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Abstract The paper deals with a key step of slow-moving
landslide risk analysis such as the vulnerability estimation
of the interacting facilities (e.g., buildings, roads) via the
exploitation of multi-source multi-temporal data. These
latter include information gathered from conventional
multi-source  (geological, = geomorphological and
geotechnical) data, which are integrated with non-invasive
spaceborne remote sensing monitoring (e.g., Differential
Interferometric techniques), in-situ and virtual surveying
(e.g., Google Street view imagery). The approach proposed
in this work relies on the methodological frameworks
developed by the authors within a 20-year
multidisciplinary research activity. Two case studies in
Calabria region (southern Italy) affected by several slow-
moving landslides, which caused damage to the built
environment, were selected. The analysis of the available
monitoring data allowed i) characterizing slow-moving
landslides and ii) generating predictive tools for
estimating the degree of loss (inherently related to the
expected damage) of the exposed facilities. Once further
validated, the proposed circular approach could be part of
a procedure for prioritizing building/road (extraordinary)
maintenance activities and scheduling/implementing risk
mitigation measures.

Keywords slow-moving landslides, circular approach,
built-up environment, monitoring/surveying data,
damage, risk, buildings, roads.

Introduction

Landslides yearly cause huge losses worldwide in terms of
consequences on either people (i.e., injury and life losses)
or the built-up environment (i.e., damages of different
severity levels to structures and infrastructure).

The analysis of consequences induced by a landslide
represents a key step for estimating the risk to which
people and/or (infra)structures interacting with a
landslide are (or can be) exposed (Fell et al., 2008).
Focusing on slow-moving landslides, consequence
analysis involves identifying/quantifying the structures
(i.e., buildings) and/or the infrastructures (i.e., roads) at

risk as well as estimating their vulnerability (Peduto et al.,
2017; Argyroudis et al., 2019). This latter depends on both
the landslide intensity (in terms of spatially-distributed
parameter related to the landslide destructiveness) and
peculiar features of the exposed facilities (e.g., geometry,
material properties, state of maintenance, structural and
foundation typology for buildings). Therefore, its
estimation is a difficult task that entails a thorough
knowledge of both the landslide mechanisms (Mavrouli et
al. 2014; Peduto et al., 2018) and the behaviour of the
exposed elements (Ferlisi et al., 2019) as well as the
monitoring of landslide intensity parameters (Peduto et
al., 2017).

Nowadays, the technological innovation in
monitoring systems (both ground-based or remotely
operating) offers the concrete possibility to access
unprecedented rich datasets that the landslide community
can profitably use for risk analysis purposes. In this regard,
the present paper aims at providing an example of how
multi-source monitoring/surveying conventional or
innovative data can complement with each other to
enhance vulnerability analysis and/or forecasting
capabilities in the field of landslide consequence analysis.

Proposed approach

The approach proposed to investigate the vulnerability of
structures and infrastructures in landslide-affected urban
areas includes three main phases (Fig. 1).

The first phase (Phase I) pursues the detection of the
elements at risk (i.e. buildings and/or road networks).
According to the scale of analysis, quality and resolution
of the used data (Ferlisi et al., 2019), they are identified by
overlapping base and thematic maps (e.g., built-up area
map, DEM, landslide inventory map) with available
observations (e.g., optical imagery) and/or monitoring
(i.e., provided by conventional or innovative field/remote
monitoring techniques) data (Peduto et al., 2018;
Greenwood et al., 2019).

In Phase II, a damage severity level (DL) as well as a
value of the intensity parameter (IP) are assigned to every
identified exposed element. In particular, the DL is
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classified based on the analysis of field and/or remote
surveys adopting a proper damage ranking. The selected
IP (e.g., velocity, settlement or related parameters) is
computed based on the quality and resolution of available
monitoring data.
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Fig. 1 Flowchart of the proposed approach (Peduto et al., 2021).

In Phase III, the recorded DL and the retrieved
magnitude of IP are combined to analyse the vulnerability
of the exposed elements.

For this purpose, data are treated based on the aim of
the study (i.e., in relation to the scale of analysis), the type
(i.e., empirical or numerical) of the analysis, the quantity
and quality of available data, via deterministic (i.e.,
intended to investigate the established relationships
between the cause (IP) and effect (DL)) or probabilistic
(i.e., aimed at generating consequence forecasting tools
such as fragility and/or vulnerability curves) approaches
(Ferlisi et al., 2019).

Particularly, DInSAR-derived IP can be first merged
with the recorded DLi to retrieve the cause (IP) - effect
(DL) relationship; then, according to the procedure
described by Peduto et al. (2017, 2018), assuming the log-
normal distribution function as probabilistic model,
empirical fragility curves providing the conditional
probability for a randomly selected building/road section
at risk to be in, or exceed, a certain DL when the IP equals
a given value can be generated via Eq.(1):

P(Damage > DLi|IP) = & BllnIP 1)
where the fragility parameters associated with the
standard normal cumulative distribution function ®[.] are
the median value of the selected intensity parameter (IP)
and the standard deviation (B;) of the natural logarithm of
the (IP) values.

Then, the vulnerability curve can be used to
quantitatively link the expected average level of damage

severity (upr) and the IP (Eq.2) considering for each DLi
the discrete probability (Pi) retrieved from the previously
generated fragility curves with an associated numerical
index di (ranging from o to 1 according to DLi).

up,(IP) = Zio’=1 P+ d;(2)

Finally, using the tangent hyperbolic function
(Lagomarsino and Giovinazzi, 2006) as regression model
to fit the empirical data, the empirical vulnerability curve,
which relates the expected mean level of damage severity
(up) to a given exposed element to an IP value, can be
derived (Eq. 3).

up = a[b + tanh(c * IP + d)] 3)

where a, b, c and d are four coefficients determined for the
investigated sample of elements at risk using the least
mean square method.

Results

Two well-documented case studies in Calabria region
(southern Italy) were analysed. As for buildings, the urban
centre of the Lungro town, which has been extensively
suffering from several slope instabilities that caused
damage of different severity to the built-up area, was
selected. The SS660 road, which is affected by several
ground displacements that over time have caused frequent
closures to vehicle trafficc was chosen as test
infrastructure. It consists of a 7 m-wide single carriageway
with two traffic lanes that represent the main access to
Acri town.

Lungro case study

The urban area of Lungro (Fig. 2), located at 650 m a.s.l. in
the northern sector of the Calabria region, presents a
complex geological context in which the Lungro-Verbicaro
Unit dating back to the Middle Trias made up of
metapelites and metacarbonates prevails (Gulla et al.,
2017). The urban centre is widely affected by slow-moving
landslides with either active or dormant state based on
geomorphological criteria (Fig. 2a).

Consequently, over the years, several damages (Fig.

2a) were recorded to both masonry buildings - mainly
located in the historic centre and its surroundings
(Carmine and Lafcantino), made up of 2-3 floors with
pebbles, or erratic/irregular stones on shallow foundations
- and reinforced concrete buildings up to 5-6 floors mainly
located in the San Leonardo area, built since the early
1950-1960s (Peduto et al., 2017, 2018).
Previous studies in the area (Gulla et al., 2017) typified the
inventoried slow-moving landslides in six categories (Fig.
2a), through the application of the "aPosIn" procedure that
relies on the combination of geological information,
geomorphological criteria and both geotechnical and
remote displacement monitoring data. These categories
differ for geometric and kinematic characteristics,
involved soils, and type of movement.
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Fig. 2 Lungro case study: a) geological and landslide inventory maps along with their state of activity (modified from Gulla et al., 2017)
and building damage map with some examples of crack patterns exhibited by both reinforced concrete and masonry buildings (modified
from Peduto et al., 2017); b) map of typified landslides with spatial distribution of DInSAR data acquired by COSMO-SkyMed satellite
(ascending orbit, 2012-2014) (modified from Gulla et al., 2017 and Peduto et al., 2018); ¢) sketch of the DInSAR-derived differential
settlement (A) of a building; d) damage level (DLi) vs. differential settlements (A); e) empirical fragility curves and f) vulnerability curve

for masonry buildings in Lungro area (Peduto et al., 2021).

In the area, in addition to deep and surface
displacement monitoring data deriving from conventional
(inclinometers and GPS) techniques (Gulla et al., 2017;
Peduto et al., 2018), innovative monitoring data provided
by the interferometric processing of spaceborne synthetic
aperture radar images (DInSAR) acquired by Envisat
(period August 2003 to January 2010) and COSMO-
SkyMed (period October 2012 to April 2014) radar sensors
are available. Fig. 2b shows the spatial distribution of the
DInSAR coherent pixel velocities derived from the
processing of COSMO-SkyMed images on ascending orbit,
which were processed according to the SAR tomographic

analysis (Fornaro et al., 2009) which proved to be
particularly effective for monitoring built-up areas
(Peduto et al., 2017, Nicodemo et al., 2018).

Following the described approach (Fig. 1), in Phase I,
single buildings exposed to landslide risk were identified
by combining the available input data. Then, in Phase II,
both DL and IP were estimated. The former was assigned
to each single building (Fig. 2a) based on the data collected
via ad-hoc predisposed building fact-sheets (Ferlisi et al.,
2015; Peduto et., 2017) during an extensive in-situ damage
survey carried out in October 2015 (including the whole
urban area over a total of 540 buildings). The recorded DLs
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were categorized by adapting the classification system
proposed by Burland et al. (1977) on the basis of the visual
interpretation of crack patterns exhibited by the building
facades considering six categories (Do = negligible; D1 =
very slight; D2 = slight; D3 = moderate; D4 = severe; D5 =
very severe). The IP was assumed as the differential
settlement (A) computed using the DInSAR data on 49
exposed single buildings (12 of reinforced concrete and 37
of masonry structure) out of 11 total buildings interacting
with slow-moving landslides; for this purpose, only those
buildings covered by at least two coherent DInSAR
benchmarks in both Envisat and COSMO-SkyMed
datasets were considered. The DInSAR-derived
differential settlement (A) was computed as the maximum
difference (Fig. 2c¢) of the cumulative settlements (3,
derived by multiplying the DInSAR velocity along the
vertical direction for the observation period of both
available SAR datasets) recorded by the DInSAR
benchmarks within the building perimeter (Peduto et al.,
2017). In the last phase (Phase III), referring to 37 masonry
buildings composing a homogeneous sample (i.e.,
masonry 2-3 floored structures on shallow foundations)
and exhibiting all the different damage severity levels (i.e.,
from D1 to Ds5), the building vulnerability was investigated.
First, Fig. 2d shows a generally increasing trend of DL
when A increases. Then, empirical fragility curves for
randomly selected buildings at risk in Lungro town were
generated using Eq. 1 (Fig. 2e) by estimating the fragility
parameters pertaining to each DLi. Finally, the empirical
vulnerability curve (Fig. 2f) was derived by interpolating,
using the Eq. 3, the values of the averagely expected
damage severity level (up;) derived through the adoption
of the Eq. 2 with a numerical index di equal to 0.2, 0.4, 0.6,
0.8 and 1 for D1, D2, D3, D4 and Ds, respectively.

State Road S$S660 case study

The study area, located along the western border of the
Sila Massif (northern sector of the Calabria region), falls
within the middle portion of the Mucone River basin and
includes the town of Acri (Fig. 3). The climate is
Mediterranean with dry summer and precipitation
concentrated during mild winters (Terranova et al. 2007).
The area, ranging in elevation from 300 to goo m a.s.l,, is
made by high-grade metamorphic rocks of Palaeozoic age,
which result intensely weathered (Borrelli et al. 2007;
Borrelli et al. 2014). Landslides (Fig. 3a, b) (mainly active
and dormant slide-debris flows, debris slides, and
rockslides) are widespread along the Mucone River, where
the local relief energy, steep slopes, and gravitational
landforms are commonly associated with fault zones.
Landslides can be distinguished in three categories (i.e.
shallow, medium-deep, and deep-seated) based on
geomorphological criteria (Borrelli and Gulla 2017), Figure
3b. In addition, a large Deep-Seated Gravitational Slope
Deformation of Sackung-type (Serra di Buda DSGSDs)
affects the study area (Borrelli and Gulla 2017), Figure 3a,

b. This DSGSD, with a depth equal or higher than 200 m,
has a length of about 1.2 km, a width of 3 km and a surface
of 3 km? The typical features of this phenomenon,
partially covered by shallow, medium-deep and deep
landslides, are summit crown-shaped scarps, terrace-like
flats, convex slope profiles, and foot protrusions towards
the bed of the watercourses. The geomaterials (Fig. 3b)
produced by weathering and degraded processes of the
gneissic rocks in the study area and in similar geological
context can be framed among residual-colluvial soils to
saprolitic soils (Cascini and Gulla 1993); their connection
with tectonic sub-horizontal structures favour the
formation of deep-seated failure surfaces, as in the case of
Serra di Buda slow-moving landslide. In Phase I, the road
stretch exposed to landslide risk was identified by
combining the available input data (Fig. 3a). Then, in
Phase II, both IP and DL and were estimated. Particularly,
PS velocity values (Fig. 3a) were projected from the LOS to
the steepest slope direction following the procedure
proposed by Cascini et al. (2010), also fixing a threshold of
4 to the projection coefficient of the 1750 projected PSs for
COSMO-SkyMed dataset over the SS660. Then, starting
from the landslide inventory map reported in Borrelli and
Gulla (2017) and focusing on the Serra di Buda slope, the
landslides in the area were typified (Fig. 3b). A multi-
temporal analysis of the damage was carried out and the
recorded damage was ranked in four increasing DLi (Do =
negligible; D1 = slight; D2 = moderate; D3 = severe)
including both the asphalt pavement (see Ferlisi et al.
2021) and the side retaining structures for the cut-and-fill
slope sections of the SS660. Referring to the results of the
in-situ survey carried out on 14 December 2021, 69
damaged sections were identified and distinguished
according to the severity level recorded to both the asphalt
pavement and the side retaining structures. Some photos
of the most damaged locations are shown in Fig. 3c. The
map in Fig. 3b shows the lengths of the sections with
uniform levels of damage that were computed by dividing
in two parts the distance between two damaged sections
and attributing them the DLi of the closest damaged
section in the observation period. The availability of multi-
temporal damage data revealed that the damage mainly
concentrated in the Serra di Buda rockslide due to its
reactivation in 2005 and 2010 (Gulla 2014). In the period
2011 - 2021, a replacement of the road surface was carried
out as revealed by the archive photos systematically
acquired by the IRPI-CNR. To estimate the IP, first a buffer
with a radius of 10 m was drawn around each damaged
road section and the PSs located within its perimeter were
selected; then, the mean slope velocity of the ke buffer was
computed as the root mean square weighted PS velocity
along the steepest slope direction (as proposed by Cascini
et al. 2013). The cumulative displacement (8siope)
pertaining to kg buffer was assumed as the IP and
computed by multiplying the velocity value for the
observation period (t).
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Fig. 3 State Road SS660 case study: a) landslide inventory map with the state of activity (modified from Borelli and Gulla et al., 2017),
the analyzed (SS660) road to Acri town, and spatial distribution of DInSAR data acquired by COSMO-SkyMed satellite (ascending orbit,
2014-2021); b) map of the typified landslides with indication of damage to road; c) some examples of cracks recorded on the asphalt
pavement and the side retaining structures during in-situ surveys; d) damage level (DLi) vs. cumulative displacement (8siope); €)
empirical fragility curves and f) vulnerability curve.

Specifically, displacements were cumulated from February buffer were then associated with the DLi recorded in the
2018 (coinciding with the last repair works to the road) to survey of 2021. This allowed retrieving the empirical cause-
December 2021. The computed values of §sope for each effect relationship shown in Figure 3d.
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As expected, the Jqope attains higher values as the damage
severity level (DLi) increases, being DLi conservatively
assumed as the most severe damage between the one
recorded to the road surface and the pertaining retaining
structure (if any).

Then, by adopting Eq. 1 with the estimated fragility
parameters pertaining to each DLi, the empirical fragility
curves were generated (Figure 3e).

Finally, the discrete probabilities (Pi) provided by the
empirical fragility curves allowed deriving - according to
Eq. 2 - the values of the average expected damage severity
level (upr), assuming as numerical index di the values 0.33,
0.66, and 1 for D1, D2 and D3, respectively.

The interpolation of the latter empirical data through
the adoption of Eq. 3 allowed deriving the empirical
vulnerability curve shown in Figure 3f.

Discussion and Conclusions

The presented case studies showed that technological
innovation of multi-source monitoring/survey data can
provide useful contribution to procedures aimed at
landslide risk analyses. For instance, Google Street View
was proven to be a useful tool for rapid, easy and cost-
effective road damage inspections, whereas DInSAR data
confirmed to be a well-established complement of
conventional displacement monitoring techniques. Both
the abovementioned datasets, which are broadly available
in archives worldwide, can foster
deterministic/probabilistic ~ vulnerability analyses of
buildings/roads exposed to slow-moving landslides.

Once further validated, the presented method could
be part of a circular approach (Gulla et al., 2021) to help
building/road maintenance prioritization and scheduling
as well as risk management in slow-moving landslide-
affected urban area and extended to other geo-hazards.
Nevertheless, the exportability to other areas will require
updated landslide inventories, local geotechnical and
building/road characteristics to be taken into account to
typify representative landslide-damaged buildings/roads
in homogeneous geo-lithological contexts.
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