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Abstract. An integrated approach to the geomechanicall Introduction

characterization of coastal sea cliffs was applied at Mt. Pucci

(Gargano promontory, Southern Italy) by performing field- Due to the rapid development of coastal settlements and the
based geomechanical investigations and remote geostructurticreasing population located in coastal regions, substantial
investigations via a terrestrial laser scanner (TLS). The cone€fforts are required to manage the possible risks associated
sistency of the integrated techniques allowed to achieve &vith natural hazards in these areas (Pennetta and Russo,
comprehensive and affordable characterization of the mair011; Montoya-Montes et al., 2012; Dewez et al., 2013; Epi-
joint sets on the sea cliff slope. The observed joint sets werdanio et al., 2013; Marques et al., 2013; Stanchev et al,
considered to evaluate the proneness of the slope to rock faik013). It is estimated that more than 37 % of the world’s
ures by attributing safety factor (SF) values to the topple-Population live within 100 km of the coastline and that 80 %
and wedge-prone rock blocks under three combined or inde0f these shores are rocky (Emery and Kuhn, 1982). In addi-
pendent triggering conditions: (a) hydrostatic water pressure§on to coastal settlements, rapid landslides can be particu-
within the joints, (b) seismic action, and (c) strength reduc-larly dangerous for near-shore structures and infrastructure,
tion due to weathering of the joint surfaces. The combinedsuch as oil platforms and submarine pipelines. These struc-
action of weathering and water pressures within the jointstures can be severely damaged by coastal landslides in both
was also considered, resulting in a significant decrease in théhe detachment areas and the regions affected during prop-
stability. Furthermore, remote survey analyses via InfraRecegation (e.g., Heezen and Ewing, 1952; Assier-Rzadkiewicz
Thermography (IRT) and Ground Based Synthetic Aperture€t al., 2000; Bozzano et al., 2011a; L'Heureux et al., 2011;
Radar Interferometry (GBINSAR) were performed to evalu- Schulz et al., 2012; Force, 2013).

ate the role of the surveyed joint sets in inducing instabili- Although they are not the most dangerous events, rock-
ties in the Mt. Pucci sea cliff. The results from the remote falls, topples, and large collapses from sea cliffs are the most
surveys: (i) GBINSAR monitoring revealed permanent dis-common slope instabilities in coastal regions. These events
placements coupled to cyclic daily displacements, these lastommonly involve small volumes (e.g., single blocks), but
ones detected in certain sectors of the cliff wall; (i) the ther- they may involve larger sizes, thus significantly increasing
mal images allowed us to identify anomalies that correspondhe risk to near-shore settlements and activities (Hampton et

well to the main joints and to the slope material released duedl-, 2004).
to recent collapses. Furthermore, rockfalls are a fundamental component of

landscape evolution in rocky coasts, contributing to a high
erosion rate, which can reach several decimeters per year
(Duperret, 2002, 2004; Mortimore, 2004; Lim et al., 2009;
Santos et al., 2011; Katz and Mushkin, 2013).
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Rockfalls are a widespread problem on high coastal cliffs,level rise, the effects on the inland river remove and the in-
and in certain regions, these cliffs represent a large percengreasing anthropic pressure. This last feature is causing an
age of the total coast. For example, 15 % of Italian coasts aréncreasing density of population distributed in the coastal
rock cliffs. Furthermore, the prediction of coastal rockfalls is regions and consequently an increasing exposure to natural
quite complex, and physical investigation is the most com-risks (Mc Chulloug et al., 2013), as proved by the recent dis-
mon approach for hazard assessment purposes. asters caused at the Maldives Islands and the Japan Honshu

Moreover, coastal landslides can be responsible for incoasts by the 2004 and 2011 tsunamis, respectively, and at
duced hazards such as in the case of tsunamis, as demotie Philippine Islands by the 2013 Hayan typhoon.
strated by several recent events (e.g., Assier-Rzadkiewicz et The high rate of occurrence of slope failures affecting
al., 2000; Tappin et al., 2001; Papadopoulos and Kortekaags;ostal cliffs is hazardous not only because of the direct ef-
2003; Tinti et al., 2004; Mazzanti and Bozzano, 2011, Bre-fect of the falling masses but also as a result of induced ef-
goli et al.,, 2013). In such a contest, monitoring systemsfects, such as tsunamis (resulting from falls in the sea), shock
should be designed and adapted in terms of the followingwave propagation (resulting from falls on the shore), and the
specific requirements: (i) to investigate or detect cliff slopesdevelopment of new fractures along the cliff edge.
at different evolutionary stages (forward prevention), i.e., To reduce the risk associated with these phenomena, ad-
corresponding to different distributions the landslide hazard;vanced and multi-parameter techniques are now available for
(ii) to understand and control the parameters for forecastingnonitoring cliffs subject to erosion and sudden collapse. This
the short-term evolution of gravitational instabilities (such asapproach requires the integration of geophysical and geo-
high-velocity landslides) and for the planning of alert sys- logical investigations to foresee a potential slope failure and
tems (real-time prevention). to provide civil protection agencies with an effective tool to

This paper reports the results of a detailed investigationalert and secure people and structures exposed to the event.
carried out on a 45m-high sea cliff for the assessment of Because of the morphology and height of coastal cliffs and
its overall stability by examining different triggering pro- their complex visibility, the installation of remote monitor-
cesses. The sea cliff, located in the Gargano National Reseniag devices (e.g., TLS, GBINSAR, IRT) requires specialized
(Southern ltaly), is composed of fractured and weatheredechnical implementation.
limestones and chalks and is frequently affected by rock- Field mapping of rock discontinuities is the most common
falls. Direct traditional geomechanical field surveys and re-approach for the analysis of rock cliffs. This classical geome-
mote laser scanner surveys were performed. More in particehanical investigation allows the main joints to be character-
ular, data collected from traditional field surveys in the sur-ized in terms of dip, dip direction, widening, the presence of
roundings of the inaccessible cliff were integrated with per- gouge material, persistency, and other factors (see Hatheway,
vasive joint set characterization using a terrestrial laser scan2009 for a comprehensive review). Furthermore, the mechan-
ner (TLS)-derived high-resolution point cloud as extensivelyical features of the rock mass, including the surface rough-
presented in the scientific literature (e.g., Sturzenegger andess and the rock compressive strength, can be assessed with
Stead, 2009; Oppikofer et al., 2009). field instruments and laboratory experiments. Nevertheless,

In addition, short GBINSAR and InfraRed Thermographic high coastal cliffs are difficult to access directly and, there-
(IRT) surveys were performed, thus trying to detect micro- fore, cannot be easily and comprehensively investigated us-
movements of localized blocks and a preliminary assessmerihg traditional field methods (Cheryl and Hapke, 2004; De
of the rock mass thermal features, respectively. Vita et al., 2012), resulting in high costs or, more often, low

The experienced investigations stimulate a discussion ofinformation density.
how the combination of traditional and laser scanner surveys Cliff slope evolution is strongly conditioned by the ge-
applied to sea cliffs can be integrated to provide more accueological setting and by the jointing conditions of the in-
rate and complete information, due to the peculiarities of thevolved rock masses. Surveying these features and invento-
considered slopes. rying the slope instabilities enables the performance of sta-

tistically based analyses of the susceptibility of sea cliffs to
rockfalls (Lee et al., 2001, 2002; Lim et al., 2010; Marques
2 Sea cliffinvestigation and landslide hazards et al., 2011, 2013). In addition to the most common precon-
ditioning and triggering factors that control rockfalls from
Among coastal slopes, high cliffs are of particular interestinland cliffs (e.g., rainfall, earthquakes, cyclic temperature
in terms of risk mitigation because of their complex evo- variations, plant root growth), further factors must be con-
lution that involves the coupled action of marine erosion sidered for coastal cliffs. For example, tidal variations, basal
and gravity-induced slope instability (Hampton et al., 2004; erosion induced by waves, and sea storms induce additional
Dickson et al., 2013; Della Seta et al., 2013; Mantovani et al.,stresses on the rock mass (Senfaute et al., 2009; Violante,
2013). In this regard, coastal hazards will probably be one 02009; Katz and Mushkin, 2013, and references therein).
the major topics for society regarding natural risk manage-
ment in this century for different reasons, including: the sea

Nat. Hazards Earth Syst. Sci., 14, 831848 2014 www.nat-hazards-earth-syst-sci.net/14/831/2014/



S. Martino and P. Mazzanti: Integrating geomechanical surveys and remote sensing 833

1
hazard bar

stage 1 - persistent sea cliff

stage 2 - seasonal sea cliff

stage 3 - coastal slope I very low hazard
[ low hazard
I severe hazard

3. “Coastal slope”: The sea cliff is definitively abandoned
by the sea, no marine erosion occurs except during ex-
ceptional storm events, a beach is formed that sepa-
rates the old cliff from the present shoreline, and the
slope retreat of the coastal slope is primarily due to
sliding mechanisms, which cause a progressive de-
crease in the slope angle.

The model of the sea cliff evolution described above cor-
responds to a gradual reduction in the natural risks of the
coastal area (Marques, 2008 and references therein).

With reference to the above-listed stages, it is possible to
associate the “persistent cliff slope stage” with a natural risk
consisting of impulsive rockfall events that affect the adja-
cent pocket beaches and, in the case of large volumes, in-
duce tsunami waves. In addition, the instantaneous retreat of
the cliff can drastically affect structures or buildings located
along the sea cliff border.

In the “seasonal cliff slope stage”, the natural risk is related
to impulsive events that can affect an emerged beach, i.e.,
during the non-storm period, and they constitute a potential
hazard for visitors.

Finally, the “coastal slope stage” corresponds to a minor
risk for visitors because the landslide mechanisms are differ-
ent. Typical preconditioning and triggering factors related to
the sea action are no longer effective; hence, the instabilities
are less abrupt. However, in this stage, larger landslides may
occur, leading to major risks for structures or infrastructure
located near the top of the cliff slope.

The evolution of a sea cliff toward a costal slope pre-
disposes it to different landslide mechanisms (Hutchinson,
1988, 1991). In the “persistent sea cliff stage”, the cliff re-
treat is characterized by stiff outcropping rocks characterized
by high-angle primary joint sets. The progressive retreat and
the resulting stress release cause the generation of secondary

Fig. 1. Conceptual model showing the evolution from a sea cliff to joint sets that are nearly parallel to the slope face and whose

a cliff slope and the related hazard levels.

openings generally increase with decreasing distance from
the cliff; these joints contribute to failures of the slope face,
such as falls and topples. In the “seasonal sea cliff stage,” the

A basic conceptual model of the evolution of a sea cliff average rate of retreat decreases and the longer exposure of
toward a coastal slope can be summarized in the followingthe cliff causes the weathering processes to occur more per-

three steps (Fig. 1):

1. “Persistent sea cliff”: A sea cliff evolves via progres-

sive retreat as an effect of shoreline erosion due to se
waves. In this stage, the slope instabilities are primar
ily represented by rockfalls and toppling, i.e., gravita-
tional instabilities characterized by impulsive and re-

current events.

vasively, predisposing the cliff to more intense instabilities
during storms. Finally, in the “coastal slope stage”, the sec-
ondary joint sets are not necessarily located parallel to the
slope face, and intense weathering processes can occur that
favor landslide triggers and control the strain rate of the slid-

ing processes.

3 Study area: Mt. Pucci sea cliff
(Gargano promontory, Italy)

2. “Seasonal sea cliff”: The sea cliff is seasonally in-

volved in marine erosion only as an effect of the The Gargano promontory is located in Southern Italy and its
strongest sea storms, and a talus deposit is formed dureoastline is of particular interest from a naturalistic point of
ing the non-storm periods. view, as itis part of a national park (instituted in 1991) about
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Fig. 2. Geological sketch of the Mt. Pucci coastal area: (1) coastal deposits; (2) slope debris; (3) alluvia; (4) calcarenites of the Peschici
Fm. (PSH), Eocene; (5) marly limestones of the Scaglia Fm. (SC), lower—-middle Cretaceous; (6) certain fault; (7) cliff scarp; (8) trace of
geological section; (9) attitude of beds; (10) measurement pdajt&BInSAR, (b) TLS and IRT,(c) geomechanical scanlines.

121 000 ha in extent and which hosts several villages (includto Bosellini and Morsilli (1997), beginning in the middle—
ing Peschici and Vieste among others) that are part of the culupper Cretaceous and throughout the Paleocene, the Apu-
tural and touristic heritage of the Apulia region. The Garganolia Platform was gradually destroyed due to the combined
promontory is characterized by almost 150 km of coastlineeffects of eustatism (also responsible for many Paleocene
corresponding to sea cliffs for several tens of kilometers.  emersion phases), tectonic uplift, and strong earthquakes.
The Mt. Pucci sea cliff is located on the northern side of This destruction is evidenced by megabreccia deposits (Grot-
the Gargano promontory, close to the village of Peschici.tone deposits) and bioclastic turbidites (Peschici Fm.), which
Mt. Pucci exhibits a hill-type relief with a maximum ele- crop out widely in the Gargano area (Bosellini and Morsilli,
vation of approximately 150 ma.s.l. (Fig. 2). According to 1997).
the wavemeter records, the most frequent sea storms in the The Gargano promontory area is characterized by EW-
Gargano promontory originate from the northeast, and theoriented tectonic elements corresponding to transform fault
height of the strongest waves reaches 4 m, with a frequenclines (Billi and Salvini, 2000) and, in particular, it consti-
of 10—-25 %. Notably strong storms are only rarely recordedtutes a horst involved in a wide anticline fold system with a
from the north, with a maximum wave height of 5.2m (IS- WNW-ESE-oriented axis. This anticline structure is crossed
PRA, 2012). by numerous left transtensive faults, with orientations vary-
The Gargano promontory is a portion of the carbonaticing from E-W to NW-SE. These faults are primarily con-
Apulia Platform that represents one of the most importantcentrated in the southern portion of the area, correspond-
paleogeographic units of the middle—southern Italian Apen-ing to the anticline hinge. Among these elements, the Mat-
nines (Bosellini et al., 1999). This paleogeographic unit wastinata fault represents the main regional structure related
formed during the Mesozoic (from the lower Jurassic up toto an evident local geomorphological landform (Billi and
the middle Cretaceous period) in Bahamas-like conditions Salvini, 2000) and to many seismogenetic sources capable of
and it currently represents the most external domain of theearthquakes up to 6M,, (DISS3.1, 2010) that are expected
Apennine Chain in the southern Adriatic area. Accordingwith a recurrence interval from several hundred to several
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The annual average rainfall measured at Vico del Gargano
(close to Peschici) is 810 mmyt, with an average annual
temperature of approximately $& (Polemio et al., 2000).

4 Geomechanical analysis and terrestrial
laser scanner survey

Based on the previously reported model of the evolution of a
cliff slope toward a coastal slope, Mt. Pucci represents a per-
sistent sea cliff, corresponding to the first stage of the above-
depicted evolution model. The geomechanical investigations
in this study were focused on the reconstruction of the rock
mass joint setting because it represents a fundamental fea-
ture that defines the failure model for the sea cliff during the
initial stage, and on the evaluation of landslide susceptibility
Fig. 3. Photo view of the Mt. Pucci cliff slope. View is to the east and the stability conditions of the slope.

(see Fig. 2 for the location of the measurement points). From this

location, some remote sensing-based surveys (TLS and IRT) werd 1 Direct geomechanical survey

conducted.

The geomechanical characterization of the calcarenites and
thousand years. Based on the CEDIT catalogue (Fortunat(t():r:i(:f gllgrlg 2;2?;;0;52 ttg?:]grsg: l:n?jnstgepmtls F’rlézme%?i?;a;
et al., 2012), any earthquake-induced effects have been his- P S, resp Y

torically documented on the northern coast of the Garganc\*N as carried out via a traditional geomechanical survey per-
promontory. According to Bosellini and Morsilli (2001) and ormed according to the ISRM (2007) standard. This survey

based on surveys filed by the same authors, the following ge\-NaS focused on evaluating and dimensioning both the rock

. . : ; . mass jointing conditions and the strength properties. To this
ological formations crop out in the Mt. Pucci area: . 2 .
aim, the main joint sets of the rock masses together with
— Maiolica (MA) Fm. (lower Cretaceous): micritic white ~ their attitude, geomechanical properties (i.e., spacing, open-
limestone with chert, mildly to thinly layered: ing, jointing conditions, standard joint indexdg and I, —
ISRM, 1978, 2007) were measured as well as strength pa-
— Scisti a Fucoidi (SF) Fm. (lower Cretaceous): white rameter values by using a Schmidt Hammer sclerometer and
micritic limestone and gray marly limestone, mildly to a Barton Comb. profilometer.
thinly layered; Due to the reduced accessibility of the cliff slope, 11 ge-
omechanical scanlines were performed on the surrounding
cliff area (Fig. 2), including nine on the PSH calcarenites
and two on the SC marly limestones. Four other geomechan-
ical survey stations were directly carried out by climbers on
— Peschici (PSH) Fm. (Eocene): white bioclastic cal- the wall of the coastal cliff slope where the PSH calcarenites
carenite with nummulites and echinids, mildly to Crop out.
thickly layered. The poles of the measured joints were plotted using the
“RockScience Dips — free demo version” code from the
In particular, the PSH and the SC Fm.s crop out on the Mt.Schmidt equi-areal stereographic projection (lower hemi-
Pucci sea cliff with a 30/10 (dip direction/dip) attitude in the sphere). The attitudes of the main joint sets were deduced, as
strata. suggested by ISRM (1978), using Fisher concentration con-
Field evidence reveals that the Mt. Pucci coastal cliff is tour lines and attributing a joint set attitude if the concen-
widely involved in rockslides responsible for a clearly visible tration value was greater than 5 %. Following this approach,
talus at the bottom of the slope (Fig. 3). The main predisposfive main joint sets (J1 to J5) were recognized in the PSH
ing conditions for these instabilities are the subvertical facecalcarenites, and only two main joint sets were recognized in
of the cliff and the intense erosion processes due to the sedhe SC marly limestones (see Table 1 for the joint set param-
which continuously excavate the base of the cliff. Moreover, eters). For both the PSH and the SC rock masses, the J1 set
the visible weathering processes can be primarily related ta@orresponds to stratification.
intense thermal variation (both diurnal and seasonal) due to The strength parameter values of the joint sets were at-
the north-facing aspect of the cliff as well as to the nebulizedtributed according to the Barton and Bandis (1973, 1990)
salt water from the sea waves. failure criterion. To this aim, the joint roughness coefficient

— Scaglia (SC) Fm. (lower—middle Cretaceous): white
marly limestone with brown chert, mildly to thinly lay-
ered,;

www.nat-hazards-earth-syst-sci.net/14/831/2014/ Nat. Hazards Earth Syst. Sci., 14, 8348; 2014
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Table 1.Joint parameters from the field-based geomechanical surveys.

Lithology Joint set Dip direction Dip Spacing Jv Ib
azimuth e) (cm) (jointm—3)  (cm)
PSH J1 (strata) 24 11 59
PSH J2 247 65 40 8 69
PSH J3 270 87 36
PSH J4 301 87 62
PSH J5 360 81 53
SC J1 (strata) 23 16 24 125 25
SC J2 258 68 21
Table 2. Physical and mechanical properties of the intact PSH andiC———"mmm {’i’%!
SC rock based on laboratory tests— solid weight of unit volume; Om a0 100m AN e

yn — weight of unit volumeJgsg point load index (ASTM D5731-
08), gc(20—-25%Ig50)) Point load strength (ASTM D5731-08).

Lithology  ys n Is50)  9c(20-25%1550) .
(kNm=3) (kNm=3) (MPa) (MPa) Monitoted areg

PSH 26.80 23.44 311  62.11-77.63

sc 26.86 23.23 3.18  63.51-79.38

joint sets were measured and the values of the intact rocl*"
friction angle (pp) were attributed on the basis of literature Fg % ¥4 &F s
data sets (De Vallejo, 2005). To select the most appropriate a5 . "’"’*‘*‘LE(;END
¢p value the UCS strength values specifically measured in the ® TInSAR montoring site o Infra Red monitoring site
Laboratory of Engineering Geology of the Sapienza Univer- © Lassr Scannersurveysisiles ®;(Seom Schanical Surveys
sity of Rome from point load tests were used (ASTM D5731-

08 and ISRM, 1977; 1985 standards) (Table 2) .

W

Fig. 4. Aerial photo of the Mt. Pucci area showing the investigated
sector (Mt. Pucci CIiff); the locations of the GBInSAR, TLS, and

IRT remote surveys; and the geomechanical stations.
4.2 Remote measurements: laser scanner surveys

Remote geomechanical surveys were performed using a laser
scanner integrated with a high-resolution digital camera andconsisting of approximately 45 million points with a density
supported by a D-GPS survey. of approximately 1 point/cm was derived (Fig. 5).

Surveys were performed on 12 November 2010, using a Both manual and automatic analyses of the point cloud
Riegl VZ400 laser scanner combined with a Nikon D700 were performed to derive information on the joint pattern
camera with a 14 mm lens and a luminosity of 1.2 and onefeatures. The AdHoc3D softwarbt{p://www.adhoc3d.com/
GPS-Glonass unit (model Topcon Hyper Pro). en/adhog/was used for the manual analysis, which was per-

Laser scanner data were collected from two different scarformed by two researchers to reduce the subjectivity in the
positions to reduce the shadow zones and to obtain mm-scaléentification of joints. Specifically, joint surface orientation
accuracy of the detected points (Fig. 4). Nevertheless, duavas derived by manual selection of the operator of at least
to the difficult accessibility of the cliff and the unfavorable three points visually recognized as being located on the same
exposure of the cliff face, it was not possible to achieve ajoint surface.

“shadow-free” point cloud. Optical markers were applied all Automatic analysis was performed using both the Split-
around the surveyed area to align the data collected from th&X-Free Demo Versionhttp://www.spliteng.com/split-fy/

two scan positions and to translate the detected coordinateand the Coltop3D-Free Demo version (Jaboyedoff et al.,
to the UTM-WGS84 coordinate system via the built-in GPS 2007) software (Fig. 6). Using the Split-FX software, the
sensor (Fig. 4). RGB colors of the detected points were col-automatic analysis identified enough points to depict a sur-
lected by using a Nikon D700 digital camera integrated with face whose attitude in space can be measured. The automatic
the VZ400 sensor. Hence, a true-color point cloud of the cliff surface identification was based on a user-defined threshold

Nat. Hazards Earth Syst. Sci., 14, 831848 2014 www.nat-hazards-earth-syst-sci.net/14/831/2014/
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Table 3.Joint parameters from the remote measurements.

Lithology Joint set Dip Dip Spacing Jv Ib
direction
azimuth @)  (cm) (jointm™3)  (cm)
PSH J1 (strata) 20 15 64
PSH J2 253 75 39 3.2 54
PSH J3 300 82 59
PSH J4 350 87 54
SC J1 (strata) 28 10 21 9.7 44
SC J2 120 82 67

Table 4. Geomechanical properties attributed to the recognized joint sets: JRC — joint roughness coefficient, JCS — joint compressive strength
(Barton and Bandis, 1973, 1996}, — normal stress acting on the joingg, — intact rock fiction anglepp — joint friction angle pp — residual
joint friction angle,r/ R — weathering joint ratiogp — weathered friction angle (De Vallejo, 2005).

Lithology  Joint set Dip direction Dip Spacing JCS JRGon ¢ dp /R dwih

azimuth ) (cm) (MPa) kPa) UV (© © ©
PSH J1 (strata) 21 15 64 64 10 129 34 31 0.2 18 15
PSH J2 300 88 59 46 12 129 34 29 04 22 17
PSH J3 358 90 54 45 17 129 34 26 06 26 18
PSH J4 269 87 34 44 14 129 34 27 038 30 23
PSH J5 253 70 39 44 18 129 34 26 1 34 26
SC J1 (strata) 25 10 21 40 14 128 31 24 nd nd nd
SC J2 300 80 67 42 12 128 31 25 nd nd nd

high-density point cloud, information on small surfaces was
derived. However, certain weaknesses in performing an “au-
tomatic analysis” must be accounted for. First, not all ex-
posed surfaces can be identified, depending on their orienta-
tion with respect to the TLS point of view. Second, the sizes
of the exposed surfaces used for the automatic recognition
are crucial and their selection requires skilled evaluation by
the operator. Moreover, the Mt. Pucci data were collected
only on the eastern side of the cliff (Fig. 4), and hence the
rock joints with an approximately westerly dip direction can-
not be identified.

However, “manual analysis” allowed us to avoid certain
limitations that affect the “automatic analysis”, enabling us
to characterize the stratification joint set in detail.

Table 3 summarizes the main joint sets and their average
spacing values derived from the remote measurements for the
Fig. 5. TLS point cloud of the Mt. Pucci cliff colored by the optical PSH and the SC Fm.s. Two main joint sets were identified in
photos. the SC Fm., and four main joint sets were detected in the

PSH Fm.

All the available data, from both manual and TLS surveys,
value of points that must all lie in the same plane. Specif-were used for computation of the parameter (Palmstrom
ically, both supervised (i.e., patches selected by the operal982, 1985, 1986, 1996; Sen and Eissa, 1992)alues of
tor) and unsupervised analysis was performed and the re3.2 and 9.7 were estimated for the PSH Fm. and the SC Fm.,
sults were then combined. Such an approach allowed us teespectively (Table 3).
perform detailed analyses of the entire outcropping cliff (py ~ Figure 7 displays the final stereo plots derived from the
analyzing a large amount of surfaces in a few minutes) andcombined automatic and manual analysis of the TLS point
represents an objective analysis. Furthermore, thanks to theloud for the PSH Fm. and SC Fm., respectively. Table 4

www.nat-hazards-earth-syst-sci.net/14/831/2014/ Nat. Hazards Earth Syst. Sci., 14, 8348, 2014
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Table 5. Joint combinations and related rock block geometries compatible with topples at the Mt. Pucci cliff slope.

Slope face Basal joint Lateral joint_1 Lateral joint_2 Spacing_1 Spacing_2 H by ¢

(dip dir/dip)  (dip dir/dip) (dip dir/dip)  (dip dir/dip)  (m) (m) m m %9

355/80 21/15 300/88 358/90 0.59 0.55 0.64 055 15 31
355/80 21/15 300/88 253/70 0.59 0.39 064 048 15 31
355/80 21/15 300/88 269/87 0.59 0.34 064 05 15 31
355/80 21/15 358/90 269/87 0.54 0.34 0.64 064 15 31
355/80 21/15 358/90 253/70 0.54 0.39 0.64 064 15 31
355/80 21/15 269/87 253/70 0.34 0.39 065 038 15 31

PN 0 %
L a8 el
Equal area projection — Lower hemisphere

Fig. 6. Sketch showing the results of the automatic detection of the main joint sets from a laser scanner-georeferenced pdiapolotsl;

cloud of a portion of the cliff (grey color) with the automatic identification of planes (blue color) and selection of some planes of the same
joint set (green dots)p) stereo plot showing the poles of the planes automatically detected (blue dots) on the points cloud and poles selected
in the side image (red dots).

summarizes the geomechanical parameters attributed to aly considering all of the possible combinations of joint

the distinguished joint sets. sets and identifying those capable of meeting the estab-
lished kinematic criteria. Moreover, to perform a more de-
tailed kinematic analysis, four slope face orientations (dip

5 Stability conditions of the Mt. Pucci sea cliff direction/dip) were considered (355/80, 320/75, 345/70, and
300/60, as measured from east to west along the cliff wall).
5.1 Proneness to rock failures This selection was based on the point cloud provided by the

laser scanner survey in addition to the average orientation of
The stability conditions of the Mt. Pucci sea cliff were an- the sea cliff slopes (330/70).
alyzed by taking into account the results of the geomechan- The stability analysis was performed for these combina-
ical surveys performed on the rock mass that crops out onions of joint sets to attribute a safety factor (SF) under dif-
the slope face. The primary (strata) and secondary (fractureskrent destabilizing conditions. The analytic solutions were
joint sets on the Mt. Pucci sea cliff play a fundamental role mathematically computed except for the rock wedge sliding,
in controlling the slope instabilities. which was analyzed using the “Wedge Failure Analysis Ver-

Three failure mechanisms were therefore considered fokion 2.0 free version” code.

the slope stability analysis (Duncan and Christopher, 2004) The Markland tests provided the following outputs:
by taking into account the attitude of the main measured joint
sets: (1) rock plane sliding, (2) rock topples, and (3) rock

wedge slides. 1. Kinematic compatibility with rock topples exists only
For each considered failure mechanism, a preliminary in the case of the 355/80-oriented slope face by com-
kinematic analysis was performed using the Markland (1972) bining the sub-horizontal stratification set J1 with the

tests for both slides and topples. The tests were performed sub-vertical joint set J3 of Table 4 and by considering
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all combinations with the other sets (J2, J4, J5) as lat-which corresponds to a recurrence interval of approximately

eral joints; 1000 years for the Mt. Pucci area (INGV, 2006).

) ) o ) o In the case of rock wedge sliding, the stability analysis
2. Kinematic compatibility with rock wedge sliding ex- a5 performed using the “Wedge Failure Analysis Version
ists for all of the slope face onentauons exgept for'the 2.0 free version” code and adopting the approach of Hoek

PSH calcarenlltes alone and the combinations of joint,, Bray (1981). The wedge geometries were hypothesized

sets reported in Table 5; by combining the five individuated joint sets; the presence
of tension cracks only results in the 335/80 slope face ori-
entation when considering the 358/90 joint set. The wedge
dimensions are automatically computed by the software and
5.2 Stability analyses considered for quantifying the inertial forces for evaluating

the SF.
The stability conditions of the Mt. Pucci sea cliff were tested Because no rock wedges resulted for the SC marly lime-
for rock topples and rock wedge sliding because these twestones, the stability analysis was performed only for the PSH
mechanisms showed kinematic compatibility based on thecalcarenites. The results from the data reported in Table 5
Markland tests. show that stable conditions were found for all of the hypoth-

The stability analyses were performed under static andesized joint set combinations under static conditions.
pseudo-static conditions (i.e., considering seismic action). In  Nevertheless, three possible destabilizing conditions were
addition, possible destabilizing factors were taken into ac-taken into account: (a) static water filling the joints, (b) seis-
count, such as static water pressure within the joint sets andhic action, and (c) weathering of the joint surface.
weathering of the joints (the latter was applied to the rock The static action due to water filling of the joints (a) was
wedge sliding mechanism only). taken into account by assuming distributions of isotropic

In the case of rock topples, considering the joint propertiesstresses all around the block; such distributions were inte-
summarized in Table 4, the stability chart of Fig. 8 (Goodmangrated along the joint surfaces to compute the incremental
and Bray, 1977) demonstrates that stable conditions can blateral forces exerted by the water. By increasing the water
expected for the coastal cliff wall of Mt. Pucci under static level within the joint, the critical conditions for the block
conditions and without external actions (i.e., water pressuregquilibrium were determined, indicating a critical value of
within opened joints or seismic forces). the water height (Zy) that must be assumed for each wedge

Based on these equilibrium conditions, the static level ofgeometry, as summarized in Table 6. From the results of this
the water filling the subvertical set J3 should reach approxi-analysis, a few tenths of a centimeter of water filling can be
mately 50 cm before causing block topples. responsible for causing disequilibrium conditions.

Moreover, if a pseudo-static acceleratilgnis applied to Since a jointed rock mass represents a discontinuous sys-
the blocks, i.e., the weight force is deflected downslope, theem it is possible to identify characteristic volumes of blocks
critical pseudo-static acceleratiég required to reach dise- isolated by joint sets; it is also reasonable to apply to the
quilibrium condition, and could cause block topples. barycenter of the rigid rock blocks that are prone to failure

Based on the Goodman and Bray (1977) assumptions by destabilizing pseudo-static force in order to evaluate their
simply taking into account a horizontal pseudostatic actionstability conditions by performing a limit equilibrium anal-
(see the chart in Fig. 8), under static condition, the topple orysis, i.e., to assume a co-seismic failure if the pseudo-static

3. No kinematic compatibility exists with sliding rock
failures.

an inclined plane occurs if threshold is exceeded. The pseudo-static seismic action (b)
was considered by assuming a horizontal acceleration and
(b/h =tanp) < tany, (1) computing the safety factor SF according to the simplified

. , . . equations of Hoek and Bray (1981):
whereb/h is the geometrical ratio of the rock block (i.é.is

the length and: is the height), and’ is the dip angle of the  SF=[(Ra + Rg)tanga] /W siny; (4)
basal plane. To report the equilibrium under critical condi-

tions for a horizontal pseudostatic action we have to asSUM@p 1+ Rp) = [(W cosyi — Wkysing;)sins] / (5)
that ’

[(W siny; + Wkycosy;) sin(§/2)]

whereW is the weight forceRa and Rg are the resistance
forces acting normally to wedge planes A and B, respec-
tively; ¢ay is the friction angle of the wedge joints (in this
tanAa = |rany — tanB| = ker. ©) simplified equation, the value is the same for the two joints
and is assumed equal to an average friction vahjig)s the
According to Eg. (3), the average critical pseudo-static ac-angle of inclination of the intersection line between the two
celeration k¢r) for triggering rock topples is equal to 0.25g, wedge planes measured with respect to the horizontaldine;

(tang +tanAw) = tany, (2)

where tanAa = k¢r. SO, it is possible to derive that
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Fig. 8. Stability chart for rock topples (modified from Goodman and Bray, 1976); the red circles correspond to the rock blocks of the Mt.
Pucci cliff slope.
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Table 6. Stability analysis of rock wedges at Mt. PucgZiwc — critical height of the static water filling the jointssr — pseudo-static critical
acceleration; Sk75— safety factor computed for a pseudo-static seismic action with a return time of 475 yrsSFafety factor computed
for a pseudo-static seismic action with a return time of 2475 yy; BF safety factor for weathered joint conditiong R is the weathering
joint ratio; De Vallejo, 2005).

Slope face Joint sets Zwer  ker SFy75yr SFh75yr SF/r

(dip dir/dip) (m) (9) kx=0.1699) &x=0316g) 02 04 06 08 1
300/60 J1-J4 0.38 0.07 <1 <1 <1l 12 15 17 26
300/60 J1-J5 0.55 0.44 1.7 1.2 1.1 15 19 23 33
320/75 J1-J2 0.2 <005 <1 <1 <1l <1 13 15 22
320/75 J1-J4 0.48 0.46 1.8 1.3 <1l 12 15 18 26
320/75 J1-J5 0.65 0.37 1.6 1.1 1.2 15 19 23 33
345/70 J1-J2 04 <005 <1 <1 <1 10 13 15 22
345/70 J1-J4 0.48 0.48 1.9 1.4 <1l 12 15 18 26
345/70 J1-J5 0.65 0.66 2.7 1.9 1.2 15 19 23 33
355/80 J1-J2 05 <005 <1 <1 <1 10 13 15 22
355/80 J1-J4 0.58 0.50 2 15 <1l 12 15 18 26
355/80 J1-J5 0.65 0.78 3.1 2.1 1.1 15 19 23 33
330/70 J1-J2 03 <005 <1 <1 <1 10 12 15 22
330/70 J1-J4 0.48 0.45 1.7 1.2 <1l 12 15 18 26
330/70 J1-J5 0.55 0.36 1.5 1.1 1.2 15 19 23 33

is the wedge opening angle (measured between the dip dire@7 % with respect to those required to cause unstable condi-
tions of planes A and B); ank is the pseudo-static horizon- tions in the case of intact joints.
tal coefficient.
According to Egs. (3) and (4), the critical pseudo-static ac-
celerationke was derived for each block geometry. Table 6 6 GBINSAR and IRT survey
reports the SFs computed for the local pseudo-static horizon-

tal acceleration corresponding to return times of 475 year:sIn order to get additional information about the cliff prone-

) -~ ness to failure we experimentally performed short-term mon-
Z&%@;goée)ars’ le., equal to 0.17 and 0.32g, reSpeCtlvel-\ﬁoring by GBINSAR and TLS remote-sensing techniques.

With respect to (c) the weathering of the joints, a theoret_GBInSAR (also referred to as TINSAR) has been extensively

ical reduction in the strength values was assumed dependinuseOI since the early 2000s for the monitoring of landslides

L : mong others, Pieraccini et al., 2002; Tarchi et al., 2003;
on thg weathgrgd fr|ct|on. angiaun anq computgd with the Antonello et al., 2004; Noferini et al., 2005; Bozzano et al.,
following empirical equation (De Vallejo, 2005):

2010, 2011; Intrieri et al., 2012; Crosetto et al., 2013; Boz-
zano et al., 2013, 2014). However, instead of the numerous
Pwth = (pp — 20°) + 20(r/ R), (6)  studies on landslides, few applications of GBINSAR to the
monitoring of landslides in coastal areas exist (Intrieri, 2013

whereR is the Schmidt sclerometer rebound value obtained@nd references therein, Hermanns et al., 2013 and references

for an intact jointy is the Schmidt sclerometer rebound value theréin) and even less to the analysis of rock cliffs (Maz-

obtained for a weathered joint, apg is the internal friction ~ Zanti and Brunetti, 2010). Furthermore, few studies have

angle of the intact rock. bgen done on the rigorous mtegratl_on of GBIn_SAR maps
The SF,zvalues computed under weathered conditionsWith TLS pom_t clouds in order to achieve an easier and cor-

(i.e., by assuming different values of thér weathering ra- rect visualization of GBINSAR maps (Tapete et _aI., 2_013).

tio) demonstrate that unstable conditions for the blocks are ©On the other hand, IRT has been used, especially in the last

generally reached if the/R ratio is lowered to 60 % of its few years, for characterlzmg rock masses and their jointing

max value (Table 6), i.e., corresponding to a highly signifi- conditions (Gigli et al., 2013; Teza et al., 2013).

cant reduction in the strength values with respect to the intact A comprehensive  description of the GBInSAR

joint. and IRT surveys performed, data analysis and
However, if a combined action due to weathering and statid©SUlts is presented below.

water filling of the joints is assumed, the computed SF values

exhibit a different behavior: when a less than 60 % reduction

in joint strength due to weathering is considered, unstable

conditions are generally reached for water levels lower than

www.nat-hazards-earth-syst-sci.net/14/831/2014/ Nat. Hazards Earth Syst. Sci., 14, 8348; 2014



842 S. Martino and P. Mazzanti: Integrating geomechanical surveys and remote sensing

E
E 04
£ 0.2 2
§ 0 0
8 02! 02
g
2 04 04
£ 05 085
o
g 08} 11-Nov 08 11-Nov
gl | PO S S S S S (i b L -1 _
g NS PO SR OO R DR D o
S RSN R C RN D PP PG PR K3 ch@gs%'-giu-'@’-\acsﬁufﬁb
Time Time Time (b)

Fig. 9. (a) picture showing the GBInSAR interferometer installed in the east of the Mt. Pucci cliff Jloptme series of displacements of

three points located on the cliff (colored circles identify the corresponding point locations on the cliff slope). Coordinates of the three points
(Lat and Long in WGS84 and Elevation in ma.s.l.): (1) Lat3%822.75/, Long 41°5644.28', Elevation 25.3; (2) Lat 1%925.59', Long
41°56445.33, Elevation 46.9; (3) Lat 1%9'26.25’, Long 4156'45.50/, Elevation 48.7.

6.1 GBInSAR survey ground range resolution due to foreshortening effects, a ded-
icated georeferencing survey by an artificial corner reflector
A continuous GBINSAR monitoring survey with a sampling alternatively positioned on the cliff during the SAR acquisi-
rate of about five minutes was performed from 10 Novem-tion time was performed. Data collected during the georef-
ber to 12 November 2010, using Ku band IBIS-L SAR erencing survey allowed us to overlay the 2-D interferogram
equipment, manufactured by IDS S.p.A., installed in front rigorously onto the 3-D point cloud with a precision of less
of the Mt. Pucci cliff at distances ranging from 80 to 150 m than 1 m.
(Fig. 4). 442 SAR (synthetic aperture radar) maps character- Micro-movements affecting the cliff were detected during
ized by a range and cross-range resolution of approximatelyhe 3 days of monitoring, presumably ascribable to thermal
0.5x 0.5 m were collected over the entire monitoring period. effects on released blocks, even if no direct control data are
The overall SAR data set was analyzed by using stan-available to support this hypothesis. However, such data were
dard differential and multi-image processing methods (Luzi,useful for identifying and localizing portions of the cliff af-
2010) and by the advanced “PtoP approach” specifically defected by micro-movements (Fig. 9).
veloped by Mazzanti and Brunetti (2010) for the analysis of
rock masses. By this approach, atmospheric phase contribl6.2 IRT survey
tion is removed by alternatively positioning ground control
points (GCP) on the different rock mass sectors across théRT surveys were performed from 10 November to
main joints and, thus, computing local differential displace- 12 November 2010, using a NEC TH7700 camera charac-
ments, by assuming a negligible atmospheric phase variatiorterized by a low 32 240 pixel resolution (corresponding
By this processing approach, the eventual displacement ofo about 0.5 to 1 m resolution on the cliff) and a nominal ac-
the overall cliff is neglected and the analysis is only focusedcuracy of 0. C. Thermal images were collected at different
on localized anomalies that can be detected with a decimaiimes from two different sensing sites (Fig. 4), thus achieving
mm accuracy. wider coverage of the overall cliff and allowing us to investi-
Considering the unfavorable positioning of the SAR sys- gate the thermal variations of the cliff under different sunlight
tem with respect to the cliff orientation (anyway the only conditions. Both absolute temperature (Fig.10) and thermal
one where installation was feasible), and the potential coarsehanges with time were obtained. Images were firstly cor-
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LEGEND

11,6°C

Fig. 10. Thermal static map obtained by IRT remote surveys of the

overall Mt. Pucci cliff slope.

data both for complementing the information and for cross-
checking the validity of achieved results.

18,6°C Moreover, short-term monitoring via GBINSAR and IRT
17,6°C pointed out the role of the surveyed joint sets in inducing
n— instabil_ities |n th_e sea cliff, as the_ _thermal imag_es allowed
: for the identification of certain positive and negative anoma-
15,6°C lies that correspond to the main joints and to parts of the
| 14,6°C cliff slope affected by recent collapses, i.e., corresponding to
clearly visible scars. A similar application of the IRT was ex-
| perienced also to historical buildings for detecting disconti-
Y 2ec nuities beneath the surface, such as windows, fractures, struc-

tural connections or thinner cover (Fanou et al., 2012); the
structural discontinuities were associated with the observed
thermal anomalies, i.e., not considering the absolute value of
the measured temperatures on the building faces, and they
were interpreted as a sort of difference in heat efficiency by

the building structure.

According to Jaboyedoff et al. (2012), these results con-
irm the reliability of remote geostructural surveys to con-
train rock slide geometries well; in this way they contribute

to forecasting possible rock failure mechanisms and to eval-
uating the stability conditions of the rock masses prone to
failure (Zhang et al., 2010). Nevertheless, remote surveys are
commonly applied to mountain cliff slopes (Jaboyedoff et al.,

]Ehe Cltiﬁ (due t?. the dif;irem get()jThetr()j/_ Otf the ?"ﬁ’ t?he di_f' 2007; Oppikofer et al., 2009; Sturzenegger and Stead, 2009),
erent perspective conditions and the distance rom e VIEWy, o o 5 more appropriate view of the cliff can be achieved.

points?. Anyway, itis yvorth noting that the mean overlapping On the opposite, sea cliffs are generally scanned from a lat-
yalue is below t_he pixel rgsolunon accuracy of.the th.ermaleral point of view and such an unfortunate view can reduce
images. By a simple dedicated MATLAB algorithm differ- efficacy of both geometric reconstruction of the cliff and

ential values were co_mputed for each pixel among Image?oint set identification and characterization. The combination
collected at different times. . o of manual and supervised automatic detection of joint sur-
. M.ean temperatures ranging frgm 10 to Igwerg founq faces by the operator on the TLS-derived point cloud has
in different sectors of the C“f.f (Fig. 10), while differential been demonstrated to be effective for the identification of
values on the same sectors did not exceed the valué@f 3 surfaces not clearly detectable by the fully automatic anal-
ysis. Moreover, to perform the slope stability analyses me-
chanical properties are requested that cannot be provided by
remote survey. For the above reasons, this work confirms that
an integrated approach combining direct and remote surveys
At the Mt. Pucci sea cliff direct traditional geomechanical is necessary to provide a good and reliable geostructural rock
survey and remote measurements were integrated to perfornmass characterization.
a geostructural survey that led to a slope stability analysis Looking at the Mt. Pucci cliff, as it resulted from the
focused on rock topples and wedge block sliding. geostructural surveys, rock topples and rock wedge sliding
A comparison between Tables 1 and 3 shows that the jointan be expected, as also demonstrated by the observed shape
set data derived from traditional field surveys and from tradi-of the detachment areas corresponding to recently fallen
tional geomechanical scanlines are quite similar, except foblocks.
the secondary joint set J2 for the SC Fm. This difference may Based on the geostructural constraints, typical geometries
be related to the distance between the unique available fielbr topples and wedge blocks were derived and pseudo-static
geomechanical station on the SC Fm. and the Mt. Pucci seas well as hydrostatic destabilizing forces were considered
cliffs (Fig. 2). As a matter of fact, the inaccessibility of the (i.e., representative of effects related to seismic waves and
cliff and the geological setting of the area did not allow to water filling the joints). Moreover, since the Mt. Pucci slope
find SC Fm. outcrops close enough to the investigated are& also exposed to sea water atomized by the waves break-
in order to be assumed as not affected by local structuraing at the bottom of the cliff, a strength reduction due to the
controls (see Fig. 2). These results confirm the reliability of weathering was considered.
geostructural results derived from the TLS data analysis and The results from the performed stability analyses showed
the importance of integrating field measurements and TLShat several blocks could potentially lead to instability

rected for geometric distortions by traditional methods base
on ground reference points and then overlaid with optical im-
ages collected by high-resolution photo camera by achiev
ing an overlapping accuracy ranging from a few cm to a few
tenths of cm depending on the different location portions of

7 Discussion
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conditions. The coupled GBINSAR and IRT monitoring was for better constraining the failure mechanism if they are inte-
herein used as an additional source of information usefulgrated among them so providing suitable indications on the
to better prioritize potentially unstable blocks and sectorslocation of possible failure occurrence (Blikra et al., 2005;
of the cliff on the basis of additional indicators of stability Bornhold and Thomson, 2012).
(i.e., micro-movements, thermal anomalies). The high accu- Moreover, remote sensing devices installed on sea cliffs
racy of micro-movements detectable by the GBINSAR sys-could be efficiently associated to direct precursor monitoring
tem by using the “PtoP” processing approach can be vernsystems (Amitrano et al., 2005; Senfaute et al., 2009; Wust-
useful for identifying indicators of displacement related to Block, 2010; Lenti et al., 2012) to detect the temporal evolu-
external agents (e.g., temperature). However, on the othetion of instability processes in order to frame the integrated
hand, we cannot neglect that the unfavorable sensing positionperating systems within alert strategy for real-time preven-
of the GBINSAR system significantly reduces its efficacy in tion.
detecting displacement as the LOS (line of sight) is signifi-
cantly inclined with respect to the expected movement of the
rock mass. This point has several implications for the appli-8 Conclusions
cation of GBINSAR measurements for the investigation of
sea coastal cliffs. In spite of the above-mentioned limitation, The present study demonstrates the reliability of an inte-
cyclic LOS movements with a daily base ranging from 0.5 grated approach to the geomechanical characterization of
to 1.2 mm were detected at certain locations and tentativelyock sea cliffs for the analysis of slope stability conditions.
attributed to the thermal variation of the rock mass due toTo this end, a detailed analysis of the 45 m-high Mt. Pucci
different sunlight conditions. Cyclic movements could lead sea cliff (Gargano promontory, Italy) was performed using
to local failures (Vicko et al., 2009; Hatzor and Bakun Ma- different survey techniques and analytical stability methods.
zor, 2013) when combined with destabilizing actions (i.e., The combination of traditional geomechanical surveys and
earthquakes, water pressures) or conditions (i.e., strength reemote geostructural investigations using a TLS point cloud
duction for weathering), as suggested by the performed slopallowed us to produce a comprehensive and affordable char-
stability analyses. acterization of the main joint sets, which leads to the identifi-
Thermal images collected by IRT can be qualitatively usedcation of the kinematic proneness to rock failures and to the
to support the above-mentioned hypothesis. As a matter o€onstraint of the reliable failure mechanisms for performing
fact, the comparison between Figs. 5 and 10 shows that alope stability analyses.
high concentration of thermal anomalies (i.e., positive and Independent evidence of ongoing effects (i.e., displace-
negative values with respect to the mean value) correspondsients) or conditioning factors (i.e., joint concentration or
to the western portion of the sea cliff affected by recentanomalies in the rock mass property distribution) were in-
detachments of blocks. Moreover, another relevant thermavestigated by integrating GBINSAR and IRT techniques.
anomaly coincides with a wide detachment area, i.e., where The performed slope stability analysis showed that the Mt.
the block failure already occurred. Pucci sea cliff is prone to rock failures mainly consisting in
The findings reported here lead to the suggestion that théopples and wedge sliding, while no kinematic compatibil-
experienced monitoring techniques can contribute to bothity exists with sliding rock failures. SFs were computed by
the available approaches devoted to risk management: (ifaking into account the weathering of the joints and the hy-
the “deterministic approach” that consists on analyzing thedrostatic pressure due to water filling the opened cracks as
recorded data with respect to a geological model of the natwell as in the case of local pseudo-static horizontal acceler-
ural system (Angeli et al., 2000; Prestininzi et al., 2012) ation corresponding to return times of 475 and 2475 years.
and providing different levels of sensitivity with respect Moreover, as it results from the stability analysis performed
to possible failure or yielding scenarios; (ii) the “statisti- by assuming a combined action due to weathering and static
cal approach” that consists on carrying out a cloud multi-water filling the joints, if a less than 60 % reduction of joint
parametric analysis (a multisource strategy of investigation)strength due to weathering is considered, unstable conditions
by analyzing all of the collected data in terms of anomaly are generally reached for water levels lower than 47 % with
recurrence (Travelletti et al., 2008; Bigarre et al., 2011) andrespect to those required to cause unstable conditions in the
associating the critical conditions of the natural system withcase of intact joints.
these anomalies, i.e., without relating them to an interpreta- The Mt. Pucci case study pointed out the complexity and
tive model but strongly constraining it by the redundancy of limitations of the use of terrestrial remote sensing in coastal
the independent records. environments due to the partial and side visibility of the
Regarding the deterministic approach, as the cliff gradu-cliffs. Nevertheless, the obtained results lead to a promising
ally evolves toward a coastal slope, the landslide mechanismperspective in the integrated application of remote monitor-
change, and the existence of an emerged beach favors moriig techniques for the investigation of coastal cliffs. They
toring with remote techniques. More in particular, the GBIn- also encourage the integration of remote-sensing devices
SAR and IRT remote monitoring applied here can be helpfulwith other typologies of monitoring systems (such as the
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