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ABSTRACT
Rockfalls are a major hazard in mountain areas. They can endanger human settlements and
infrastructures, and, every year, cause multiple damage and victims. An investigation of
those areas more susceptible to rockfall represents a key approach to improve the analysis
and management of rockfall impact and consequences. The proposed procedure involves
the study of occurred rockfall databases and thematic maps to compute a susceptibility
map, by the employment of Analytical Hierarchic Process. The computation is focused on
the road network of Aosta Valley Region (northwestern Italy) and its proximity. The model
results highlight the importance of morphometric factors on the investigated phenomena.
The outcomes of the analysis were also validated by comparing rockfall databases with the
receiver operating characteristic curve, in order to confirm their reliability. The results of the
procedure are a starting point for a detailed planning action in order to manage the hazard
related to these phenomena.

ARTICLE HISTORY
Received 23 June 2020
Revised 6 November 2020
Accepted 9 November 2020

KEYWORDS
Rockfall hazard; analytic
hierarchy process; landslide
inventory; alpine region

1. Introduction

In mountain territories, rockfall events are extremely
common along the road networks, often causing casual-
ties, damage to vehicles or to the roads (e.g. pavements,
retaining walls), with consequent economic losses
(Budetta, 2004; Guzzetti, 2000; Guzzetti et al., 2004;
Palma et al., 2012). Rockfalls are unpredictable phenom-
ena usually involving small volumes, the areas involved
are very small and often punctual, with high energy and
long runout distances (Frattini et al., 2012). The relating
hazard characterization and forecast is still a challenge,
depending on various factors for any single investigated
area (Mineo, 2020; Mineo & Pappalardo, 2019). Great
importance is given to the characterization of the rock-
fall spatial distribution, their frequency and intensity,
which are often assessed by landslide inventories
(Hungr et al., 1999; Volkwein et al., 2011).

The Alpine region is widely anthropized and
characterized by diffuse environmental and cultural
heritage and represents a territory highly susceptible
to the rockfall occurrence. Therefore, the rockfall
hazard assessment becomes essential in the Alpine
areas, with the aim to implement countermeasures
and to adopt an adequate land use planning.

Rockfall hazard has been defined by Jaboyedoff
et al. (2001) as the probability that a specific location

is reached by a rockfall of given intensity. The
definition of magnitude–frequency relationship can
be obtained by estimating the annual frequency of
rockfall events in specified volume classes (Hungr
et al., 1999). Some limitations can occur because of
the information availability for a specific area of inter-
est, specifically in term of spatial and temporal hetero-
geneity. Without an accurate assessment of the annual
frequency of the rockfall events of a given magnitude,
the hazard computation is not possible. In these
cases, the risk assessment should meaningfully
be supported by the susceptibility computation. By
this way, it is possible to provide a general
overview of areas more affected by potentially col-
lapses, based on specific environmental characteristics.
This process plays a fundamental role for obtaining an
overview of the potentially endangered areas, before
proceeding to the risk assessment (Jaboyedoff et al.,
2012).

Focusing on the Aosta Valley Region (AVR), a
small alpine region in the northwestern Italy, widely
affected by many different slope instabilities like
Deep-seated Gravitational Slope Deformation
(Cignetti et al., 2020; Martinotti et al., 2011), large
rockslides (Crosta et al., 2015; Giardino et al., 2004),
and rockfalls (Trigila et al., 2008), this study aims to
assess the rockfall susceptibility across the regional

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrest-
ricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

CONTACT D. Godone danilo.godone@irpi.cnr.it National Research Council of Italy, Research Institute for Geo-Hydrological Protection (CNR IRPI),
Torino 10135, Italy

Supplemental data for this article can be accessed https://doi.org/10.1080/17445647.2020.1850534

JOURNAL OF MAPS
https://doi.org/10.1080/17445647.2020.1850534

http://crossmark.crossref.org/dialog/?doi=10.1080/17445647.2020.1850534&domain=pdf&date_stamp=2020-12-08
http://orcid.org/0000-0002-4414-4386
http://orcid.org/0000-0003-1455-6862
http://orcid.org/0000-0001-6860-2962
http://orcid.org/0000-0003-0136-2436
http://creativecommons.org/licenses/by/4.0/
mailto:danilo.godone@irpi.cnr.it
https://doi.org/10.1080/17445647.2020.1850534
http://www.tandfonline.com/loi/tjom20
http://www.tandfonline.com


road network, highly threated by this type of slope
instability. This small mountainous Region (about
3200 km2) shows a dense road network that branches
off along the main valley and the secondary ones. By
applying a semi-quantitative index-based method,
capable to organize and analyse multi-criteria
decision, i.e. Analytic Hierarchy Process (AHP)
(Saaty, 1980) we drafted a prompt and rapid approach
to define the areas more susceptible to rockfalls at
regional scale. Starting from the available landslide
inventories and catalogues (Centro Funzionale
Regione Autonoma Valle d’Aosta, 2019; ISPRA
Ambiente, 2007), we defined the main variables to
consider in the susceptibility computation process.
Finally, the obtained susceptibility map was validated
by the receiver operating characteristic curve or
ROC curve.

The definition of the more susceptible areas should
represent a useful tool for the regional authorities and
municipalities, and represents an initial step for sub-
sequent in-depth analysis, in order to define effective
risk and emergency management strategies. For
instance, the aforementioned map will constitute one
of the layers employed in the ARTEMIS (Advanced
Regional Terrain Motion InSAR Screening system)
procedure, an automated method elaborated by the
Aosta Valley Regional Geological Survey. Concerning
slope instabilities affecting this mountainous region

(ISPRA Ambiente, 2007), this procedure will be used
to identify the sites to be primarily investigated, by
leveraging on a GIS-based filtering process for the
operative field management of the Permanent Scat-
terers (PS) monitoring anomalies regime.

2. Material and methods

The developed methodology is structured into two
main phases: (i) definition of the current knowledge
framework on the occurred rockfall events and (ii)
application of the Analytic Hierarchy Process (AHP).

We focused on the area close to regional road net-
work, which extends over 2600 km approximately,
exploiting the ‘Catasto Strade’, i.e. regional roads
inventory (Aosta Valley Region - Cartographic
office, 2016), applying a buffer of 250 m along the net-
work, which includes a portion of territory that is rel-
evant for the scopes of the analysis. In addition, a 25-m
buffer around the main settlements (SCT Geo Portal,
2005), merging them with the road network area,
was operated. The area of interest (AOI) obtained,
with an area of 475 km2, corresponds to the 17% of
the entire regional territory (Figure 1).

Taking advantage of the landslide inventories actu-
ally available for the AVR territory, i.e. Italian Land-
slide Inventory (IFFI) (ISPRA Ambiente, 2007), and
of the ‘Catasto Dissesti’, an on-line landslide catalogue

Figure 1. Aosta Valley Region elevation map. The AOI corresponds to the red area, white lines correspond to the regional road
network.
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at regional scale (Centro Funzionale Regione Auton-
oma Valle d’Aosta, 2019), the spatial and temporal
distribution of the occurred rockfalls was analysed.
By this way, useful information, suitable to define
the variables influencing rockfall events and to identify
and assess the more susceptible areas, were obtained.
Subsequently, operating in a GIS environment, the
identified variables, commonly referred to the rock-
falls occurrence, were derived. Successively these vari-
ables were combined to generate the Susceptibility
Index (SI) of the area of interest (AOI) applying the
AHP. The workflow of the implemented methodology
is exposed in Figure 2.

3. Rockfalls regional inventories analysis

The availability of landslide inventories is crucial to
gather useful information, particularly in terms of
morphological, geological and land use characteriz-
ation, aimed at the rockfalls occurrence definition at
regional scale. Thanks to the large amount of available
data, referring to the ‘Catasto Dissesti’, the occurred
landslides in terms of spatial and temporal distri-
bution were analysed, with the goal to characterize
the regional territory relatively to the rockfall events
occurrence.

Operating with several tools in a GIS environment,
the main morphometric parameters of each inventor-
ied phenomenon were extracted. Taking advantage of
the regional Digital Terrain Model (DTM) (10 × 10 m
cell size), several derivative products were obtained:
(i) slope; (ii) aspect; (iii) elevation. Jointly, land use
and lithological data were derived respectively from
the Corine Land Cover (Copernicus & Land Monitor-
ing Service, 2018) updated to 2018, at 1:100,000 scale,
and from the Geo-tectonic Map of the Aosta Valley
Region (De Giusti et al., 2003). Both for land use
and lithology, we operated a merging in homo-
geneous classes, in order to standardize the datasets,

and a conversion to the raster format, with the aim
of combining them with DTM related products.

Figure 3 shows the distribution of the inventoried
rockfall events for each considered factor at regional
scale. It should be noted that the majority of
the inventoried phenomena occurred in correspon-
dence of sectors with South–Southeast–Southwest
exposure, and high relief, ranging from 25° to 45°
(i.e. 27% for ‘25°−35°’, 26% for ‘35°−45’ and 23%
for ‘>45°’).

Referring to the elevation, the medium-high por-
tions of the slopes reveal the highest frequency in
rockfalls occurrence, with the 16% of cases in corre-
spondence of the ‘1000–1500 m’ class, and the 22%
for the ‘1500–2000m’ one. The distribution in corre-
spondence of the highest portions (i.e. 8% in the
‘2500–3000 m’ class and 2% for the ‘>3000 m’ class)
is poor.

Considering the land use factors, the 45% of rock-
falls occurred in areas characterized by shrub and/or
herbaceous vegetation, and the 36% in correspon-
dence of woodlands. Considering the lithology, 42%
of the rockfalls occurred in the lithological units
belonging to the so-called ‘Piedmont Zone’. This
domain includes rocks deriving from the Piemonte-
Liguria Ocean crust, i.e. ‘green stones’ (serpentinites
and various grade metabasites), and from the Meso-
zoic sediments of coverage, i.e. calcschists, mainly
schistose rock.

By analysing the inventoried rockfalls in terms of
temporal distribution, we evaluated a timeseries ran-
ging from the 1180 A.D. and the 2020 A.D., for a
total time span of 840 years. Figure 4(a) shows the
overall distribution of the available data, with an evi-
dent peak in correspondence of the October 2000
(Figure 4b), during which one of the most catastrophic
flood event hit the Aosta Valley Region (Giardino
et al., 2013). In general, the most part of inventoried
phenomena is recorded in the last 40 years (1980–

Figure 2. Scheme of the adopted methodology.
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2020). In fact, during the last decades, the need to
characterize the territory for risk management and
prevention purposes certainly led to a more complete
and accurate data collection, as reflected by the avail-
able data abundancy.

Observing the distribution in the last decades’ dis-
tribution, without considering the October 2000 event
(Figure 4c), we can notice that the highest peaks are
recorded in spring seasons (e.g. 1991, 2013), while
minor peaks occurred during the autumn seasons
(e.g. 1993, 2007 and 2018). It is interesting to observe
the peak of January 2018 in correspondence of a par-
ticularly warm winter season (Centro Funzionale
Regione Autonoma Valle d’Aosta, 2018), which
almost certainly influenced the rockfall occurrence
due to the anomalous inflow of groundwater in the
slopes due to the cyclical melting of the snow

cover during January and February and freeze–thaw
cycles.

Performing the analysis of the rockfall monthly dis-
tribution, it can be observed that, at regional scale,
these phenomena are more frequent in the spring sea-
son (months from March to May, 37%), and in the
autumn season (months from September to Novem-
ber, 25%), with peaks respectively in May (16%) and
October (9%). It should be considered that 47% of
the analysed phenomena do not report information
relating to the month of occurrence.

4. Considered variables for rockfall
susceptibility estimation

Usually, there are no general guidelines for the selec-
tion of the variables useful to generate susceptibility

Figure 3. Rockfall events distribution at regional scale, referring to the ‘Catasto Dissesti’ inventory, respect to the considered fac-
tors: (a) Slope; (b) Aspect; (c) Elevation; (d) Land Use (A = Forest; B = Zones characterized by shrub and/or herbaceous vegetation;
C = Open space with little or no vegetation; D = Zones mainly occupied by agricultural areas; E = Urban areas); (e) Lithology (A =
Calcschists and Serpentinites; B = Conglomerates; C = Quaternary deposits; D = Gypsum, Dolomite; E = Gneiss; G = Micaschists; H
= Black Schists).
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maps. Commonly, rockfalls triggering is due to the
combination of several factors, including topographic
features, earthquakes, vegetation conditions, rock
mass conditions, pore pressure increases, mainly
related to rainfall infiltration and/or freeze–thaw
cycles, and other climatic variables (Lan et al., 2010).

By carrying out a regional analysis, decision was
made to exploit previous open data available in
order to provide a quick and ready-to-use method-
ology that supplies a preliminary zonation of the

area of interest. For this reason, detailed character-
istics about rock mass fracturing, local geological
and tectonic setting, were not considered at this
stage. We considered six variables: (i) slope; (ii) aspect;
(iii) elevation, (iv) lithology; (v) land use; (vi) distance
to road. From the previously mentioned DTM, we
therefore extracted the morphometric parameters
relative to the AOI across the regional road network.
For the land use, we cropped the Corine Land Use
at regional scale on the AOI, while for lithology, we

Figure 4. Monthly distribution of the inventoried rockfalls at regional scale, referring to the ‘Catasto Dissesti’ inventory, (a) for the
overall period, (b) for the period from the last decade of the twentieth century (1990–2000); (c) for the same period but excluding
the October 2000 flood.

JOURNAL OF MAPS 5



considered the Geological Map of the CARG project
(ISPRA Ambiente, 2012), made available by the
Aosta valley regional administration. By these
means, we obtained a more detailed information at
the 1:25.000 scale.

4.1. Morphometric parameters

Topographic information are among the most com-
mon intrinsic factors adopted to create a susceptibility
map (Ayalew et al., 2005; Frattini et al., 2008; Othman
et al., 2018). The slope degree is directly related to
landslides occurrence and rock falling trajectory.
Therefore, this parameter is one of the most used in
landslides susceptibility computation (Moreiras,
2005). This factor has been divided into five classes:
(i) less than 15°; (ii) 15°−25°; (iii) 25°−35°; (iv) 35°
−45°; (v) more than 45°.

The slope exposition is an another relevant aspect,
mainly in relation to exposure to weather events, for
instance rainfall events, solar radiation, and freeze–
thaw cycles (Gruber et al., 2004; Hall, 2004). This fac-
tor is divided into four classes, by grouping the con-
ventional aspect class in: (i) flat; (ii) South–
Southwest–Southeast; (iii) East–West; (iv) North–
Northwest–Northeast.

Finally, the topographic elevation, strictly related to
the land cover typology (Demir et al., 2013), in gen-
eral, a high elevation is associated with a land cover
mainly represented by bare rock and/or poorly vege-
tated areas, whilst the lower altitudes are characterized
by moderate slope, corresponding to areas with lower
rockfall susceptibility. This factor, limited to the AOI
elevations, is divided into seven classes: (i) less than
500 m; (ii) 500–1000 m; (iii) 1000–1500; (iv) 1500–
2000; (v) 2000–2500; (vi) 2500–3000; (vii) more than
3000 m.

4.2. Lithology

Lithology plays a relevant role in slope instability. The
AVR displays a complex geological setting showing a
complete sequence of the Western Alps structural
domains (Dal Piaz et al., 2003), with a wide range of
lithologies as well as a great local variety of structural
settings, due to the multiple deformative stages of the
alpine orogenetic process. Starting from the Geologi-
cal maps of the CARG project, available at the
1:10.000 on the 85% of the regional territory, various
lithologies have been grouped on the basis of their
litho-technical properties (Palomba et al., 2015). We
operated merging in macro-typologies, first dis-
tinguishing between deposits and rocks type, and sub-
sequently on the type of deposits or rocks, on the basis
of their degree of mobilization. This arrangement
reflects the original affiliation to the main alpine tec-
tonic units; the classes have been grouped, depending

on the litho-technical properties of the rock, in seven
main classes: (i) shale rocks; (ii) massive igneous and
metamorphic rocks; (iii) marbles, limestones and
dolomites; (iv) tectonized and contact rocks; (v) grav-
itational deposits; (vi) colluvial and glacial deposits;
(vii) alluvial deposits.

4.3. Land use

Land use and vegetation cover can variably con-
dition the rockfall occurrence, playing a relevant
role in slope stability. Starting from the detailed
classification of land use done in Corine Land
Cover project (ISPRA Ambiente, 2018), five differ-
ent classes are generated: (i) urban areas; (ii) agri-
cultural areas; (iii) forests; (iv) sparsely vegetated
natural areas; (v) natural areas not or poorly vege-
tated. Urban areas include all the anthropic areas
occupied by residential and industrial buildings,
and/or other infrastructures (e.g. airports, quarries,
landfills and dumping areas). Pastures, vineyard,
fruit trees and other plantations, permanently irri-
gated arable lands, are gathered in the agricultural
areas class. With regard to the forest class, accord-
ing to the literature, the woodlands have been con-
sidered as a protective factor against rockfalls (Fuhr
et al., 2015). Instead, natural areas sparsely vege-
tated and natural areas not or poorly vegetated
could represent important source areas in rockfalls
occurrence.

4.4. Distance to roads

The distance to roads is a key parameter in term of
rockfall susceptibility computation. Changes in topo-
graphy due to road construction, as well as the related
local decrease in rock-mass load due to excavations,
may influence the bedrock fracturing. Considering
also the rockfall risk and the associated damage and
casualties, the areas highly close to the road network
have been considered the more susceptible. Five
classes, obtained applying a dedicated tool in GIS
environment, are created along the main regional
road network: (i) 0–50 m; (ii) 50–100 m; (iii) 100–
150 m; (vi) 150–200; (v) 200–250 m.

5. Analytic hierarchy process

The Analytic Hierarchy Process is a multi-criteria
decision-making method, developed by Saaty (1977).
This approach is suitable for complex decisions,
which involves a multi-object comparison, enabling
the user to define a scale of preference from a set of
alternatives. To apply the AHP, the initial complex
problem needs to be disassembled into its component
factors, organizing them in a hierarchic structure.
Once the structure is defined, the user operates

6 M. CIGNETTI ET AL.



through the construction of a pair-wise comparison
matrix; each factor, or class of factor, is classified
against every other one of the matrix, by assigning a
numerical value (see Table 1). The numerical value
assignment follows subjective, expert based, judg-
ments on the relative importance of each factor
(Saaty & Vargas, 2012). Finally, the pair-wise compari-
son matrix is normalized, and the weighted average
rating for each decision alternative is computed.

In our study, operating with the above-mentioned
causal factors, the AHP has been applied assigning
weights to both causative factors and to the classes
defined for each factor (Table 2).

The consistency of the judgments is verified
through the Consistency Ratio (CR) computation
(Saaty, 2000), which is obtained by the ratio between
the Consistency Index (CI) and the Random Consist-
ency Index (RI):

CR(%) = CI
RI

× 100 (1)

When the CR is larger than 10%, the subjective judg-
ment is inconsistent and needs a revision.

The computation of the susceptibility is performed
in a statistical open source environment (R Develop-
ment Core Team, 2011), by reclassifying and rasteriz-
ing the thematic layers of the six considered causal

Table 1. Scale of preference between two parameters i and j
in the AHP approach (Saaty & Vargas, 2012).
Value aij Degree of preference

1 i and j have equal importance
3 i is moderately more important than j
5 i is strongly more important than j
7 i is very strongly more important than j
9 i is extremely more important than j
2, 4, 6, 8 Values for intermediate comparison

Table 2. Pair-wise comparison matrix and relative weights for rockfall causative factors and relative classes. All the pair-wise
comparison matrices are structured ranking the established items with respect to their impact on rockfall occurrence. The
meaning of values displayed in the ‘Pair-wise comparison matrix’ is explained in Table 1.

Causative factors and factor classes

Pair-wise comparison matrix

Weights[1] [2] [3] [4] [5] [6] [7]

Causative Factors
[1] Slope 1 4 4 3 5 7 0.41
[2] Aspect 1 2 1/3 1/2 5 0.11
[3] Elevation 1 1/3 1/2 5 0.09
[4] Lithology 1 4 6 0.24
[5] Land Use 1 4 0.12
[6] Distance to road 1 0.03
Slope
[1] 0°−15° 1 1/2 1/5 1/9 1/7 0.04
[2] 15°−25° 1 1/4 1/7 1/5 0.06
[3] 25–35° 1 1/2 1/3 0.18
[4] 35°−45° 1 1/2 0.32
[5] >45° 1 0.4
Aspect
[1] Flat 1 1/6 1/7 1/9 0.04
[2] North–Northeast–Northwest 1 1/2 1/4 0.16
[3] East–West 1 1/3 0.25
[4] South–Southeast–Southwest 1 0.55
Elevation
[1] <500 m 1 1/6 1/8 1/6 1/3 1/2 1 0.03
[2] 500–1000 m 1 1/3 1 2 5 7 0.19
[3] 1000–1500 m 1 3 5 7 9 0.4
[4] 1500–2000 m 1 2 5 7 0.19
[5] 2000–2500 m 1 1 5 0.09
[6] 2500–3000 m 1 4 0.07
[7] >3000 m 1 0.03
Lithology
[1] Shale rocks 1 7 9 9 3 3 8 0.41
[2] Massive igneous and metamorphic rocks 1 7 7 2 2 7 0,2
[3] Marbles, limestones, dolomites 1 1 1/7 1/7 1 0.03
[4] Tectonized and contact rocks 1 1/7 1/7 1 0.03
[5] Gravitational deposits 1 1 5 0.15
[6] Colluvial and glacial deposits 1 5 0.15
[7] Alluvial deposits 1 0.03
Land use
[1] Urban areas 1 1/3 1/4 1/7 1/9 0.04
[2] Agricultural areas 1 1/3 1/6 1/8 0.06
[3] Forest 1 1/5 1/7 0.11
[4] Natural areas sparsely vegetated 1 1/2 0.31
[5] Natural areas not or poorly vegetated 1 0.49
Distance to road
[1] 0–50 m 1 4 5 5 7 0.5
[2] 50–100 m 1 3 4 6 0.25
[3] 100–150 m 1 2 4 0.13
[4] 150–200 m 1 2 0.08
[5] 200–250 m 1 0.05
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factors. More in detail, we applied the procedure based
the weighted linear sum (WLS) to define the landslide
susceptibility index (LSI)

LSI =
∑N

j=1

Wjwji (2)

The performance of the model was the evaluated by
comparing it with occurred rockfall database and by
computing ROC (Chung & Fabbri, 2003).

6. Rockfall susceptibility map and validation

By exploiting spatial and temporal information of the
occurred rockfalls of previous inventories, together
with the application of the AHP, we obtained the
Rockfalls Susceptibility Map (Main map ref) of the
study area, i.e. the road network of the AVR and
the main settlements in its proximity. The pair-wise
comparison matrix was based on six main variables,
divided in subclasses, and ranked in term of their
impact on slope instability. Through the comparison
matrix application, we obtained the normalized prin-
cipal eigenvector, both for the main variables and the
classes of each one (Table 2). The slope factor pro-
vided the highest weight of 0.41, resulting the most
relevant variable, followed by lithology with a weight
of 0.24. Focusing on each factor classes, the most rel-
evant variables correspond to the slope interval ‘35°
−45°’, aspect ‘Southeast–South–Southwest’, lithology
‘Shale rocks’, land use featuring ‘Natural areas not or
poorly vegetated’ and distance to road ‘50–1000 m’
interval. In order to verify the consistency of the
obtained weights and rating of each considered cau-
sative factors, we computed the Consistency Ration
(CR), based on the relative value of Consistency

Index (CI) and Random Consistency Index (RI)
(Table 3).

The obtained Rockfall Susceptibility Map (Main
map) shows SI values ranging from 0.037 and 0.413.
By applying the ‘Natural breaks’ classification of
Jenks (Ayalew & Yamagishi, 2005), available in GIS
environment, the SI values are classified into four
classes: (i) low; (ii) medium; (iii) high; (iv) very high.
Considering the AOI, close to the regional road net-
work, on a total of 475 km2, the ‘very high’ and
‘high’ classes cover respectively 28.05% and 11.63%
of the analysed area (Figure 5). The computation of
these values is carried out on a filtered AOI surface
where flat (i.e. aspect value of −1) or gently sloping
(i.e. slope lower than 5°) sectors are removed. This
selection was performed to exclude the main valley
bottom, which is negligible in terms of hazard charac-
terization and whose inclusion in the analysis might
lead to an underestimation of the susceptibility class’s
distribution.

Analysing the distribution of the inventoried rock-
falls of the regional catalogue within the AOI (Figure
6), a first validation of the obtained result has been
performed. This result shows that about 70% of the
inventoried phenomena are located in areas with
high or very high susceptibility. The obtained suscep-
tibility map consistently matches the previous inven-
toried rockfalls, showing that, as predicted by the
model, these events mainly fall in ‘high’ (35%) and
in ‘very high’ (33%) classes.

The most part of phenomena occurred in sectors
with high to very high relief (e.g. class ‘25°−35°
27%, class ‘35°−45°’ 24%), with a South–Southeast–
Southwest exposition. Considering the elevation fac-
tor, about 70% of the occurred phenomena are located
from 500 to 1500 m a.s.l., as also highlighted by the
results obtained. Lithologically, the majority of the
events involved ‘Shale rocks’ lithologies (18%), while
considering quaternary deposits, the most part
occurred in gravitative deposits or in colluvial/glacial
deposits (respectively 35% and 27%). Considering
land use factor, the rockfalls are mainly distributed
in correspondence of ‘Natural areas not or poorly
vegetated’ (47%). It should be noted that more than
about 60% of rockfalls within the AOI, occurred at a
distance of fewer than 50 m from the road network.
Excluding the morphometric and lithology factors,
the only modifiable factors to reduce rockfall suscepti-
bility are the ‘Land use’ and ‘Distance to Roads’.
However, even though increasing the distance of the
road from the rock cliff should reduce the

Table 3. Consistency values of the considered factors.
All factors Slope Aspect Elevation Lithology Land use Distance to roads

CI 0.09 0.05 0.05 0.05 0.07 0.08 0.06
RI 1.24 1.12 0.90 1.32 1.32 1.12 1.12
CR 0.08 0.04 0.05 0.03 0.06 0.07 0.06

Figure 5. Surface distribution (% of the filtered AOI) of the
susceptibility classes.
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susceptibility, the implementation of this measure is
hardly feasible in a very compartmentalized territory
marked by narrow valleys. Analysing the available
information about the recorded damage, although
most of inventoried phenomena do not report infor-
mation, we observed that about a hundred of the
occurred phenomena indicate damage to roads, com-
prehensive of vehicles damage, and a few tens to build-
ings, mainly private, and other facilities. In the last
years, the availability of web services led to a more
accurate collection and management of the ancillary
data related to each event, standardizing the format
of the data gathering. Therefore, the recent reports
include key information as rockfall volume, damage,
occurrence date. Future improvements should be

carried out, based on this increasingly collected and
updated information, specifically, in term of relation-
ship between rockfalls occurrence and their impact.
Moreover, the role of forested areas should be investi-
gated, in order to exploit their protective function
(Moos et al., 2018).

Additional validation of the obtained map has been
done applying the Receiver Operating Characteristic
(ROC) curve, obtaining a success rate of up to 75%
(Figure 7) and confirming the reliability of the pro-
posed modelling.

7. Conclusion

Rockfall hazard is a threat for human settlements and
infrastructures in mountain areas. Its characterization
deserves a dedicated methodology in order to better
manage its impact and consequences. The proposed
procedure takes in account several morphometric
and thematic parameters in order to map rockfall sus-
ceptibility focusing on road network of the AVR by
the use of AHP. Additionally, with the aim of improv-
ing the analysis set up, a detailed investigation of the
recorded events, in the last 40 years, was carried out
pointing out seasonality and other relevant data. The
outcome of the AHP was then validated by the com-
parison with a national database of rockfall events
resulting in a satisfactory result thus confirming the

Figure 6. Susceptibility map of the road network of the AVR; black dots correspond to the rockfall events collected in the ‘Catasto
Dissesti’ regional inventory within the AOI.

Figure 7. ROC curve computed on the basis of the comparison
between rockfall grid cells and rockfall susceptibility grid.
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validity of the proposed approach. The proposed
methodology provides a quick procedure for a pre-
liminary zonation of the areas more susceptible to
rockfalls at regional scale, representing a first step in
rockfall risks assessment. This preliminary step
allowed to identify those areas to be targeted for an
in-depth risk analysis, with the support of field obser-
vations and measurements collection for following
local aspects characterization (e.g. local geological
and tectonic setting, rock mass condition). Jointly,
this procedure becomes functional to the definition
of the actions for the risk management and the
implementation of regulation infrastructural works
for risk reduction, useful for regional authorities of
mountainous territories.

Software

The rockfall susceptibility map was developed by the
employment of several GIS tools, available in ArcGIS
10.5.1 (and following releases) and R 3.3 (and follow-
ing releases).
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