| Original Paper

Landslides (2020) 17:1063-1081
DOI 10.1007/510346-019-01338-w
Received: 1 August 2019
Accepted: 18 December 2019
Published online: 10 January 2020
© Springer-Verlag GmbH Germany
part of Springer Nature 2020

Abstract The research presented in this paper is aimed at testing
an innovative surveying protocol based the integration of quick
methodologies employed for the characterization of a carbonate
cliff affected by a rockfall and showing signs of further instability.
During a post-rockfall emergency, one of the most important
activities is evaluating if reactivation of the movements is possible,
and if it may represent a threat for a series of elements at risk. On 5
January 2019, intense rainfalls triggered the detachment of a sig-
nificant volume of fractured limestone and dolostone below the
main square of a historical village located in southern Italy in the
municipality of Messina, giving rise to one of the greatest land-
slides occurred at one of the most tourist areas of northeastern
Sicily. Fallen blocks damaged the two main infrastructures of the
area reaching also a bus terminal, which fortunately was vacant at
the time of the rockfall. With the aim of proposing a quick
surveying protocol during a post-rockfall emergency, terrestrial
laser scanner, infrared thermography, and horizontal to vertical
spectral ratio surveys were employed for the geostructural charac-
terization of the cliff and for the investigation of the subsoil below
the main square. In particular, the survey through terrestrial laser
scanner returned an accurate 3D model of the cliff, where some key
structures were highlighted; infrared thermography allowed recog-
nizing caves and fractures along the cliff, with specific reference to a
hollow area arising from past rockfalls. Such remote data, along with
direct rock mass surveys performed by expert climbers allowed
ascertaining that the instability of this cliff is driven by wedges
formed by the intersection of 2 and 3 discontinuity systems, which
are likely related to the main tectonic systems of the area. The
horizontal to vertical spectral ratio survey allowed the identification
of a peculiar vertical contrast of impedance, which may be related to
a mechanical discontinuity located below the main square of the
village, well matching with one of the systems responsible of the
instability. The integration of these surveys methodologies resulted a
useful quick protocol for the achievement of the key information on
the stability of a rock cliff in the initial stage of its securing.

Keywords Rock cliff - Rockfall - Infrared thermography - Laser
scanner - HVSR

Introduction

In a post-rockfall emergency, the quick survey of affected areas is
essential to ensure a rapid characterization of the problem, fore-
cast its potential evolution and suggest the most suitable urgent
remedial measures. To this purpose, the integration of quick sur-
vey methodologies is welcomed for the management of the emer-
gency, especially when no previous engineering-geological data are
available and the most exposed elements at risk have to be located.
When the setting of rock cliffs does not offer suitable spots for
direct rock mass surveys or the unstable rock volumes are located
at relevant heights, the remote and/or indirect analysis of the main
geostructural features is a feasible solution to achieve reliable data.
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A quick combined approach for the characterization
of a dliff during a post-rockfall emergency

The recent technological development in the analysis of slope
instability has highlighted the potential of some innovative, non-
destructive, and stand-alone survey methodologies acting from
both a remote position (e.g., terrestrial laser scanner, infrared
thermography) and in situ (geophysical HVSR prospecting). More
specifically, terrestrial laser scanner (TLS) provides detailed point
cloud data to obtain a highly accurate 3D model of the slope, thus
overcoming the limitations of traditional surveying methodologies
applied to high cliffs or to hardly accessible rock faces, although a
direct rock mass survey, when feasible, is welcomed for a more
realistic interpretation of TLS results. The scientific literature
offers numerous cases of TLS application for the study and mon-
itoring of rock masses (e.g., Lim et al. 2005; Rosser et al. 2005;
Armesto et al. 2009; Fanti et al. 2012; Abelldn et al. 2013; Gigli et al.
2014a; Mineo et al. 2018). Its most significant advantage is the
possibility of achieving the accuracy of the best topographic in-
struments, thus ensuring a precise analysis of the rock face, with
the possibility of focusing on the main instability features.

Infrared thermography (IRT) is a particular imaging technique
based on the infrared radiation emitted by all forms of matter with
temperature above the absolute zero (Hillel 1998). Its application
to the rock mechanics as a diagnostic tool for instability phenom-
ena has still a limited case history. It allows building images
highlighting the thermal variations occurring along a rock slopes,
which can be related to specific features of the rock. The most
recent experiences proved the usefulness of IRT for either the
study of weathered unstable slopes, or the rock mass fracturing
characterization, or the remote survey and mapping of large land-
slides (Baron et al. 2012; Casagli et al. 2017; Pappalardo et al. 2018a;
Pappalardo and Mineo 2019). Some application cases in literature
are focused on the integration between IRT and geomechanical
surveys and/or TLS (e.g., Gigli et al. 2014b; Martino and Mazzanti
2014; Mineo et al. 2015a, b; Teza et al. 2015; Pappalardo et al. 2016a).

The horizontal to vertical spectral ratio (HVSR) is an indirect
geophysical surveying methodology employed for the calculation
of the spectral ratio between the mean horizontal on the vertical
components of the ground motion (Nakamura 1989). HVSR tech-
nique allows identifying the amplification frequency of the ground
motion due to resonance effects. This can be related to the pres-
ence of tectonic and/or stratigraphic discontinuities, landslides, or
peculiar local conditions. Several authors employed HVSR tech-
nique to get information on the seismostratigraphy features of the
subsoil (e.g., Lermo and Chavez-Garcia 1993; Lachet and Bard 1994;
Ibs-von Seht and Wohlenberg 1999). Pappalardo et al. (2016b)
coupled this survey method to geostructural analyses to reconstruct
the degree of fracturing of a rock cliff in a cultural heritage site
previously investigated from the geostructural point of view
(Imposa et al. 2010, 2015), while Imposa et al. (2017a) proved its
utility in the survey of a landslide body. A successful application was
achieved also by Pappalardo et al. (2018b), who detected a relict
landslide underneath an archeological site in Sicily.
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Although these surveying techniques provide different outputs,
their coupling for the investigation of a stability problem gains a
scientific interest in the perspective of an emergency surveying
procedure.

In this frame, the abovementioned methodologies have been
herein combined for the analysis of a rock cliff in northeastern
Sicily affected by a rockfall, which occurred in January 2019 at
Castelmola, counted among the most “beautiful villages of Italy”
(Bacilieri 2019) (Fig. 1a). It involved about 20 m? of rocks, which
fell in a high-risk area (Mineo et al. 2017) causing damages and the
temporary closure of the only access road, leading to the isolation
of the place and the need of urgent remedial works. The predis-
position to rockfall of this area is due to the peculiar geological
and tectonic and features, with intensely fractured carbonate rock
lithologies overlapping a weathered, low-grade metamorphic
basement.

The scientific purpose of this research is therefore to test the
potential of a quick integrated survey protocol, which allowed
facing the problem from two sides. From one, TLS and a rock
mass survey performed by expert climbers provided a 3D recon-
struction of the geometry of the slope to gain the main
geostructural model on the rock face highlighting the main criti-
calities. IRT returned hints on the condition of the rock at the top
of the cliff, providing a better definition of the main geostructural
features and identifying potential forthcoming rockfalls, along
with some key discontinuity systems and the presence of water
circulation. On the other hand, a geophysical HVSR-MASW survey
was carried out on the top of the cliff, where the main square of the
village lays. In fact, the source area of the 2019 rockfall is located
below the square pavement. Therefore, the investigation on the
integrity of the rock mass at this spot is essential in the perspective
of potential retreat phenomena, which would threat the stability of
the village itself. All the surveys were performed in 2 working days,
to ensure the rapidity of work, which is fundamental in the
management of an emergency state.

The study area: geology and rockfalls over the years

Main geological and geostructural outlines

The study area is located on the Peloritani Mountains, which can
be defined as a nappe-pile edifice made of different tectonic slices
of metamorphic basement and Mesozoic-Cenozoic sedimentary
covers (Lentini et al. 2006). Crystalline Hercynian formations are
overlapped by sedimentary series spanning from Early Lias to
Olocene. Outcrops are displaced by regional fault systems, orient-
ed W-E, NW-SE, and NNW-SSE, which are counted among the
main cause of the frequent seismic activity of this regional sector
(Tortorici et al. 1985). This is a significant aspect, as the seismicity
is one of the triggering causes of rockfalls (e.g., Marinos and
Tsiambaos 2002; Barbano et al. 2014).

Castelmola village lies on the top of a carbonate cliff, whose
rocks belong to the Longi Taormina Unit, represented by lower
Liassic grayish-white limestones and dolostones in carbonate plat-
form facies (Lentini et al. 2006) (Fig. 1b). Such lithology uncon-
formably lies on Triassic fluvial “Verrucano-type” deposits, in turn
overlapping the crystalline basement.

The geostructural setting of the rock masses cropping out in the
area has already been studied for several purposes in the latest
years (e.g., Ferrara and Pappalardo 2005; Pappalardo et al. 2014;
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Pappalardo and Mineo 2015). Rock masses are made of carbonate
rocks of Triassic age, ranging from limestones to dolostones, with
intraformational transitions. Rocks belonging to this formation
are characterized by a high degree of fracturing and variable
mechanical behavior (e.g., Pappalardo 2015; Pappalardo and
Mineo 2016). Rock masses are affected by numerous discontinuity
systems, which cause a reduction of the unitary rock volume of the
rock in some portions of the outcrops and show a poor to fair
geomechanical quality according to Bieniawski (1989).

Past rockfalls: state of the art
The study area has been suffering consequences arising from
rockfall events for decades. Blocks usually detach from the
higher sectors of the Castelmola cliff affecting private and public
structures. The main strategic element at risk is the Provincial
Road 10 (SP-10), which is the only access road to the village
traveled also by thousands of tourists every year due to the
cultural heritage relevance of this site (Fig. 2a). Most of the
ancient landslide events, especially those which did not affected
structures/road or involved small rock volumes, were not docu-
mented or reported to the local authorities, while some of the
most relevant ones are collected in national catalogs such as the
AVI project (Italian Areas of Vulnerability; AVI Project 1998) and
P.A.I. (Piano stralcio per I’Assetto Idrogeologico 2006).
Pappalardo et al. (2014) and Pappalardo and Mineo (2015) pre-
sented a chronological reconstruction of the main rockfalls
starting from 1952, when a landslide affected the only access
way to Castelmola after heavy rainfalls. Similar events cause the
temporary road disruption, leading to severe damages for the
local economy and representing an obstruction if an evacuation
is needed. In the 1990’s, three main events led to the SP-10
disruption, with significant rock volumes detached by the highest
cliff portions (Ferrara and Pappalardo 2005). In particular, the
1999 rockfall involved a car causing no injuries. In 2006, the fall
of a 6-m® boulder close to a private house complex prompted the
construction of a rockfall barrier aimed at protecting this local
settlement standing at the foot of the cliff (Fig. 2b). In February
2012, two different blocks reached the SP-10 bringing damages to
some elements of the carriageway. These are only the document-
ed events available in the local chronicle reports and in literature,
but the presence of widespread blocks along the slopes and along
the SP-10 carriageway suggests how frequently rockfalls occur in
this area. With the aim of providing a risk zonation at the
threatened strategic access road, Pappalardo et al. (2014) and
Mineo et al. (2017) highlighted the high rockfall risk affecting
such transportation corridor and the most critical sector deserv-
ing in-depth studies. Their outcomes arise from the study of the
most recent events occurred in August 2013 and February 2015.
The first one involved three blocks, which reached both the
previously mentioned house complex and the downstream road
after having bypassed the rockfall barrier (Fig. 2c, d). The pecu-
liarity of this event is that one of the three blocks reached the SP-
10 road exactly at a parking area employed as a bus terminal,
without causing injuries. In 2015, two further blocks detached
northward and stopped on the roadside, leading to a temporary
disruption of the SP-10 (Fig. 2).

On 16 November 2016, heavy rainfalls triggered the detachment
of a great volume of rock mass, which impacted at the foot of the
vertical cliff breaking up into smaller volumes. Four of these (with
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Fig. 1 a Geographical location and b geological map of the study area

volumes ranging from 0.5 to > 1 m?) reached the access path to the
house complex after having rolled for about 50 m. In this case,
such pedestrian path (PP) acted as a catchment area for the
boulders, which did not go on downstream, testifying how linear
structures running at different altitude play a key role in a rockfall
path (Mineo et al. 2017).

The 5 January 2019 rockfall

In the early afternoon of 5 January 2019, an intense rainfall event
triggered the detachment of a significant volume of fractured
limestone and dolostone, which slid along a dip-slope plane to-
wards the impact point of the 2016 event (Fig. 3). This produced a
6 x 9 m large cavity under the main square of Castelmola village
(detachment zone) famous for its panoramic view towards Taor-
mina and the Ionian coastline, as the fallen rock mass was its hard
basement. A comparison with an older photo of the cliff allows
locating the detached rock volume, which showed signs of insta-
bility already in 2013 (Fig. 3). The rockfall was composed of about
25 main blocks (average volumes between o.1 and 5 m®) and
numerous smaller rock volumes, which crossed the slope as far
as the SP-10 road and the bus terminal already affected in 2014. In

particular, three main runoff sectors can be identified: the first one
is located right at the foot of the vertical cliff, where a change in the
slope aspect characterizes the morphology. This is the point where
the block movement turns from free-fall into rolling/rebounds.
The greatest volumes proceeded downstream towards the other
runoff sectors, i.e., the pedestrian pathway (PP) and the SP-10 (Fig.
3). The rockfall deposit shows a sort of gradation of volumes, with
greatest blocks traveling a longer distance as far as the SP-10. In
fact, 24 blocks stopped along a 30-m long segment of PP, damaging
the road pavement and the railing. Their volume ranges from o.1
to 2 m? and some of them show weathering films on the surface,
index of water circulation on both the rock face and within open
discontinuities. Traces of block transit towards downstream are
evident in vegetated areas. Three main blocks reached the bus
terminal and the SP-10, with volumes ranging between 1.3 and
5 m’. Signs of their transit along the road are identified by impact
craters on the asphalt (Fig. 3). Only 1 block invaded the SP-10,
leading to its temporary disruption. Signs of weathering films on
the block surface are present in some cases. An approximate
estimation of the global mobilized volume, according to the size
of the cavity left on the cliff, is about 60 m°.
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Fig. 2 a Panoramic 3D model of the Castelmola cliff (1 Castelmola village, 2 Main square, 3 2006 and 2013 source area, 4 rockfall barrier, 5 house complex, 6 pedestrian
pathway PP, 7 2016 and 2019 source area, 8 2016 and 2019 talus, 9 bust terminal, 10 SP-10 road); b On of the blocks fallen in 2013; 2016 block at PP; view of the house

complex and protecting rockfall barrier

A rockfall simulation was performed along this trajectory,
based on the results of a back analysis, by the RocFall computer
program (Rocsience) according to the “Lumped Mass” method
and considering 10,000 possible trajectories of blocks with a rea-
sonable volume for the 2019 event. This confirmed the presence of
three main runoff sectors, located at (Fig. 4):

- the foot of the cliff, where about 50% of blocks stop;
- PP, where about 35% of blocks stop;
- SP-10, reached by about 3% of blocks.

The remaining rock volume stops along the vegetated slope. Al-
though such percentages are affected by the limitation of the simula-
tion method, which consider a constant mass of the boulder during
the trajectory, this outcome proves that the studied rockfall is not a
causality, but a potentially repetitive event representing a risk for the
main infrastructures, as already pointed out by Mineo et al. (2017).

Methodological approach
The methodological approach followed herein (Fig. 5) is
aimed at testing an innovative surveying protocol, based on
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the combination of different techniques, looking for a quick
slope stability assessment, supported by the detection of the
main criticalities in terms of potential reactivation of the
movement. Indeed, this could lead to both cliff retreat phe-
nomena (threatening the structures laying on its top) and to
further damages to the elements at risk located at the foot of
the slope, which in this case are represented by a group of
houses and two linear infrastructures (a pedestrian tourist
path and the only access road to the village).

In detail, a 3D model of the cliff was achieved by a TLS survey
(Fig. 5), which allowed the reconstruction of a high definition
point cloud for the generation of a mesh on which aerial photos,
taken by an unmanned aerial vehicle, and IR images can be
overlapped. In this perspective, IRT allows the remote mapping
of the cliff face according to the detection of the surface temper-
ature variations, which depend on peculiar feature of the slope
(Fig. 5). In this way, the source area of the rockfall can be charac-
terized locating cavities, open fractures, loose rock, presence of
water, specific kinematic patterns. IRT allows indeed the detection
of the most persistent cracks, highlighting their relationship in
terms of identification of kinematic features, with specific refer-
ence to wedges. IRT outcomes were compared with the
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Fig. 3 Reconstruction of the rockfall trajectory with a focus on the three key spots: 1, source area with a comparison between photos taken in 2013 and 2019; 2, surveyed
blocks along PP; 3, surveyed blocks along SP-10

geostructural data collected on the rock face by expert climbers, Moreover, in order to evaluate the degree of fracturing within
and the thermograms were overlapped on the 3D model of the the rock mass and to detect potential criticalities in the subsoil,
slope for a quicker interpretation of the data. HVSR surveys were performed on the main square at the top of
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the cliff (Fig. 5). In this way, the amplification of the ground
motion due to stratigraphic resonance, which returns information
on the degree of fracturing of the rock mass, allowed highlighting
the presence of key impedance contrasts related to particular
discontinuities in the subsoil.

The integration of such survey methodologies represents an
innovative approach for the analysis of unstable rock slopes and
the management of rock fall risk, which can be taken into account
for numerous similar cases worldwide.

Terrestrial laser scanner

TLS is a contact-free and ground-based technology for terrain and
landscape high-resolution mapping, employed in several cases and
integrated surveys (e.g., Teza et al. 2015; Martino and Mazzanti
2014). Such technology is based on the emission and subsequent
reception of an electromagnetic pulse (laser). The time interval
between the emission and reception of the laser signal allows the
assessment of the distance between the instrument and the sur-
veyed point. According to this principle, TLS is employed to
collect a dense array of laser distance return values, which are
gathered into highly accurate, digital 3D models that can be also
transformed into digital elevation models (e.g., Walsh et al. 2018).
Several applications of TLS are commented in the scientific liter-
ature, with specific reference to rock mass mapping in under-
ground works (Monsalve et al. 2019) or cultural heritage sites
(Mineo et al. 2018), to monitor the rock deformations (Abelldn
et al. 2013; Pratesi et al. 2014) or to evaluate the rockfall hazard
(Lato et al. 2012; Gigli et al. 2014a, b). The main advantage of this
surveying methodology is its accuracy (millimetric order), which is
function of both the distance scanner-target and the ray angle of
incidence.
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The employed instrumentation is a 3D Stonex X300 Laser
Scanner, with a full panoramic horizontal angle and an acquisition
rate of 40 k points per sec. For a detailed reconstruction of the cliff
morphology, 7 surveying points were chosen both at the foot of the
cliff and on the main square. About 43 million of points were
processed to achieve a Digital Terrain Model (DTM) of the cliff.
Data surveyed by TLS have been coupled with the photos acquired
by an unmanned aerial vehicle to obtain a realistic textured model
of the slope.

Infrared thermography applied to the geomechanics

Infrared thermography is a non-destructive survey methodology
allowing the assessment of the surface temperature of a body,
which emits thermal radiation. In nature, all forms of matter with
temperature above the absolute zero emit thermal radiation, which
is characterized by wavelengths between 0.1 and 100 pm in the
electromagnetic spectrum (mainly falling in the infrared band)
(Hillel 1998). Thermal radiation is not visible by the naked eye,
and its intensity is proportional to the temperature of the emitting
material according to Stefan- Bolzmann’s Law (e.g., Hillel 1998;
Meola and Carlomagno 2004; Shannon et al. 2005 and references
therein)

J =coT*

where ] is the total energy emitted by the surface of an object
across all the wavelengths, o is the Stefan-Boltzmann constant, ¢ is
the emissivity, and T is the temperature of the emitting material.
Thermal cameras are specific devices, operating in a range of
wavelengths up to 14 pm through clear air (e.g., Rees 2001), capable
of building color-scale images (thermograms) according to the
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surface temperature variation of the framed subjects. This is a
quick way to represent in the visible field, something that is
invisible to the human eye.

In the latest years, IRT proved a promising tool for the study of
severe engineering geological and geomorphological subjects, such
as landslides (e.g., Squarzoni et al. 2008; Mineo et al. 2015a; Teza
et al. 2012; Casagli et al. 2017; Frodella et al. 2017a, b; Pappalardo
et al. 2018a). With specific reference to rock masses, the analysis of
the rock fracturing can benefit from IRT surveys, as the distribu-
tion of thermal anomalies proved well correlated with open frac-
tures and loosen material (Mineo et al. 2015b). Wu et al. (2005)
applied this technique to assess the integrity of a rock mass behind
a shotcreted slope, demonstrating that the spatial distributions of
large temperature increment is compatible with the existence of
eroded caves. Baron et al. (2014) employed IRT to map open
fractures along unstable rock slopes in Czech Republic and
Austria, while Gigli et al. (2014a, b) employed it as a support tool
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Detection of faults/fractures
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Detailed survey of the cliff
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emergency condition to study a rockfall event and its potential evolution

for the stability analysis of rock masses in Italy. Pappalardo et al.
(2016a) proved the utility of an IRT monitoring during the cooling
phase of rock masses, establishing the Cooling Rate Index (CRI)
for a direct correlation with the degree of fracturing of the rock.
Such experimental application, which returned satisfactory results
even for hydrogeological purposes (Pappalardo 2018), was also
tested in laboratory to study texture and porosity of intact rock
specimens (Mineo and Pappalardo 2016a, b, 2019; Pappalardo and
Mineo 2017), providing a satisfactory relationship between CRI
and porosity. All these recent applications, followed by promising
results, suggest that IRT owns a good potential in the remote
survey of rock masses. For this reason, a high-sensitivity infrared
thermal imaging camera, with a 320 X 240 pixels infrared resolu-
tion and operating in a range of temperature from — 20 to 650 °C
(with 2 °C accuracy) was employed for the IR study of the
unstable cliff. According to literature data (FLIR 2015;
Pappalardo et al. 2016a), emissivity was set to 0.93 for the
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thermograms processing, which proved a suitable representative
value for the remote IRT surveying of an extensive part of slope
where different “elements”, characterized by different emissivity
values, coexist (e.g., bare rock, vegetated sectors, talus, anthropic
features). The IR analysis of the unstable cliff was carried out from
two frontal survey spots located 230 and 45 m away from the
rockfall site, from now on referred to as shooting points 1 and 2,
respectively.

The horizontal to vertical spectral ratio technique

The HVSR survey is a non-invasive and fast passive seismic tech-
nique used to estimate site resonance frequencies (Nogoshi and
Igarashi 1970; Nakamura 1989).

Starting from the acquisition of environmental noise (Okada
2003) in its three spatial components, this technique allows achiev-
ing a frequency spectrum, specific for the site (Fig. 6a), which is
characterized by one or more peaks. Such peaks can be correlated
to some specific features of the subsoil, such as discontinuities,
which cause a change in its properties (for example lithological
variations or variation in the geomechanical properties of the
rock), thus allowing the seismo-stratigraphic reconstruction of
the subsoil.

The feasibility of this method applied to specific sites, showing
a subsoil affected by different lithological units or lithologies with
dissimilar geomechanical characteristics, has been extensively
studied and tested in recent years. For example, passive seismic
surveys were successfully applied to the study of landslides with
specific reference to the identification of the sliding surface depth
(Danneels et al. 2008; Imposa et al. 2017a) and, in some cases, also
monitoring variations over time (Amitrano et al. 2007; Imposa
et al. 2007b). It is indeed reasonable to expect that a landslide

NORTH

Noise.éignal in the |
-3 components '

Environmental noise
acquisition

body is characterized by different physical-mechanical features
with respect to the underling layer; this contrast of properties is
detected by HVSR as an impedance contrast.

This technique is based on the assumption, in terms of subsoil
stratigraphy, that a layer is a distinct unit separated from those
above and below it by an impedance contrast, i.e., the ratio be-
tween the seismic impedance between the layers.

Such contrast may be related to stratigraphic variations
(Amorosi et al. 2008), intended also as an alternation between
intact and fractured layers of a single lithology (Gross 1995).
Therefore, the H/V single-station technique can provide informa-
tion also about changes in the degree of fracturing of the rock
sequence (Pappalardo et al. 2016b), i.e., the impedance contrast
occurs between layers with different geomechanical
characteristics.

Each peak in the H/V spectrum corresponds to a possible
seismo-stratigraphic level presenting an impedance contrast com-
pared with the neighbor levels.

In a simple two-layer system, composed by a soft layer above a
bedrock, the relationship linking the fundamental resonance fre-
quency f to the thickness of the overlying layer H is given by the
following equation:

f=Vs/4H (1)

where Vs is the shear wave velocity in the investigated medium.
It is reasonable to assume that the shear waves velocity in the
subsoil increases with depth, due to the increase of the
lithostatic load. According to the following function (Ibs-von
Seht and Wohlenberg 1999), once known, the trend of shear

AH

Fig. 6 a Sketch of the procedure followed for the acquisition end processing of the environmental noise; b location of the measuring alignments on the square; c field

setting during the acquisition stage along profile 3
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waves V¢ with depth Z (obtained by a multichannel seismic
survey MASW):

Vs(Z) = Vo(1+ Z)a (2)

V, (shallow shear wave velocity) and a (proportionality coeffi-
cient between depth and velocity) parameters, for which there is
the minimum misfit between the experimental V -depth profile
and curve fitting these data, can be obtained.

These two parameters can be used to turn the frequency f into
depth values h, according to the H/V spectra, by Ibs-von Seht and
Wohlenberg’s formula (1999):

. {Vo(l—a) N } o N
4f

If the environmental noise samplings are performed at regular
spacing, it is possible to reconstruct the impedance contrast sec-
tions by using a contouring algorithm. The x-axis in these sections
shows the horizontal length along the aligned measuring points
placed on the ground, while the y-axis is for depth. The distribu-
tion of the amplitude values of the H/V spectral ratio is represent-
ed by colors associated with a chromatic scale.

In order to assess the possible presence of directional effects,
data obtained by the HVSR analysis were processed with the
DHVPOR (directional H/V peak occurrence rates) technique
(Del Gaudio et al. 2008, 2013). This allows highlighting a systematic
direction in site response, through the observation of a high
percentage of peaks H/V around a given frequency and a given
azimuth. The DHVPOR analysis allows distinguishing, with a good
statistical significance, the directional effects, which are closely
related to the structural and geo-lithological properties of the
subsurface.

The average values of the H/V spectral ratios for azimuthal
intervals of 10° and frequency intervals of 0.5 Hz were calcu-
lated. The analysis took into account only the H/V peaks
characterized by an H/V ratio average value greater than 2
and H/V maximum and minimum ratios observed at the same
frequency (in an orthogonal direction with divergence no
more than 30°) at least equal to 1.5 (Del Gaudio et al. 2008,
2013). The occurrence rates were evaluated in the frequency
range 0.5-20 Hz. This technique put in evidence the percent-
age of time windows, for each acquisition, characterized by
directional peaks, with a similar orientation, in order to
highlight the site directional resonance properties. Further-
more, these occurrence rate percentages were plotted on 3D
histograms where the vertical bars height is proportional to
the occurrence rate percentage, for each frequency-azimuth
combination.

On the main square, 19 environmental noise samplings were
carried out along three different profiles having one common
measuring point. In particular, profile 1 was parallel to the cliff
face, while profiles 2 and 3 had a perpendicular orientation to
allow the investigation of the inner portion of the rock mass below
the main square (Fig. 6b). Each profile consisted of 4 m spaced
measuring stations (portable digital three-components seismo-
graphs (Fig. 6c), with a sampling frequency of 128 Hz, for
20 min) recording the environmental seismic noise. During the

acquisition phases, the vehicular traffic was inhibited to avoid any
source of disturbance on the recorded signals. A multichannel
analysis of surface waves (MASW) was performed to estimate the
shear waves velocity profile within the subsoil (Park et al. 1999),
according to Eq. 2 and the related methodological approach re-
ported in the previous sections. The 28-m long MASW alignment
was parallel to the cliff, and the seismic signal was acquired
through a digital multichannel array, equipped with 14, 2 m spaced,
vertical geophones with natural frequency of 4.5 Hz. An 8-kg
hammer beating on a metallic plate, placed 4 m away from the
geophone starter, was used for energization. In order to gain a
signal with an energy content higher than the ambient noise, the
stacking technique was applied; it consists in carrying out several
energizations at the same point.

The acquired signal has been analyzed in the frequency-phase
velocity domain. Once the dispersion spectrum of Rayleigh waves
from the MASW elaboration was attained, a joint fit between the
dispersion curves and one among the most representative H/V
spectra was performed. The joint fit procedure allows a better
constraint of the Vs-depth profile (Castellaro and Mulargia
2009). The parameters of the starting subsoil model (Vs, Vp,
thickness, density, Poisson ratio) are reiteratively modified to
minimize the misfit between the experimental curves (dispersion
curve and H/V spectrum), obtained from the surveys processing,
and the theoretical ones calculated by the subsoil model. The
model affected by the lowest misfit it is the most reliable in terms
of seismo-stratigraphic conditions of the subsoil.

Results

Rock mass characterization and 3D model by TLS

Although the geomechanical features of the rock masses in the
area are known, for this research, a specific survey of the cliff
affected by the 2019 rockfall was performed by experienced climb-
er surveyors. Surveyed discontinuities show a great rate of disper-
sion index of the high degree of fracturing arising from a peculiar
tectonic history of this area and can be grouped into 7 systems
(Fig. 7).

Two main source areas can be identified (Fig. 7a). From a
kinematic point of view, the 2019 one is an asymmetric wedge
formed by two intersecting systems. The unstable rock volume slid
along a dip-slope plane 085/65 leaving a cavity under the banister
and pavement of the main square. On the other hand, the largest
source area (about 260 m®) belongs to one or more not specified
rockfall events (among which the one occurred in 2015, whose
blocks and debris are still present at the foot of the cliff) and
occurs a few meters below a public edifice of the main square
(Fig. 7a). An 8.5-m high and 5.5 m large karst cavity occurs along a
fracture trace (F1), which at a closer observation shows a series of
streaks suggesting a tectonic origin of this discontinuity (Fig. 7b).
The discontinuity orientations, acquired during the rock mass
survey (Fig. 7c), allow stating that this source area is a wedge
formed by the intersection of 3 sets and, although part of the rock
volume has already failed, there are signs of further material in
precarious stability conditions. Therefore, a limit equilibrium
analysis was performed according to both surveyed and literature
data (Pappalardo et al. 2014), and a 0.63 factor of safety was
estimated in static conditions, proving the persisting instability
of this sector of cliff (Fig. 7d). All these elements are clearly
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recognizable on the 3D model of the cliff achieved by the TLS
survey (Fig. 8a), where the talus of all the past rockfalls occurred at
this sector can be mapped. The model shows also the presence of a
shear plane at the foot of the cliff affecting the Triassic formation
of limestone and dolostone (dashed line in Fig. 8b). This shear
plane seems to be crossed by a tectonic structure, with a direction
likely similar to F1, which causes a throw visible in the model.
Above this plane, a further protruding rock volume stands below
the 2019 source area. Its evidence is poor in the model due to the
presence of vegetation, but its unstable condition must be report-
ed. In fact, the dip slope geometry of the shear plane suggests a
kinematically hazardous incipient movement involving about
450 m® of rocks (white rectangle in Fig. 8b). Furthermore, this
volume is sided by the presence of cavities developed along the
aforesaid tectonic structure with direction similar to F1, which can
be regarded as enhancement features of a forthcoming instability.
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Infrared thermography mapping of the rock cliff

From a frontal survey spot, an overview on the whole cliff is
achieved. Due to the peculiar orientation of the rock face, with
sudden changes caused by the tectonic setting of the area, the cliff
suffers a non-uniform insolation condition. In fact, the highest
surface temperature affects the SE-facing portion of the cliff due to
the direct insolation (the IRT image was taken at noon), while the
coldest temperatures affect the shadowed portions comprised be-
tween the NE and E-facing rock faces (Fig. 9a). In this shadowed
sector, two positive anomalies (higher surface temperatures) rep-
resent a hollowed rock mass sector, corresponding to the two main
rockfall source areas previously defined. These are labeled with a
slightly higher surface temperature due to the preservation of a
warmer temperature, not perceptible to the naked eye (Pappalardo
and Mineo 2019 and references therein). Such emptied zones are
surrounded by negative anomalies (i.e., lower surface



protruding rock volume

Fig. 8 3D mesh obtained by TLS survey: a raw mesh of the studied cliff with labels
of the main elements (MS, main square; SA, 2019 source area; PS, past source area
of 2015 and previous undefined events; RT, rockfall talus of 2019, 2015 and
undefined past events); b 3D model of the cliff with a texture arising from aerial
photos acquired by an unmanned aerial vehicle

temperatures) referred to protruding rocks and/or presence of
water. By filtering the temperatures of this cliff sector in the range
4-8 °C, the two main source areas can be well identified, along
with the deep cave highlighted by the strong contrast of tempera-
ture. In fact, Pappalardo et al. (2016a) after a rock mass monitor-
ing demonstrated that when the rock mass is directly irradiated by
sunrays, cavities maintain by a lower temperature with respect to
the surrounding more exposed rock mass sectors. On the other
hand, when the rock mass is in shadow condition, such as the case
of the rock mass portion analyzed herein, cavities, along with open
cracks, hold a higher surface temperature and can be easily iden-
tified (Fig. 9b). In this case, the utility of IRT is in the discrimina-
tion of persistent and shallow cavities. In fact, several other
cavities occur along the cliff and were identified by IRT as they
are marked by positive anomalies. These are located along the
main tectonic structures (e.g., faults), where water circulation
enhances dissolution phenomena (Fig. 9a). The colder zones

surrounding this large hexagonal source area are index of pro-
truding rock mass portions and water flows on the rock face (Fig.
9¢). In fact, according to the direct observation of the cliff face by
climbing surveyors, we could assess that the lowest temperature is
related to wet rock surface. The identification of protruding por-
tions, in this case labeled by negative anomalies, is a key activity, as
these represent unstable material potentially involved in future
rockfalls, while the presence of water can be addressed as a
predisposing factor of a landslide event. This gains specific rele-
vance considering that such water flows probably originates from
the upstream edifices.

The 2019 source area occurs at the highest sector of the cliff,
where a positive thermal anomaly highlights the hollow rock
mass portion emptied by the latest event. This shows a peculiar
kinematic pattern, as it is enclosed between two intersecting
discontinuities giving rise to a wedge configuration, as already
highlighted by the survey. The intersection of such systems
occurs along the entire studied cliff, as highlighted by IRT
(Fig. 9d). This is a key interpretation of the widespread insta-
bility, which is driven by a series of wedge patterns of different
orders, as already highlighted by previous studies in this area
(e.g,. Mineo et al. 2017; Pappalardo et al. 2017). Wedges are
usually formed by two or three intersecting discontinuity sets;
in the latter case, two traces are visible along the slope face and
the third is a dip-slope plane acting as tension crack. The sliding
occurs either along the dip-slope plane or along one lateral
discontinuity plane, as occurred for the 2019 event.

The second surveying spot, located at the foot of the cliff, allows
a detailed remote survey of the upper portion of the cliff (Fig. 10a),
where the 2019 rock volume detached leaving a cavity below the
main square of the village. The analysis of IR images (Fig. 10)
highlights the persistent aspect of the cavities occurring within the
past source area (the one with hexagonal shape in Fig. 8). In
particular, the highest surface temperature is found at the largest
opening, suggesting a deep prosecution of the cavity in depth. In
this perspective, the higher the surface temperature, the deeper the
cave. This is a relevant feature to highlight, as it testifies the
occurrence of karst processes, which plays a weakening action on
the mechanical behavior of a rock mass and can lead to instability
phenomena (e.g., Santo et al. 2007; Saroglou et al. 2012; Niu et al.
2015). This consideration is even supported by the detection of
certain rate of water flowing along the rock face (Fig. 10a), which
enhances the carbonate dissolution process. By filtering the tem-
peratures within a 6.2-4 °C range, the crown belonging to both
previous and the 2019 events can be easily defined (Fig. 10b). In
particular, the 2019 crown is limited by the cantilever foundation
of the main square, which represents the main current element at
risk. On the other hand, the upper boundary of the past source
area is represented by a protruding rock mass highlighted by a
negative thermal anomaly. Among the hollowed sectors highlight-
ed by higher temperature in Fig. 10a, the two deepest cavities are
further highlighted in Fig. 10b. By enhancing the contrast between
higher and lower surface temperatures (Fig. 10c), which highlights
that such protruding rock mass is overleaf limited by an open
discontinuity marked by a liner positive thermal anomaly. This
suggests a loosening of such rock mass, probably due to a pro-
gressive stress relief after the loss of the underlying rock support,
which can be now regarded as a prone-to-fail rock volume needing
immediate stabilization works (Fig. 10d).
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Geophysical survey

The 1D Vs-depth profile (Fig. 11) shows a normal velocity pattern
characterized by a significant increase of shear waves velocity with
depth. The V, and « values, obtained by the fit of Vs-depth profile
(Fig. 11), for which there is a minimum misfit between the data of
the profile and the Eq. 2 with which the fit of such data was made,
are equal to the following: V, =150 m/s; o =0.45889 *0.01743
(3.799%).

According to Ibs-von Seht and Wohlenberg’s formula (1999)
(Eq. 3), H/V spectra frequency values were converted in depth, and
values of each H/V measuring points (Fig. 12a) were interpolated
to reconstruct the impedance contrast sections.

Section 1 (parallel to the cliff face) (Fig. 12b) shows a first strong
horizontal impedance contrast (IC1) at about 2 m of depth, prob-
ably related to the transaction between the filling material used for
the construction of the square and the underlying rock. IC1 occurs
also in the other two impedance contrast sections, at about the
same depth (Fig. 12¢, d). Two further significant horizontal imped-
ance contrasts (IC2-IC3) occur at about 10 and 20 m of depth in all
the sections. Considering that no geological variations along the
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exposed cliff face are visible at this depth, such contrast is likely
related to a transition between rocks with variable physical-
mechanical characteristics due to a different degree of fracturing.

An interesting outcome is the presence of a vertical impedance
contrast (IC4) occurring at sections 2 and 3, well visible in the
depth interval 5-25 m. Such contrast is found 4 and 12 m away
from the cliff edge at sections 2 and 3, respectively (Fig. 12). This
suggests the presence of a vertical structure crossing the sections at
about N9 and N17 sampling points. A reasonable interpretation of
this outcome is the presence in the subsoil of a mechanical dis-
continuity (crack, joint, fault), which crosses the main square, with
a direction well matching with the F3 discontinuity surveyed along
the cliff and driving the instability of the wedge within the past
source area. Due to the relevance of this outcome, which could
play a key role in the stability of the main square in case of cliff
retreat, we have investigated on the directional effects found at
some noise measurement points. The occurrence rates of some
environmental noise recordings along the different alignments are
shown in Fig. 13. The directional effect affects the frequency range
in which the resonance peaks fall. By analyzing the 3D histograms,
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two different directional effects, affecting two different ranges of
frequency, can be noted. In particular, N3 and N9 measuring
points (Fig. 13a, b) show at high frequency an azimuth between
100° and 140° N; the occurrence rate percentage is around 75% at
N3, which is the closer to the edge of the cliff, and around 40% for
Nog point (Fig. 13a, b). Such directional effect can be related to the
topographic effect induced by the proximity of the edge of the cliff
with reference to the sampling points.

The second directional effect shows an azimuth between 30°
and 50° N at low frequency, and the associated occurrence rate

percentage is around 30-40% for both recordings. A similar effect
was found even at the N14 and N1y sampling points, characterized
by a single directional effect, with azimuth between 30° and 50° N,
affecting the entire frequency range of the resonance peaks
(Fig. 13c, d). The highest occurrence rates percentage is around
30-40% for both recordings. The percentage values of the occur-
rence rate for particular frequency-azimuth pairs (30-75%) high-
light that there was a constancy of the directional peaks during the
sampling, thus a directional order at specific frequencies in the
local seismic response. This kind of effect, which typically occurs
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close to a tectonic structure (Imposa et al. 2004; Pappalardo et al.
2018b), proves the presence of a discontinuity in the subsoil, which
can be related to F3.

Discussion and conclusions

A combination between non-invasive surveying methodologies
has been herein presented with the aim of a quick evaluation of
the stability condition of a rock slope in an urbanized area after
the occurrence of a rockfall, which caused damages to structures
and infrastructures. The innovative integration between infrared
thermography, rock mass surveys, terrestrial laser scanner, and
horizontal to vertical spectral ratio is focused on the quick detec-
tion of the most critical sectors along a rock dliff, in order to
achieve technical information for the emergency securing of the
area and to address further in-depth surveys for the design of the
most suitable remedial works. In fact, IRT and TLS allowed the
evaluation of the condition of the rock face through thermal
anomalies and point clouds, with hints on the persistence of
discontinuities and on the kinematics of potential unstable vol-
umes; on the other hand, HVSR sheds light on the subsoil in terms
of impedance contrasts related to either mechanical discontinu-
ities or local peculiar conditions.

To test this surveying approach, the carbonate cliff of
Castelmola, one of the most tourist areas of northeastern Sicily
affected by a rockfall on 5 January 2019, was chosen. In fact, this
event left some critical issues along the slope, because the rock
volume detached right below the main square of the village,
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leading to the instability of the structures above the cliff, and
damaged the downstream only access road to the village. This area
is not new to rockfalls, and the fair-poor geomechanical quality of
the rock masses, along with the complex and long-lasting tectonic
history of the area, are among the main causes of this widespread
instability. In fact, rock masses are affected by up to more than 5
discontinuity systems, and the main kinematic failure pattern
surveyed in the area is the wedge sliding, with wedges formed by
the intersection of 2 or 3 systems, sometimes belonging to tectonic
structures. This is the case of the 2019 instability, as well as of a
source area of past rockfalls, which is enclosed between disconti-
nuities showing also strikes (F1), thus suggesting a tectonic origin
of the discontinuities. Moreover, karst caves occur along such
planes, confirming the presence of a certain rate of water circula-
tion. More specifically, the past source area is a wedge that still
holds unstable rock material, whose estimated factor of safety is
0.63 in static conditions. Furthermore, it is topped by a protruding
rock mass portion, which has to be treated as a prone-to-fail
volume. Finally, a shear plane at the foot of the cliff was surveyed,
index of the intense tectonic disturbance of the slope. The most
relevant features were highlighted by employing different remote
survey techniques, whose overlapped outcomes returned an inno-
vative and useful IRT-3D model (Fig. 14a). In fact, by spreading the
IRT images over the 3D mesh achieved by TLS the past source area
is well highlighted by a warm anomaly, as hollow rock portions
preserve a higher surface temperature than the protruding ones
when the cliff is not directly irradiated by sunrays (Pappalardo
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et al. 2016a). The source area well defines a wedge shape (Fig. 14b),
which is clearly recognizable in the model of the cliff, thus
confirming that most of the unstable kinematic features are con-
trolled by wedges. Furthermore, the positive anomalies initially
attributed to the presence of persistent cavities, well overlap the
cavity traces visible along the cliff. In this case, we found that the
deeper the cavity, the higher the surface temperature, based on the
temperature contrast between the inner rock mass and the exter-
nal environment.

Moreover, the protruding rock mass portions above the past
source area (Fig. 14b), visible also to the naked eye and highlighted

by IRT, was found affected by open fractures bordering its contact
with the rock face. These discontinuities are highlighted by posi-
tive thermal anomalies, which are more visible by enhancing the
contrast of the lower temperatures, suggesting a certain degree of
aperture. This suggests, as already hypothesized, the presence of a
partially open, sub-vertical crack behind this rock portion (ap-
proximate volume 60 m?), which breaks the continuity of the rock
face crossing the entire thickness of the protruding rock volume,
thus enhancing its instability. The direction of this element
matches with F3 system, proving that the instability of the cliff is
linked to the main structural systems of the area.
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All these considerations highlight the actual possibility of future
rock detachments, which should be preventively secured. In fact,
the occurrence of rockfalls could bring negative effects also on the
structures laying above the cliff, such as the main square and the
edifices, which should be regarded as elements at risk for cliff
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retreat phenomena (Fig. 15). In this regard, the HVSR technique
shed light on the conditions of the subsoil of the main square,
which represents the “inner” portion of the rock mass surveyed by
TLS and IRT. Such methodology highlighted the presence of dif-
ferent impedance contrasts in the subsoil below the main square.



Fig. 14 a Example of a IRT-3D model of the cliff; b particular of the past source area in the temperature range 1.4-6.1 °C

These are related to a different degree of fracturing of the cliff,
which may also condition the hydraulic conductivity of the rock
mass. In fact, the karst caves detected along the cliff are located at
a depth between — 10 and — 20 m below the square level (matching
with the IC2 and IC3 contrasts), which coincides also with the
occurrence of the wet rock surface surveyed by IRT. Moreover, a
peculiar sub-vertical impedance contrast (IC4) was detected at two
specific noise measurement stations (N9 and Niy), with a direc-
tional effect well matching with the F3 plane surveyed at the
unstable wedge. This suggests the presence of a mechanical dis-
continuity below the main square, probably related to a tectonic
alignment, whose likely prosecution would be associated to the dip
slope plane (F3) behind the unstable wedge of the past source area

(Fig. 15).

Such results prove the highly critical issues affecting this cul-
tural heritage site, as well as the risk arising from potential future
rockfalls.

Besides the technical achievements, which surely gain relevance
from a local point of view in terms of risk reduction planning, this
research presents some interesting scientific outcomes. In detail,
IRT further proved its potential in the study of rock masses and in
the detection of sectors affected by specific features along a rock
cliff (e.g., hollow parts, loose rock, vegetation). It is a reliable tool
for the assessment of the relative persistence of cracks and caves,
as well as for the detection of water flows, although its application
is strictly linked to the availability of suitable surveying point and
to the insolation conditions. No particular contraindications can
be mentioned in the use of this methodology under different

Fig. 15 Summary of the main achievements by the integration of the surveying methodologies presented herein
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climatic conditions, although Pappalardo et al. (2016a) reported
that the cold weather and slight rain concur in a lower heating of
the rock mass during the day, thus resulting in resolution prob-
lems (less detailed thermogram). Moreover, the integration of the
TLS and IRT remote survey methodologies proved its utility in
providing a different way of analyzing both point clouds and
thermograms, allowing an easier matching between thermal
anomalies and cliff morphology. TLS is a feasible remote survey
methodology, which can operate under different weather condi-
tions, although, based on our experience, heavy rain, and fog
during the survey can slightly reduce the acquired number of
points. Finally, the HVSR technique allowed integrating the struc-
tural data surveyed at the rock face with those arising from the
impedance contrasts, thus extending the geophysical outcomes to
the unstable area detected at the cliff face. Also, this methodology
requires portable instrumentations and can be applied under
different field and weather conditions, although the direct action
of wind and rain on the instrumentation can bring slight vibration
affecting the recoded signals. A limitation of this method is rep-
resented by the anthropic noise, usually occurring close to roads
or crowded places, which overhangs the environmental noise
causing troubles with the recorded signals.

All these considerations demonstrate that a quick multidisci-
plinary approach is the starting point for the study of stability
problems, especially during a post-rockfall emergency when the
fast achievement of reliable outcome makes the difference in terms
of an immediate risk reduction, waiting for further in-depth anal-
yses aimed at the final stabilization of the phenomenon.
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