Baranca DSGS in the NW
Alps in 2000 (Ramasco and Troisi 2002), the Mount Girové land-
slide in the West Carpathian in 2010 (Baron et al. 2011) and the
Stogovce landslide in the Slovenian Alps in 2010 (Petkovsek et al.
2011).

According to the Intergovernmental Panel on Climate Change
(IPCC), one of the consequences of global warming is an increase
in extreme rainfall events over certain areas (IPCC 2014). Such an
increase in extreme events could be favourable for landslide acti-
vation (Crozier 2010; Stoffel et al. 2014; Gariano and Guzzetti 2016;
Handwerger et al. 2019).

In recent years, the Ligurian Alps (the southwestern extremity
of the Italian Alps) has been affected by severe rainfall events
during the autumn season. These events ranged from concentrated
flash floods that mainly triggered shallow landslides, such as that
in 201 (Avanzi et al. 2015) or 2014 (Amanti et al. 2016; Giordan
et al. 2017a; Cignetti et al. 2019), to persistent rainfall over vast
areas that triggered deep-seated landslides, such as during the
floods that occurred in 1994 (Luino 1999) and 2000 (Guzzetti
et al. 2004). In some of these cases, the extreme events reactivated
landslides that were not monitored. Consequently, the reconstruc-
tion of landslide kinematics cannot be performed based on in situ
measurement data acquired during the events. Instead, a compos-
ite strategy based on postevent monitoring, numerical modelling
and field survey data should be adopted.

Remote sensing offers great support in studying landslides
when in situ monitoring and ancillary data are missing. In partic-
ular, it provides an excellent tool to reconstruct landslide kine-
matics during its rapid phase. In recent years, among the various
remote sensing techniques, further support has been provided by
digital image correlation (DIC). DIC is an image analysis tech-
nique that has been widely applied to aerospace optical or SAR
images to measure the surface deformation associated with land-
slides (Stumpf et al. 2017; Bickel et al. 2018; Caporossi et al. 2018;
Manconi et al. 2018), glaciers (Scambos et al. 1992; Debella-Gilo
and K&db 2011; Giordan et al. 2020) and other geomorphological
processes (Leprince et al. 2007). Another significant contribution
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has come from InSAR satellite data, which are currently one of the
most commonly used sources for slow landslide monitoring
(Casagli et al. 2016; Béjar-Pizarro et al. 2017; Frattini et al. 2018).

Another helpful approach in investigating landslides, with un-
known pre-failure conditions due to their unexpected reactivation,
is the back-analysis method based on numerical modelling. It can
be used to estimate slope conditions at the time of failure in terms
of strength parameters and pore water pressure. Back analysis, in
the absence of direct monitoring data, can be considered an
effective method to provide insight into the underlying failure
mechanisms of landslides and improve knowledge on landslide
kinematics and the factors controlling its stability (Crosta et al.
2004; Lollino et al. 2014, 2016; Longoni et al. 2016; Berti et al. 2017;
Cevasco et al. 2018; Agliardi et al. 2020).

In this study, we analyse the activation of two landslides that
occurred in the village of Monesi di Mendatica in the Ligurian Alps
after an extreme rainfall event in November 2016. In particular,
during this event, the village was partly destroyed by the activation
of a rotational landslide that caused the collapse of two buildings
and the main road (hereafter L1) and the reactivation of massive
and deep-seated planar landslide that damaged most of the build-
ings (hereafter L2). The activation of the main landslide L2 poses a
potential danger because further movement of this large mass
could cause the temporary closure of the Tanarello stream. As this
landslide was not monitored by an in situ monitoring system and
as it was largely unknown until the 2016 reactivation, we used a
multidisciplinary approach to study its kinematics and correla-
tions with meteorological data. To characterize the Monesi land-
slide, we divided our multidisciplinary work into the following
steps:

(i) We investigated past landslide activity and geomorphologi-
cal evidence; (ii) we reconstructed the evolution of the catastroph-
ic phase and its correlation with rainfall; (iii) we mapped and
analysed the geomorphological effects and structural damage
based on field surveys; (iv) we analysed remote sensing data, i.e.
we used the DInSAR time series to define the movement before
and after the main event; (v) we applied the digital image correla-
tion (DIC) technique to the satellite and high-resolution aerial
photo images to estimate the coevent displacement magnitude
and distribution; (vi) we analysed postevent monitoring and sub-
surface investigation data to estimate the geotechnical parameters,
groundwater behaviour and landslide depth; and (vii) we numer-
ically modelled the slope behaviour during the 2016 pre-
catastrophic phase by means of the finite element method
(FEM), which was aimed at estimating both the critical ground-
water level that dropped the slope safety factor to unity and the
shear strain localization within the landslide body. Additionally,
we studied the effect of the failure of rotational landslide L1, which
was located at the toe of the L2 landslide, on the stability of the
entire slope by performing numerical analyses on the reprofiled
slope geometry.

Study area

The present study area is located in the upper part of the Tanarello
Valley (a tributary of Tanaro river), in the Ligurian Alps, on the
border between the Liguria and Piemonte regions (NW Italy). The
basin has a surface area of approximately 11 km? and the elevation
ranges from 2200 m a.s.l. at M. Saccarello to 100 m a.s.l. in the
Tanarello streambed. There are three small villages in the valley:
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Piaggia (Piemonte region), located on the north side of the valley,
and Monesi di Triora and Monesi di Mendatica (Liguria region),
which are located on its south side. All villages were affected by the
November 2016 extreme rainfall events, and in particular, Monesi
di Mendatica was severely damaged and partially destroyed by the
two landslides (Fig. 1).

Geological settings

The area is located in the San Remo-Monte Saccarello Formation,
which is a part of the Cretaceous-Paleocene Helminthoid Flysch, a
complex of the Penninic Nappe of the Western Ligurian Alps
(Vanossi et al. 1984). The Helminthoid Flysch overthrusts the
formations of the Helvetic structural domain south of M. Fronte
(Maino and Seno 2016). The Bordighera sandstone formation,
also as a part of the Helminthoid Flysch, crops out NE of the
study area. In this sector, the Saccarello Flysch is composed of an
alternating sequence of thick layers of calcareous sandstone and
marl and thin layers of siltstone or shale (Pepe et al. 2015).
According to the GSI rock mass classification (Marinos and
Hoek 2000), this portion of the San Remo Formation is classified
as good (GSI = 45) (Pepe et al. 2015). The bedding of this forma-
tion trends from N-NW to NE with a dip of approximately 20°-
30°. Such a structural setting favours slope instability on the south
side of the Bavera-Tanarello valley.

According to a geological map of France (Lanteaume et al.
1990), several quaternary deposits on the south side of the valley
have been detected (Fig. 1). These deposits are mainly composed of
landslide bodies, taluses and some glacial deposits from the last
glaciation. In this area, landslide bodies are usually derived from
the degradation of flysch formations, this exposing their predom-
inant block-in-matrix nature, as is typical of landslides affecting
this lithology (Berti et al. 2017).

Geomorphological settings

The upper valley of the Tanarello-Bavera streams is oriented SW-
NE. The structural setting influences the morphology of the val-
ley. The north flank of the valley is characterized by a steep slope
oriented to the SSE with an anti-dip setting. On this side, near the
village of Piaggia, it is possible to observe a terraced landscape
that is mostly abandoned. The south side of the valley presents a
gentler dip slope, and it is possible to detect several landslide
bodies already mapped in IFFI (Inventario dei fenomeni franosi
in Italia, in Italian), which is the Italian landslide database
(Trigila et al. 2008). During the extreme rainfall event that oc-
curred in autumn of 2000, landslide reactivation caused moder-
ate damage to some buildings in the resort village of Monesi di
Triora (Federici et al. 2007). The 2016 event caused a major
reactivation of the Monesi di Mendatica landslides (L1 and L2 in
Fig. 1).

According to the IFFI, the village of Monesi di Mendatica is
located in the lower sector of a complex massive inactive landslide,
which was reclassified as active after the 2016 event (L2 in Fig. 1).
This sector of the landslide presents a wedge-fan shape. A land-
slide deposit caused the deviation of the Tanarello stream from the
valley axis, likely during the Holocene epoch. The landslide toe is
characterized by a steep slope related to the still active erosion
process of the Tanarello stream. It is interesting to note the path of
the small Bandita Creek that currently crosses the landslide
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Fig. 1 a Location of the study area, b structural settings of the Ligurian Alps and c geological framework of the upper Tanarello catchment modified from Lanteaume
et al. (1990) with overprinted landslides identified in the IFFI inventory and with landslides that occurred in Monesi di Mendatica during the 2016 event

deposit. Its original flow direction likely deviated after ancient
landslide activity. During the 2016 extreme rainfall event, Bandita
Creek likely contributed to an increase in the water load on the
landslide.

Materials and methods

In the present work, to characterize the evolution of the Monesi
landslide (i.e. before, during and after the 2016 event), we used
various data types (meteorological data, remote sensing data,
postevent ground-based monitoring surveys and subsurface inves-
tigation data, technical reports and other publicly available data)
and processing methodologies (manual analyses, DIC technique
and numerical modelling). In the following, we present their
detailed descriptions.

Rainfall and hydrological data for the 2016 event and historical data
comparison

Daily rainfall data from 1957 to 1999 were extracted from the
meteorological grid dataset of the Piemonte region. The rainfall
data were interpolated using a NWIOI (northwestern Italy optimal
interpolation) grid (Turco et al. 2013) with a 0.125° spatial

resolution. This dataset is available at no cost on the ARPA Pie-
monte website (ARPA Piemonte 2017).

Daily rainfall datasets recorded since 1999 by the Piaggia gauge
(located approximately 2 km west of the Monesi landslide) are
available in the ARPA Piemonte database. Additionally, meteoro-
logical data from the old Piaggia gauge (1945-1991) are available
in the Hydrological Yearbooks archive of the ISPRA (ISPRA 2012).
In this archive, the maximum cumulative rainfall over a 5-day
interval for each year is reported. These data are likely in agree-
ment with the rainfall extracted from the ARPA Piemonte dataset.
From the gathered rainfall data, we selected the most extreme
rainfall events that occurred in the area of Monesi over the past 75
years.

For the 2016 event, to obtain a precise temporal correlation
between the rainfall and the sequence of events, we used hourly
and cumulative rainfall datasets from ARPA Piemonte and
Regione Liguria rain gauge stations near Monesi (Table 1). We
chose the nearest station (Piaggia) as a reference for comparison.
Piaggia is the small village located on the opposite side of the
valley with respect to Monesi. Additionally, we collected hourly
level data for the Tanarello stream (estimated from the Ponte di
Nava gauge, 10 km downstream from Monesi).
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Table 1 Meteorological stations close to Monesi Landslide

Parameters

Elevation Directions

Distance (km)

Piaggia Tanarello ARPA Piemonte Hourly/daily rainfall 1645 2.0 WSW
Piaggia Tanarello ISPRA Historical data 1310 0.5 NW
Verdeggia Argentina Regione Liguria Hourly rainfall 1120 4.7 S
Poggio Faerza Arroscia Regione Liguria Hourly rainfall 1845 5.0 SE
Upega Negrone Arpa Piemonte Hourly rainfall 1310 6.1 NW
Pornassio Arroscia Regione Liguria Hourly rainfall 475 9.2 E
Ponte di Nava Tanaro Arpa Piemonte Hourly rainfall/river level 840 10.1 NE
Pieve di Teco Arroscia Regione Liguria Hourly rainfall 263 13.2 E

We decided to use the discharge rate and Tanarello stream level
to assess the role of foot erosion during the first phase of L1 and L2
reactivation.

Remote sensing optical data: satellite and high-resolution images

In Table 2, we listed the remote sensing optical data and the
corresponding processing methodologies, which we used to
identify landslide limits and obtain coevent displacements. We
applied the DIC technique to the images of the Sentinel-2 and
Planet satellites to calculate the coevent displacements. We
used Google Earth, LiDAR, aerial and Pleaides images to man-
ually measure the displacement and for landslide mapping. In
the following, we describe the processing of the presented
datasets.

Digital image correlation for coevent displacement estimation

DIC is an image analysis technique that searches for patches in
master and slave images that maximize a given similarity function
(Fienup 1997). Therefore, DIC provides spatially distributed maps
of the two displacement components that are orthogonal to the
line of sight (LOS). One of the most commonly used similarity
functions is the zero-mean normalized cross-correlation
(Dematteis and Giordan 2021), which is calculated considering a
reference template out of the master image and is searched for in a
larger investigated area of the slave image. The ZNCC is calculated
for every template candidate of the investigated area, obtaining the
ZNCC surface. We adopted an interpolation function in the
neighbourhood of the ZNCC peak to achieve subpixel sensitivity.
We applied the DIC technique to the Sentinel-2 and Planet Scope
images (pre- and postevent images).

In this study, we adopted a five-step DIC procedure:

1. Image selection: We used images acquired within the same
period of the year and at similar hours to guarantee a similar
sun elevation and azimuth to minimize shadow changes that
might introduce ZNCC artefacts (Dematteis et al. 2019). More-
over, we discarded images with snow coverage or clouds,
especially those nearby the landslide areas; we also discarded
images with different orthorectifications. These filters limited
the number of suitable satellite images, but they increased the
probability of having more accurate results.

2. Monochromatic conversion: We converted the RGB optical
photographs into monochromatic images.
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3. Co-registration: We co-registered the images by conducting a
rigid translation according to the pixel offsets computed within
a reference area that was assumed to be stable.

4. Displacement calculation: We calculated the ZNCC in a win-
dow that slid onto a regular grid that covered the whole image.
Template overlap allowed an increase in the spatial resolution
of the maps.

5. Outlier identification: We refined the results by adopting sta-
tistical local metrics to identify and discard outliers (Dematteis
et al. 2018).>

Manual measure of displacement and landslide mapping based on high-
resolution images

We performed manual measurements of the displacement by
comparing high-resolution images, i.e. postevent LIDAR and
UAV images (2017), with pre-event orthophotographs of Regione
Liguria (2015). Additionally, we estimated the displacement mag-
nitude based on Google Earth images available for the study area
at a high spatial resolution (= 0.25 m/pixel) for both pre- and post-
2016 events. In particular, we calculated the horizontal movement
of the centroids for some well-defined ground targets (e.g. rock
and buildings). To assess the overall effects of the 2016 event, we
also manually mapped all the landslides in the upper Tanarello
catchment using Google Earth, Pleiades and Sentinel-2 images.

Estimation of pre- and postevent velocities based on InSAR data
In Table 3, we present the InSAR dataset from the Radarsat and
Sentinel-1 satellites along with their main characteristics, which we
used to obtain pre- and postevent landslide velocities.

The InSAR data, provided by Regione Liguria, cover the periods
of 2003-2009 (Radarsat satellite) and 2014-2019 (Sentinel-1 A/B).
These data were processed with the SqueeSAR™ algorithm
(Ferretti et al. 2011). Ascending and descending geometries are
available for both satellites. Concerning the earlier periods, the
dataset covering the period of 1995-2000 (ERS satellite) is avail-
able on the Not-Ordinary Plan of Remote Sensing (PST) of the
Italian Ministry of the Environment. However, due to their low
density, we did not consider them in this study.

A positive Vi og value indicates movement towards the satellite,
while a negative Viogs value indicates movement in the opposite
direction. To compare the measurements of the ground-based



Table 2 List of aerial and satellite data used to map landslides and extract the coevent displacement

Sensors

Spatial resolution

Pre-event image
(m) date

Postevent image Product obtained

date

Methodology

Sentinel-2 10 29/09/2016 29/09/2018 DIC 2D displacement
Planet (Planetscope) 2/3 03/10/2016 06/10/2017 DIC 2D displacement
Google Earth 0.3 24/09/2015 03/08/2017 Manual interpretation 2D displacement
and mapping
LIDAR/Aerial Photo 0.2 2015 2017 Manual interpretation 2D displacement
and mapping
Pleiades 0.5 2015 2017 Manual interpretation Mapping

systems with the InSAR measurements, we represented the veloc-
ity along the LOS (Vi 0s) as the velocity along the slope orientation
(Vsrope)- Vsiopg is calculated as the ratio between the Vg and
the percentage of movement detected along the LOS (C) (see Eq. 1)
(Notti et al. 2014; Béjar-Pizarro et al. 2017). Reciprocally, we
projected the displacement measured by other instruments along
the LOS to compare the time series using the same Eq. 1.

Vstore = (Vios/C) (1)

We inverted the sign of the resulting Vg opg to be compatible
with the rest of the results. We used the Radarsat datasets only for
analysing the velocity, while Sentinel-1 data, which have a better
quality, were also used to analyse the displacement time series.

Postevent ground-based data

Subsurface investigations

In the period between 2017 and 2019, several subsurface investiga-
tions were performed to define the geological, geotechnical and
hydraulic properties of the landslide mass. The drilling campaign
included ten boreholes located in the area of Monesi di Mendatica
(see Fig. 2c’). The drilling depths of each borehole are as follows:
48 m (borehole S1), 60 m (borehole S2), 62 m (borehole S3), 24 m
(borehole S4), 55 m (borehole Ss5), 12 m (borehole S6), 12 m
(borehole S7), 42 m (borehole S8) and 47.5 m (borehole S9 and
Sgb). The S6 and Sy boreholes were drilled outside the landslide
deposits to support the design of the new road system to bypass
the most active part of the landslide and reconnect the upper part
of the valley and the ski resort area. The reached borehole depths
allowed us to define the landslide thickness and quality of the
bedrock, as well as to anchor the inclinometric tubes. The reported
bedrock quality was variable. The RQD index was determined to
be good (RQD > 75%) for boreholes S1 and S3, while for the other

Table 3 List of InSAR satellite data used to map pre- and postevent displacements
Satellite

Geometries available Temporal

span

cases, it was classified as poor (RQD < 50%) (Pepe et al. 2015). The
drilling results highlighted the presence of large (exceeding the
unit volume) calcareous boulders within the landslide deposit.
Ten SPTs (standard penetration tests) were attempted during bore-
hole drilling: two per borehole in S, S2, S3, S4 and Ss. However, the
presence of large blocks and the heterogeneous nature of the deposit
resulted, in many cases, in an excessive number of blows at various
depths, so the corresponding results were not useful. The only suc-
cessful attempts were performed for boreholes Sz (at a depth of 1.50 m
with 7-8-20 blows), S3 (at a depth of 10.50 m with 6-10-8 blows) and S4
(at a depth of 12 m with 17-23-21 blows). Additionally, four Lefranc
permeability tests were performed at different depths in boreholes S1
(27-28 m), S3 (33-34 m), S4 (16.6-17.6 m) and S5 (6.5-7.5 m), and the
reported permeability coefficients were 3.18 1075, 4.5 1075,
211 10 % and 1.83 10 * m/s. Finally, one seismic campaign based
on the MASW (multichannel analysis of surface waves) methodology
was conducted, allowing for the seismic exploration and evaluation of
subsoil stiffness. For this purpose, five stations with 12 geophones each
were installed just above the village (see Fig. 2c’). Each investigation
indicated the predominant block-in-matrix nature of the L2 landslide.

Postevent monitoring instruments

After the 2016 event, the authorities (ARPA Piemonte, Municipal-
ity of Mendatica and Regione Liguria) decided to monitor the
slope. This landslide is potentially dangerous because further
evolution could temporarily block the Tanarello steam. Several
monitoring techniques were adopted to monitor its superficial
and deep-seated displacement and crack extension and the resul-
tant groundwater conditions. In particular, two piezometers, four
inclinometers, nine topographic prisms, with total station posi-
tioned on the opposite flank of the valley, twenty-two crack metres
and nine GNSS benchmarks were installed within the landslide
body, on the buildings in the village of Monesi, and in the nearby
stable areas (see supplementary material for the location of

Available
products

Processing
methodology

Post-processing
analysis

Radarsat Ascending and descending 2003-2009 SqueeSAR™ Vios Vsiope
Time series
Sentinel-1 A/B Ascending and descending 2014-2019 SqueeSAR™ Vios VsiopE,
Time series Time series analysis
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investigations

monitoring instruments). Table 4 summarises the monitoring in-
struments installed after the 2016 event with the measurement
frequencies and acquisition spans considered in this study.

Unfortunately, we could use only a subset of these measure-
ments (Table 4), as some of them were not suitable for our study
because they either provided unreliable data or did not provide
information regarding landslide movement. In particular, the
inclinometric measurements, likely due to technical issues during
the inclinometric tube installation, were not reliable. Only one
inclinometer provided acceptable data to be considered in the
postevent analysis. We also did not consider crack metre data, as
they did not directly provide any information about landslide
movement.

We used piezometric data to interpret the groundwater level
response to precipitation, and we analysed the surface
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displacement measurements (topography and GNSS) to estimate
the postevent residual movement. Additionally, the postevent
monitoring data provided some indications for numerical model-
ling, e.g. hydraulic conditions and sliding surface depth (§ Nu-
merical modelling: Setup of the landslide model).

Ancillary data, photographs and field survey

Until the 2016 event, the Monesi deep-seated planar landslide (L2)
was not the subject of many investigations. The documents col-
lected prior to the event consisted of the following:

1. The SCAI (Italian atlas of towns affected by slope instabilities)
technical report (Federici et al. 2007), which was limited to
effects on the village and provincial roads;

2. The IFFI database;



Table 4 Monitoring instruments installed after the 2016 event

Instrument Number of instrument Temporal span Measurements frequency Used for this work

GNSS benchmarks 9 June 2017—-June 2019 2/3 per year Yes

Topographic prism 9 April 2017-May 2019 2 per year Yes

Piezometers 2 October 2017—-November 2019 4 per day Yes

Inclinometers 4 October 2017-December 2019 2 per year Partly (only for the depth
of movement)

Crack metres 20 April 2017-May 2019 2 per year No

3. Aerial photographs analysis, which was used to detect the pre-
event morphology of the landslide; this type of analysis is also
available in the ARPA Piemonte technical report (ARPA Pie-
monte and Regione Piemonte 2018);

4. Newspapers and other historical sources, which were analysed
in search of information on ancient damage related to
landslides.>

To reproduce the evolution of the landslide catastrophic phase,
we analysed photographs and descriptions of the partial events
from technical reports issued by the ARPA Piemonte (ARPA
Piemonte and Regione Piemonte 2018) and from web news. The
time of landslide activation and the period in which the major
displacement of the deep-seated planar landslide L2 occurred are
essential to determining the right order of events.

During the postevent field survey performed in the summer
of 2018, we defined the geomorphological effects and damages
to the structures. We mapped the geomorphological evidence of
L1 and L2 reactivation. During the field observation survey, we
evaluated the damage to the buildings and other structures
using a qualitative methodology described by Cooper (2008).
In this approach, the damage could be defined according to
seven degrees of damage ranging from no damage (degree I)
to total collapse (degree VII) based on visual observations taken
in the field. Furthermore, we used high-resolution UAV and
LIDAR DTM images to improve detection and mapping of
geomorphological elements. During field surveying, we also
annotated signs of possible ancient landslide reactivation, such
as curved trees.

Numerical modelling: setup of the landslide model

To simulate the failure mechanisms and conditions leading to
the observed slope failure, a two-dimensional numerical model
of the slope was developed. In the present work, we performed
a finite element analysis of the entire slope aimed at assessing
the stress-strain behaviour of the slope in response to varia-
tions in the groundwater level; in particular, a parametric
analysis was performed to calculate the critical groundwater
level corresponding to the triggering of failure conditions as
well as the associated failure mechanism. For this purpose, data
related to slope geometries, geotechnical and hydraulic proper-
ties of the materials, hydraulic and mechanical boundary con-
ditions, initial stress state of the slope, and constitutive
behaviour of the soil materials were used as presented in the
following sections.

Slope geometry

Based on the boreholes drilled within the lower part of the entire
landslide area, we assumed that the landslide body was composed
of a heterogenic mixture of materials, including large blocks of
limestone, heterometric breccia and gravel within a soil matrix
ranging from sandy-silty to clayey-sandy. The landslide body was
likely generated by the disintegration of the bedrock. Additionally,
the results from the MASW showed a quasi-homogeneous wave
distribution, so there was no evidence of single layers and/or shear
bands. Therefore, we assumed that the slope was composed of two
domains: the bedrock and landslide body. The slide mass thickness
varies from 10 to 60 m, and its length is approximately 100 m. The
landslide topography was simplified from the DTMs of 2006 (pre-
failure geometry) and 2017 (post-failure geometry). Finally, the
longitudinal cross-section was described along the maximum
slope direction (Fig. 2a).

Hydraulic conditions and parameters

The detailed groundwater conditions at the time of failure are
unknown. The only available indication prior to the failure event
was the presence of a water spring at the landslide toe, at an
elevation of approximately 1250 a.s.l, which was considered the
outflow point of the groundwater level during the critical condi-
tions. Based on the available postevent piezometer data from 2017
to 2019, we assumed that the unconfined aquifer within the land-
slide mass was characterized by a water table (defined in piezom-
eter 5) varying from 43 to 25 m below ground level. The latter value
was supposed to correspond to the failure conditions and was
consistent with the elevation of the water spring at the toe. The
maximum groundwater level was defined based on the piezomet-
ric data analysis (§ Piezometric data and correlation with rainfall
and snow melting) and field observations (§ Geomorphological
mapping and damage assesment).

Additionally, the material permeability was defined by the
Lefranc test. Considering the boreholes near the cross-section,
the reported values were 0.39 m/day (borehole S3) and 15.81 m/
day (borehole Ss5). For numerical modelling, the mean value was
chosen (8.1 m/day) for the landslide body. Regarding the bedrock,
we assumed that the material composing the bedrock was imper-
meable due to the presence of a high-quality low-fractured rock
formation, which should have created a hydrological barrier for
the infiltrating water.

Geotechnical parameters

The bedrock consists of the San Remo Flysch Formation, which is
widely outcropping in Western Italy (Pepe et al. 2015). The stiffness
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and strength parameters of this formation were reported in Pepe
et al. (2015) in which geological strength index (GSI) values are
identified and soil strength parameters are defined according to
the Hoek-Brown criterion and the equivalent Mohr-Coulomb pa-
rameters (Hoek and Brown 2019). The San Remo Flysch Forma-
tion in the area of Monesi is classified as a good-quality rock mass.
The parameters used for numerical modelling are listed in Table 5.

Regarding the landslide body, due to its heterometric sorting,
the extraction of specimens appeared very difficult, so geotechni-
cal characterization through laboratory testing could not be per-
formed. Since the landslide debris is supposed to be mainly the
result of destruction and remoulding of the underlying bedrock
due to landslide activity, the friction angle of the landslide debris is
assumed to remain approximately the same as that of the rock
parent formation, while the cohesion value is supposed to be much
lower than that of the bedrock as a consequence of the loss of the
cementation degree of the materials forming the landslide debris.
In particular, for the highest groundwater level (i.e. that corre-
sponds to the landslide activation), a safety factor equal to SF =1
was obtained when a cohesion equal to ¢ = 47 kPa was set for the
landslide body. Therefore, this value was assumed to be the cohe-
sion value mobilized at failure.

The elastic parameters of the landslide mass, i.e. Young’s mod-
ulus (E) and Poisson’s ratio (v), were assumed to be equal to
rosio  ® kN/m?> and o0.37, respectively, based on the results ob-
tained from the MASW measurements and according to the liter-
ature formulations (Park et al. 1999).

Landslide simulations

The two-dimensional finite element software PLAXIS (PLAXIS 2D
2019), using 15-node elements and plane-strain analysis under
drained conditions, was selected to perform analyses of the slope
behaviour. The adopted model discretization for pre- and
postevent geometry is shown in Fig. 3a and Fig. 3b, respectively.
The mesh is formed of 2324 elements and 19001 nodes (pre-event
geometry) and 2270 elements and 18,550 nodes (postevent geom-
etry). Significantly smaller element sizes were arranged for the
landslide mass to increase the calculation accuracy in this domain.
An isotropic elastic-perfectly plastic constitutive model, with a
Mohr-Coulomb failure criterion and a non-associated flow rule,
was assumed for all the materials involved. Standard displacement
boundary conditions were implemented, i.e. vertical and horizon-
tal displacements are prevented at the base of the domain and
fixed horizontal displacements are imposed on the lateral bound-
aries. The pore water pressure distributions were calculated from

Table 5 Parameters used for the numerical modelling

prescribed phreatic levels, as described below. The initial state of
stress for the slope was computed through a gravity loading
procedure, i.e. gravitational loads were applied under elastic ma-
terial conditions.

Later, a plastic analysis with the assigned material properties
(Table 5) was carried out. This analysis was followed by a strength
reduction analysis aimed at calculating the corresponding safety
factor. According to this method, the safety factor was obtained by
continuously decreasing the value of cohesion and friction angle of
the soil until nonconvergence in the model was reached (Dawson
et al. 1999). The indication of failure was detected either by mon-
itoring the achievement of numerical convergence during the
plastic analysis or, in the case of numerical convergence, by veri-
fying the safety factor from the strength reduction analysis, which
was very close to 1.0. The simulations were initially carried out
with respect to the geometry of the pre-failure slope, which was
composed of landslide mass and bedrock, as shown in Fig. 2a.

To investigate the influence of groundwater level variation
generated by the infiltration process of the rainfall event, a para-
metric analysis concerning the groundwater level depths was car-
ried out, keeping the mechanical parameters reported in Table 5
fixed. We defined seven hydraulic conditions: the GWL measured
in 2017 by piezometer 5 (at approximately 43 m below ground
level), the GWL estimated in 2016 during the rainfall event (at
approximately 25 m below ground level) and five intermediate
GWLs (at steps of approximately 3 m). We assigned the dry
condition to the bedrock due to its impermeable characteristics.

Regarding the effects of L1 failure on the general stability of
the entire slope, we proposed a new model in which we changed
the slope geometry in accordance with this landslide occur-
rence. In particular, a reprofiling of the ground surface in the
lowest portion of the slope consistent with the failure of the L1
landslide was reproduced (Fig. 3b). In this simulation, the me-
chanical properties of the slope materials were left unchanged
(see Table 5), and the groundwater level was set to 25 m below
ground level.

Results
Past activity of the Monesi landslide
The evidence collected from aerial photos and technical reports

suggested the following:

1. According to the SCAI technical report, the Monesi di
Mendetica landslide (which mostly coincides with the L2

Parameters Landslide mass Bedrock

Young modulus E [kN/m?] 1.10° 5.107
Poisson ratio v [-] 0.37 0.4
Cohesion ¢ [kN/m?] 47 2400
Friction angle (0% [°] 37 37
Permeability Ke = K, [m/day] 8.1 DRY
Dry unit weight Ya IkN/m’] 20 26.5
Saturated unit weight Veat [kN/m’] 23 30.5

Landslides
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Fig. 3 Model discretization used in the numerical analyses. a Pre-event. b Postevent

landslide) has been classified as dormant (Federici et al.
2007). The authors, during field surveying, detected slight
damage to some buildings and observed fractures along the
provincial road (near the 2016 L1 failure), which were prob-
ably related to the 2000 and 2002 events. Some of these
signs were still present in 2011, as they are visible in Google
Street View images. The authors finally suggested installing a
monitoring system as a precautionary measure.

2. The landslide shape, based on aerial photograph interpre-
tation made by the ARPA Piemonte after the flood event,
is better defined than the landslide shape mapped in the
IFFI inventory. We note that in 2016, the reactivation
affected almost the entire area of the pre-existing landslide
(Fig. 4).

3. Historical photographs and postcards suggest that in the past
(early 900 s), the middle-lower sector of the slope was terraced
for agriculture and pasture activities, and a small village was
settled there before the construction of a ski resort. Today, the
terraces are mostly abandoned.

4. Geomorphological evidence, i.e. curved tree trunks in some
areas, suggest that the landslide was locally affected by move-
ments and reactivation.

Based on the gathered data, we cannot determine if and when
the landslide was historically subject to massive reactivation. How-
ever, the deviation of the Tanarello stream from the central axis of
the valley and its erosion at the toe of the slope suggest that the
deep-seated planar L2 landslide is not a relict process. In addition,
the Bandita Creek path is likely related to the evolution of the
landslide and suggests periodic movement of the mass. Converse-
ly, all the collected data indicate that the L2 landslide was not
affected by severe reactivations involving the whole landslide
body, at least within the last 70 years.

The area affected by the rotational landslide (L1) already expe-
rienced minor reactivations. The provincial road that crosses the
landslide crown was already damaged before 2016, as observed in
the Google Street View image from 2011 (photos I and II in Fig. 4).
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position of the crown of a rotational landslide L1 triggered by the 2016 event

Rainfall analysis of November 2016 compared with previous extreme

events

Extreme rainfall events are known to be one of the main triggers of
landslide activation. For this reason, we collected and analysed
rainfall records from the past 75 years. In Fig. 5, we present a
comparison of these events. Based on a historical rainfall dataset,
we estimated that the November 2016 event was the most severe
event that occurred with a temporal span of 5/6 days in the last 75
years. This event exceeded the other significant events by approx-
imately 200 mm, and according to ARPA Piemonte studies, its
return period was greater than 200 years. The other remarkable
events occurred in November 1962, October 1979, October and
November 2000 and November 2002. However, their temporal
rainfall distributions differ (Fig. 5a) from those that occurred in
November 2016. It is important to note that the cumulative rainfall
that occurred in the 30 days before the 2016 event was not as
significant as that associated with the rainfall events of October
and November 2000, which triggered landslides nearby Monesi di
Triora (Federici et al. 2007) (Fig. 5b). The 1994 event, known as one
of the most severe events in southern Piedmont, resulted in this
area being less significant than the other events. Regarding the
snow records, only the dataset from 1999 is available. However, as
most of the extreme rainfall occurred in autumn, the role of snow
melting can be considered negligible.

| Landslides

November 2016 event

Ground effects at the basin scale

From 20 to 25 November 2016, heavy rainfall affected the northwest-
ern part of Italy. For several days, a deep low-pressure cyclone was
blocked in the western Mediterranean Sea, creating favourable con-
ditions for heavy rain in the Liguria region. The storm activated
steady wet streams from the SE that to the Alps, causing heavy and
persistent rainfall (ARPA Piemonte and Regione Piemonte 2018).
This event caused one of the more major floods in the Piemonte
and Liguria regions that have occurred in recent decades, resulting in
inundation along the Tanaro and Po rivers (Notti et al. 2018; Giordan
et al. 2018). This sector of the Ligurian Alps was particularly affected
by heavy rainfall, and many rain gauges measured cumulative values
much higher than those registered during the past major extreme
rainfall events of November 1994 and October 2000 (ARPA Piemonte
and Regione Piemonte 2018). This critical precipitation lasted from
the afternoon of 20 November until 25 November. The rainfall was
mainly concentrated from 23 to 25 November. A peak of 30 mm/h
was registered in the late morning of 24 November. The accumulated
rainfall reached 691 mm, which was confirmed by nearby stations
(Fig. 6b). This meteorological station (managed by ARPA Piemonte)
was located approximately 2 km WSW from Monesi di Mendatica on
the south flank of the Bavera valley at 1600 m a.s.l.
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According to our analysis of various high-resolution satellite
datasets (Pleiades, Google Earth and Sentinel-2), this rainfall event
triggered many shallow landslides (approximately 40 over 11 km*
in the study area, Fig. 6a). Many shallow and deep-seated land-
slides also occurred in the rest of the upper Tanarello basin and in
the upper Arroscia Valley (Pepe et al. 2019). Some of them were
related to the collapse of old terraces, as had already occurred in
other places of the Liguria region after extreme rainfall events
(Guzzetti et al. 2004; Giordan et al. 2017a). The debris mobilized
from the shallow landslides and eroded stream banks contributed
to debris flows and hyperconcentrated floods that ran for some
kilometres in the Bavera-Tanarello stream beds (DF1 Fig. 4a) until
it was blocked by the deposits of the Monesi rotational landslide
(L1 in Fig. 6a). As a consequence, approximately 10 m of debris was
deposited in the riverbed of the Tanarello stream upstream of
Monesi.

During the same event, a few deep-seated landslides were
activated in the upper Tanarello basin: (1) a complex landslide
near Monesi di Triora (L4 in Fig. 4a), (2) an incipient rotational
landslide in the village of Piaggia (L3 in Fig. 6a), and (3) a rota-
tional landslide and (4) a deep-seated planar landslide, both (3-4)
in the village of Monesi di Mendatica (L1 and L2 in Fig. 4a).
Additionally, the village of Piaggia was also hit by rapid earthflow
(ARPA Piemonte and Regione Piemonte 2018).

Landslides L1 and L2 were the most destructive, and they
severely affected the village of Monesi di Mendatica. The rotational
landslide L1 had a volume of 7-9 10* m® and was probably
triggered by the erosion of the Tanarello stream at the toe of the
slope. This landslide destroyed a section of the provincial road and
caused the collapse of two buildings in the village. The landslide
deposits partially dammed the Tanarello stream and stopped the
previously mentioned debris flow (DF1).

The second landslide that occurred in Monesi was a deep-
seated planar landslide L2. Its area was approximately 0.4 km?
and its estimated volume was 8-1210 ¢ m? After the November

2016 extreme rainfall event, this landslide experienced an estimat-
ed movement up to 4 m in a few days. The reactivation of this
ancient landslide damaged most of the buildings and structures in
the village, and several cracks and trenches appeared at the bound-
ary of active areas.

Monesi di Mendatica is mainly a touristic resort for the nearby
ski station. During the 20-25 November 2016 event, only a few
people occupied the buildings, and fortunately, they all left before
the catastrophic phase of the landslide, thus avoiding fatalities.

Chronological evolution of catastrophic phase

Based on the gathered data, we could indicate that the catastrophic
phase of the landslide event lasted 4-5 days. In the following, we
present the reconstructed event chronologically, as reported in Fig.
7 and mapped in Fig. 8:

1. Event1 (E1in Fig. 7). The event started with the partial activa-
tion of rotational landslide L1 (Fig. 6 and photo 1a in Fig. 8),
which occurred in the early morning of 24 November 2016
when the rainfall intensity reached a peak of 35 mm/h, and
the cumulative rainfall reached 500 mm. In this phase, the
erosion of the Tanarello stream at the toe of the slope probably
contributed to triggering the rotational landslide (L1). The
landslide affected an old mill, a building of a small hydroelec-
tric plant and an electric trellis. The landslide deposit partially
dammed the Tanarello stream. Several springs related to a
massive increase in the piezometric level in the landslide body
appeared in the lower sector of the landslide (photo 1 b in Fig.
8). The small Bandita Creek flooded the slope near Monesi
and could have contributed to the water pressure increase in
the landslide body. At the same time, several shallow land-
slides contributed to debris flows along the Bavera-Tanarello
streams (photo 1c in Fig. 8). This debris flow (estimated
volume = 5-10 10* m?) was blocked by the deposit of
rotational landslide L1. The Tanaro River at the Ponte di Nava
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gauge (approximately 12 km downstream of Monesi) reached
a level of 400 cm and a maximum discharge of 450 m®/s. We
estimated that at the base of the catchment area for the
Tanarello stream in Monesi, the discharge peak was approxi-
mately 30-40 m*/s. The flood peak passed 1 h in advance with
respect to the Ponte di Nava gauge.

2. Event 2 (E2 in Fig. 7). During the night between 24 and 25
November, the second highest peak (=~ 25 mm/h) of rainfall
intensity was registered. The accumulated rainfall reached
up to 700 mm. Additionally, the second highest discharge
peak of the Tanrello stream occurred. The first signs of
deep-seated planar landslide reactivation (L2) appeared on
both flanks of the landslide with scarp exposure up to 70 cm
(photos 2a and 2b in Fig. 8). At this point, the building
started to crack, and the pylons of the electric line tilted.
The rotational landslide (L1) maintained its retrogressive
movement.

3. Event 3 (E3 in Fig. 7). During the night between 25 and 26
November, one day after the rainfall event, the further failure
of landslide L1 continued with a retrogressive trend. This failure
(with a cumulative displacement of 40 m) destroyed the main
road of the village and severely damaged two buildings, which
finally collapsed a few weeks later (photo 3a in Fig. 8). The cracks
on the rest of the buildings considerably increased.

| Landslides

4. Event 4 (E4 in Fig. 7). According to the presented event
reconstruction, most of the displacement of L2 occurred from
24 to 27-29 November, with an estimated displacement up to 4
m. Field surveys, performed on 6 December 2016 (photo 4a in
Fig. 8) by the ARPA Piemonte (ARPA Piemonte and Regione
Piemonte 2018), did not confirm any significant movement, so
the catastrophic phase was considered terminated. The surveys
also show that the landslide boundary was delimited by sharp
cracks and that the landslide movement at the crown was up
to 10 m.

Coevent displacement with DIC and manual measure

We used DIC and manual analysis to obtain the coevent displace-
ment of the L2 landslide. In Fig. 9, we present the computed
planar displacement for the following input images obtained
from (i) the Planet satellite (Fig. 9a) and (ii) Sentinel-2 satellites
(Fig. 9b).

DIC outputs showed that the mean horizontal displacement
was approximately 2.5 £ 1 m NNW (= 340°N) for both the
Sentinel-2 and Planet satellites (Fig. 9 a and b). Figure 9 d shows
a Q-Q plot that compares the displacement measured with Planet
and Sentinel-2. In this picture, the displacement derived from the
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Planet imagery was slightly larger, especially that of the lower also allowed us to better identify the shape of the area with the
values. This was probably due to the finer spatial resolution of highest displacement (up to 4 = 1 m) that was located in the central
the Planet images (Fig. 9d). The finer resolution of Planet images and upper parts of L2.

12 Photo location
[ Debris Flow
Rotational

5
)

532
\E
©
f
\©

0 75 150m A\

| IS E— |

Fig. 8 Representative photographs of the principal events (E 1—E 4) chronologically documented (1-4) marked on map A and in Fig. 7. 1 a Initiation of the collapse of L1.
1 b Rise of groundwater table and widespread springs flood and shallow landslides. 1 ¢ Debris flow (DF1). First fractures on the southwest (2 a) and northeast sides (2 a)
of L2. 3 a Total collapse of the rotational landslide and 4 a end of main displacement of the large deep-seated planar landslide
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We compared the manually computed displacement with the
displacement obtained by the DIC technique (Fig. 9c), and the results
were in good agreement. We noted that manual measurements
might be affected, as in the case of the DIC technique, by noise
related to shadow length, image distortion and orthorectification
errors (the expected noise was approximately + 1 m).

Based on the obtained coevent displacement, we could define
three landslide sectors as presented in Fig. 9c: low (< 2), moderate
(2-3 m) and high (> 3 m). These sector boundaries were
established using the DIC results and the manual measurement
of displacement. Regarding the toe and crown of the landslide, it
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was not possible to define displacement classes for these parts of
the landslide.

The DIC results show sporadic false-positive displacement in
stable areas. Several causes could explain the noise of the mea-
surement obtained in stable regions: (i) variation of the terrain
reflectance related to changes in vegetation activity and an-
thropic work or shallow landslides; (ii) differences in the shad-
ow length and directions caused by the sun’s position; (iii)
image deformation related to orthorectification processes. In
the case of Sentinel-2, the detected movement was close to the
DIC sensitivity because the displacement was much lower the
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spatial resolution of the satellite images (approximately one
fourth). In the bottom sector of the landslide, near the Tanarello
stream, the DIC failed because the rotational landslide collapse
(L1) and other shallow landslides caused image decorrelation
effects.

Reconstruction of the 2003-2019 landslide velocity with InSAR data
We obtained pre- and postevent displacements by interpreting
InSAR datasets already processed with the SqueeeSAR algorithm
(Ferretti et al. 2011). Using the Sentinel-1 data, we were able to
estimate the landslide activity until a few days before the Novem-
ber 2016 event and its postevent displacement until December
2019. Regarding the catastrophic phase, the landslide evolution
(displacement up to 3 m) was too rapid for detection by the InSAR
technique. We must also consider that the slope orientation of this
study area faced towards the north, which was not favourable for
InSAR analysis. The satellite along the line of sight (LOS) could
detect less than 50% (i.e. C = o.5, Notti et al. 2014; Béjar-Pizarro
et al. 2017) of the real displacement for this slope orientation.

In Fig. 10, we present the LOS velocity map (Fig. 10 a and b) and
the displacement time series of Radarsat (2003-2009) and
Sentinel-1 (2014-2019) (Fig. 10 ¢ and d). We grouped the results
into two clusters based on their slope aspect: cluster 1 faced NNW,
which was better represented by the descending dataset, and
cluster 2 faced NNE, which was better represented by the ascend-
ing dataset.

The pre-event InSAR data of both Radarsat and Sentinel-1
allowed us to analyse the period from 2003 to November 2016.
The cumulative displacement derived from the InSAR time series
analysis along the line of sight (LOS) was less than 30 mm for
cluster 2 and less than 15 mm for cluster 1 (Fig. 10 ¢). The Vs
values for Radarsat were smaller than those for Sentinel-1. More-
over, the Viog for both satellites projected along the slope
(VsLopg) indicated some slight movements in the NE sector of
the village (< 5 mm/year). These data agreed with the ground and
geomorphological observations.

The analysis of these time series shows unexpected results,
i.e. the average trend seemed to slightly accelerate after the 2016
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Fig. 11 Postevent velocity of the Monesi Landslide from in situ instruments and InSAR data (projected along the slope)

event. Even if the time series after the event of 2016 were
limited, the use of GNSS campaigns conducted from 2017 to
2019 supported the presented results. The GNSS measurements
were projected and rescaled along the LOS to compare them
with the SAR data. More details about the GNSS network are
presented in the postevent monitoring results section. Accord-
ing to Fig. 10d, we observed some variability in the postevent
displacement rate. This may have been related to rainfall and
groundwater level oscillations. However, more extended time
series and analysis would be necessary to establish if this trend
was related to a real change in kinematics or to a velocity
oscillation shift related to seasonal trends or alternations of
dry and rainy periods already existing before the 2016 cata-
strophic phase. Moreover, the area with the highest postevent
velocity detected by SAR (= 10 mm/year LOS) was located in the
NE sector (cluster 2), as already shown by the Radarsat data
(Fig. 10a). During the catastrophic phase of November 2016, the
highest displacement values were located in the central and
western sectors of the landslide (Fig. 9).

| Landslides

Postevent monitoring results

Topographic postevent displacement monitoring results
In Fig. 11, we plotted the results of 2 years of postevent displace-
ment monitoring. We elaborated the measurement data from the
nine GNSS benchmarks (of ARPA Piemonte) and nine topographic
prisms. In this figure, we also present the postevent InSAR data
projected along the slope. The results showed an agreement be-
tween the two monitoring systems (GNSS and topographic) and
the InSAR data; the highest velocities (up to 25 mm/year) were
located in the lower NE sector of the landslide, while the lowest
values were located in the central and western sectors. The spatial
velocity distribution coincided with the pre-event data (Fig. 3).
The inclinometric measurements did not seem reliable. This
may be related to incorrectly installed inclinometric tubes
resulting from the landslide mass composition, i.e. the presence
of large blocks. Only the S1 inclinometer, located in the eastern
sector of the landslide, seemed to provide a reliable velocity of 19
mm/year at a depth of approximately 42 m at the contact between
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the landslide body and the bedrock. This measure was comparable
with surface monitoring. In addition to in situ instruments, we
also used the Sentinel-1 SqueeSAR™ data already discussed in the
InSAR results paragraph. In Fig. 11, we plotted the postevent
velocity projected along the slope (Vsiopg) of both ascending
and descending Sentinel-1 datasets.

The rotational landslide (L1) was not subject to any continuous
monitoring, but some short experimental GB-SAR monitoring
campaigns were performed in 2017 and 2018 (Luzi and Dematteis
2019). We could only estimate the displacement by comparing the
pre- and postevent DTMs and analysing the aerial photographs.
We obtained a vertical movement estimate up to 15 m and a
horizontal movement up to 30 m (see supplementary materials).

Piezometric data and correlation with rainfall and snow melting

The piezometric data cover the period from November 2017 to
November 2019 for piezometers S2 and S5 (see Fig. 12). We com-
pared the piezometric level with the 5-day cumulative rainfall and
snow depth (at 1600 m a.s.l.) (Fig. 12a). We identified five main
events (e1-es5 in Fig. 12) of notable groundwater level increase that

were related to the heavy rainfall events that occurred from No-
vember 2017 to November 2019. We noted the effect of the already
saturated terrain related to snow melting (e2 in January 2018) or
close antecedent rainfalls (e6 in December 2019). In both cases, the
increase in groundwater level was faster and more robust than for
the events that started in dry conditions. Concerning the snow-
melt, its effect was evidenced by the piezometric increase observed
in spring 2018, when approximately 1.5 m of snow rapidly melted,
and in consequence, the groundwater level increased by approxi-
mately 4 m without any contribution from the intense rainfall
events.

We used postevent piezometric data (not related to snow-
melt) to estimate the water table level in November 2016 using
linear regression, as the results (e1-e6) showed a linear distri-
bution (Fig. 12b). We applied linear regression to the sum of
rainfall events (5 days) with the 30-day antecedent rainfall
compared with the maximum level reached by the groundwater.
According to this analysis, the piezometric level for the event of
November 2016 reached an estimated value of 24-26 m below
ground level.
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We observed that during the main events, the maximum ® The toe of the landslide (L2-T) was characterized by a steep

groundwater level occurred 24-36 h (piezometer S2) and 48-60 h slope (> 30°). L2-T was also affected by the rotational landslide

(piezometer Ss) after rainfall events. (L1) and other shallow landslides. For this sector, the DIC
technique could not detect any displacement due to interfer-

Geomorphological mapping and damage assessment ence from noise.

Based on the results obtained with the DIC technique (§ coevent ® In the NE sector (L2-NE), DIC detected a moderate displace-

displacement with DIC and manual measure), postevent monitor- ment of 2 m and postevent monitoring registered a slow

ing data (§ Topographic postevent displacement monitoring re- velocity (= 20 mm/year). In this sector, moderate to severe

sults) and field surveys, we defined six sectors of the L2 landslide building damage was observed.

using an approach based on the definition of morpho-structural @ In the NW sector (L2-NW), DIC detected a moderate displace-

domains (Giordan et al. 2017b) (Fig. 13): ment of 2 m and postevent monitoring registered an extremely

| Landslides
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slow velocity (< 10 mm/year). In this sector, severe damage to
the building was observed.

® In the eastern sector (L2-E), DIC detected a displacement of 1-2
m and where geomorphological signs of movement are weak.

® In the central sector of the deep-seated planar landslide (L2-
H.D.), DIC detected a significant displacement of 3-4 m. For
this sector, post-monitoring data were not available, but the
geomorphological traces of movement were notable.

® In the sector where the crown of the reactivated landslide (L2-
C) had an estimated movement up to 10 m, DIC was not able to
detect any movement due to the dense vegetation, strong
vertical component and limited area (Fig. 13¢c).

The most definite signs of L2 activity were fractures that
appeared along most landslide perimeters and were also visible
in the high-resolution aerial images. The fractures showed
vertical displacements of approximately o.5-1 m affecting col-
luvial and landslide deposit material (B). Lateral fractures were
more evident on the southwest flank of landslides where the
displacement reached higher values with respect to the right
side.

At the landslide crown, a movement up to 10 m was measured
by the ARPA Piemonte during field surveying in December 2016

(Fig. 13¢). At the crown, the bedrock outcrops and the bedding of
the San Remo Flysch Formation were favourable to slope instabil-
ity. From high-resolution aerial photography (Fig. 13a), we detect-
ed the deviation of the Bandita stream on the left lateral landslide
boundary. It is interesting to note that this stream, before crossing
L2, was parallel to the landslide boundary for approximately 100 m
(Fig. 13).

The field survey shows horizontal displacement up to 2 m along
the lateral boundaries, in agreement with the DIC and aerial photo
results. Some shallow landslides were also visible on the right
lateral side of the main landslide. The left flank of landslides
presented a sharper boundary with evident fractures, while the
boundary on the right flank was less defined. A field survey
allowed us to map the damages to buildings and infrastructure
that occurred in Monesi. We used the scale proposed by Cooper
(Cooper 2008), which enabled a rapid and qualitative evaluation of
damage based on a rapid field survey. In general, we observed that
most of the buildings located within the L2 landslide were dam-
aged. The degree of damage increases in the central part of the
landslide but with a random distribution, likely related to building
structure and foundation factors. Two buildings located on rota-
tional landslide L1 and the hydroelectric power plant collapsed.
Roads and retaining walls showed widespread damage with frac-
tures and displacement up to 0.5-1 m.
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Results of numerical modelling

Based on the numerical results, we derived an interpretation of the
slope stress-strain behaviour and inferred the variation in the
safety factor as a function of the GWL. In particular, assuming a
groundwater level of approximately 25 m below ground level (the
maximum groundwater level inferred as a consequence of the
rainfall event), we did not obtain a numerical convergence in the
plastic calculation, but we were able to calculate the corresponding
safety factor, which was equal to 1.01. (Fig. 14). A clear failure
mechanism at the toe of the landslide was observed in this analysis
(Fig. 14a), with a displacement field that was initiated in the lowest

Table 6 Estimated safety factor (SF) for various piezometric levels in accordance
with the strength reduction method

Groundwater level from the surface Estimated SF

- 43 1.58
— 40 1.55
- 37 1.48
- 34 1.43
- 31 1.27
- 28 1.17
- 25 1.01
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part of the landslide at the contact between the landslide debris
and the bedrock (Fig. 15a) and then propagated upwards within
the debris mass (Fig. 14b and Fig. 15b). These numerical results
agreed with the field observations, as well as the satellite data and
DIC analyses, which highlight that the highest displacement values
were concentrated in the lowest portion of the slope, where the
rotational landslide (L1) occurred (Fig. 15a). Regarding the influ-
ence of GWL, we obtained a progressive increase in the safety
factor with the lowering of the GWL (Table 6), which indicated
that an exceptionally high groundwater level (i.e. 25 m below
ground level) was capable of triggering the observed failure pro-
cess. We also noted that the numerical results, in terms of dis-
placements of the pre-event case, closely follow the new post-
landslide profile defined on site (Fig. 3b).

The analysis concerning the impact of L1 failure on the general
stability of the slope suggests that for such a configuration of the
model, numerical convergence is reached, which means that no
failure condition is obtained. However, a straining process re-
mains active in the lowest part of the slope (Fig. 16a, b), along
with moderate incremental deformation that appears near the
crown of the L2 landslide (Fig. 17a, b).

Discussion

Extreme rainfall is among the main landslide triggering factors.
For instance, Gallus Jr et al. (2018) forecasts that in the coming
years, the frequency of these events will increase due to global
warming, especially in the autumn season near the Ligurian Sea.
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Consequently, we can also expect an increase in the occurrence of
sudden landslides. Landslides without monitoring systems and
with a lack of ancillary data might be activated. Once such a
landslide occurs, it is necessary to reconstruct its evolution and
define its kinematics and triggering factors, as its eventual further
activity may threaten human activity and life. The use of multi-
disciplinary and multidataset approaches is the best way to con-
duct a posteriori investigations of landslide behaviour. We used
this approach to study the November 2016 Monesi di Mendatica
landslide occurrence, as it represents all of the abovementioned
problems. The results reveal several aspects worth discussing.
The studied landslide is characterized by rapid evolution dur-
ing the extreme rainfall event and by low displacement rates
before and after the event. To describe each evolution phase, which
is represented by different velocity rates, we chose the most suit-
able technique. For the catastrophic phase, defined by a moderate
displacement (up to 3-4 m) occurring within a few days, we
applied the DIC technique. In the Monesi case, this technique
detected subpixel displacement using Sentinel-2 data (10 m spatial
resolution) with an acceptable precision, similar to that resulting
from the higher resolution data of Planet. Considering the high
frequency and cost-free nature of these data, it could be a valid
methodology to map moderate landslide displacement. In con-
trast, to analyse pre- and post-catastrophic phases, which are
defined by a velocity rate of a few millimetres per year, another

approach, such as satellite SAR interferometry, should be used.
Even though these techniques are suitable for different displace-
ment magnitudes, their combined use can cover a large time
interval and a significant range of displacement rates (from a few
mm/year for SAR to several m/day for DIC).

The analysis of several monitoring datasets acquired after
the main L2 reactivation, combined with InSAR data, allowed
us to define the role of groundwater and rainfall in the evolu-
tion of the slope. We compared the postevent displacement
detected by InSAR and GNSS with the 5-day cumulative rainfall
and groundwater level. We observed a slight acceleration after
the rainy periods (e.g. winter 2017-2018 and 2018-2019, e1 and
e2 in Fig. 18a), when the groundwater level was notably high,
and low velocity values during the dry periods (e.g. summer
2017 and 2019, d1 and d2 in Fig. 18 a and b). This limited
landslide movement hampers a clear definition of its response
time to groundwater level fluctuation, as was possible for the
other landslides (e.g. Lollino et al. 2006). For short temporal
spans, we could not detect acceleration correlated with rapid
increases in groundwater due to the noise of the InSAR data.
However, smoothing the data over a long time interval made it
possible to empirically correlate the landslide velocity and the
groundwater level (Fig. 18c). We noted that the velocity was
several times higher during high water level periods than dur-
ing droughts.
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Despite the limits related to the poor geotechnical and hydrau-
lic characterization of the study area (in situ and laboratory test-
ing), the numerical model provided good results. These results are
not intended to be strictly quantitative; however, they provide a
clear interpretation of mechanical slope behaviours, as represent-
ed by the failure mechanisms developed during landslide events,
which supported the definition of landslide behaviour during the
2016 event. The numerical results showed the activation of the L1
landslide and the effect of its failure on the stability of the L2
landslide, as well as the importance of the groundwater table in the
activation of these landslides. According to these results, slope
management and remedial measures should carefully consider
groundwater level management.

During the 2016 flood event, Bandita Creek, which flows along
the landslide body, significantly increased its usual water supply to
the basin and likely augmented the groundwater table within the
highly permeable landslide body.

Conclusion

In this paper, we presented a reconstruction of a series of landslide
events that occurred after extreme rainfall in November 2016 in
the village of Monesi di Mendatica in the Ligurian Alps. We
identified two landslide phenomena, i.e. the reactivation of a
massive and deep-seated planar landslide (L2) and the activation
of a rotational landslide (L1) located at the toe in the frontal part of

| Landslides

the slope. To analyse these events, we used a multidisciplinary
approach to define their sequence of appearances, kinematics,
failure mechanisms and triggering factors. To achieve these goals,
we collected various datasets and information sources (e.g. remote
sensing data, rainfall records, geomorphological elements, subsur-
face investigation and postevent monitoring data, field survey
observations) and applied several processing techniques. In the
final step, we merged the obtained results, which allowed us to
obtain a complete reconstruction to interpret the characteristics of
the failure event and define its kinematics.

By analysing rainfall records, we found that the rainfall event
(which dropped up to 700 mm in 5-6 days) that triggered the
landslides was the most severe of the last seven decades (and
probably on a century scale) in this area of the Ligurian Alps.
Considering the Monesi di Mendatica slope, we did not find any
records of any resulting antecedent landslide massive reactivations
within at least the last 70 years.

We defined the sequence of events that occurred during the
2016 flood based on field observations, rainfall data and numerical
modelling. This showed that most of the L2 displacement occurred
within a few days after the rainfall event.

Regarding the landslide evolution, we obtained coevent dis-
placement by applying the DIC technique to the images of two
satellite sensors (Sentinel-2 and Planet). We estimated that the
displacement of the whole landslide mass ranged from 2 to 4 m
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NNW. We used high-resolution aerial photographs to map land-
slide boundaries and visually validate the DIC results. Concerning
the pre-catastrophic phase, we defined the corresponding displace-
ment rate by analysing the InSAR data from the Sentinel-1 and
Radarsat satellites. The results from both satellites indicate a slow
landslide velocity (Vs opg up to 5 mm/year).

We also defined the postevent landslide kinematics based on
ground-based and Sentinel-1 InSAR monitoring data (from 2017 to
2019). These measurements showed higher velocities (up to 25
mm/year) with respect to the pre-event period (2003-2016) located
mainly in the NE sector of L2. This may suggest a change in
landslide kinematics, but a more extended period of monitoring
would be necessary to confirm such a trend. Additionally, the
postevent time series, together with the corresponding piezometric
and rainfall measurements, show that landslides respond to in-
creases in groundwater level caused by intense rainfall or rapid
snow melting. This agrees with the rapid evolution of the ground-
water level resulting from the medium-high permeability of the
landslide body (8.1 m/day).

We performed numerical modelling of the slope using the finite
element approach. Even if the presented model represents a rough
approximation of the mechanical and hydraulic behaviour, the
numerical results appear to be realistic, as they show strain and
displacement concentrations at the toe and crown of the landslide.
These results are qualitatively coherent with the field observations
and DIC results, and they support the definition of mechanisms
and conditions leading to slope failure during the 2016 event.
Finally, numerical results and postevent piezometric data allowed
us to determine that the main trigger of the L1 and L2 phenomena
was the significant increase in groundwater level (up to 12-15 m
above average).

This multidisciplinary approach consists of utilizing various
types of data and processing techniques. Each technique reveals
a single landslide aspect to be later merged and interpreted as a
unique dataset. This allowed for an almost complete understand-
ing of landslide behaviour and a detailed landslide investigation.
The key point of this approach is that it does not need a large
amount of ancillary data for each method because their union
compensates for the lack of information and in situ monitoring
data. This approach is suitable to study poorly studied landslides
with unexpected and abrupt reactivation events.
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