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Abstract: Rockfalls are widespread, rapid, and high-energy landslide phenomena that could poten-
tially affect large portions of populated lands. The preliminary identification of the most rockfall-
prone zones is a challenging task, especially in times of extreme and unpredictable climate change.
Even slight environmental modifications can produce significant consequences in terms of exposure,
hazard, and risk. Therefore, a timely risk assessment is paramount for territorial administrators
to plan and prioritize adequate countermeasures. Risk assessment is crucial to guaranteeing the
safety of human lives, the integrity of structures and infrastructures, the preservation of historic and
environmental heritage, and the safeguard of economic activities. Hence, new and rapid evaluation
methods for rockfall hazard, vulnerability, and risk are needed to identify the most critical areas
where more indepth analyses aimed at the design of protective works should be carried out. This
study proposes a quick, innovative, and completely GIS-based procedure to preliminarily assess
rockfall time-independent hazard and risk in large areas. Propagation analysis is performed by
integrating powerful QGIS plugin QPROTO, which can estimate rockfall energy within the invasion
area in a simplified way, with the slope units polygons of the Italian territory for the definition of the
input parameters. The quantification of risk was obtained by the application of the multidisciplinary
IMIRILAND methodology, again within a free and open QGIS environment. Lastly, to test the
capabilities of the method, the procedure was applied to a case study of the Sorba Valley (Piemonte,
Italy), a tourist region in the northwestern Italian Alps. The findings offer an important contribution
to the field of land-planning activities and risk-management strategies.

Keywords: rockfall; rockfall risk; QGIS; QPROTO; IMIRILAND

1. Introduction

Rockfalls are quick and extremely dangerous natural phenomena consisting of the
rapid descent of a single or a cluster of rock blocks along a steep slope [1,2]. The quantifi-
cation of rockfall risk over a certain portion of land represents an extremely challenging
task because of the several uncertainties in the definition of block volumes, the magnitude–
frequency relationship, and boulder behavior during the falling motion (e.g., interaction
with soil and obstacles) [3–7]. Nevertheless, the quantification of rockfall risk represents the
key point to protect the land from losses in terms of human lives, structures, infrastructure,
and economic activities [2,8].

Risk analysis can be carried out at different levels of detail (or reference scales) charac-
terized by specific input data, procedures, and objectives [9,10]. Several authors proposed
different classifications for the scales of observation, mainly based on geographic or ad-
ministrative considerations [10–13]. Referring to Fell et al. (2008), four scales can be used:
detailed, large, medium, and small. The detailed scale (>1:5000), involves a limited portion
of land (i.e., a single slope) and usually includes the design of protection works. At this
scale, indepth hazard analysis by means of a stochastic approach in a 2D or 3D environment
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is required. In addition, each element at risk must be considered singularly with its proper
characteristics, vulnerability, and type of response to specific hazard scenarios. At a large
scale (from 1:5000 to 1:25,000), wider portions of land are generally investigated, and some
degree of detail is inevitably lost. Here, several spatial approximations can be introduced.
For instance, the territory can be divided into homogeneous areas characterized by the
same geological conditions, exposure, type of elements at risk, etc. The purpose of large-
scale risk analyses is to address the territorial planning by highlighting critical areas where
more detailed analyses should be carried out. Generally, this type of analyses can be easily
implemented in GIS software where a large amount of data can be easily stored [13,14].
This work proposes a risk analysis procedure at a large scale completely developed in a
GIS environment using open-source software and tools. The procedure is introduced with
reference to a case study located in the Sorba Valley (northwestern Italian Alps). The study
was entirely carried out using data (e.g., DTM, topographic raster files, land cover vector
files) that were freely available in geodatabases of the Italian public administration. Starting
from the analysis of the site and the identification of the danger scenarios, the assessment of
a time-independent spatial hazard was performed with QGIS plugin QPROTO [15–20] that
applies the 3D cone method [16] and the energy-angle approach [17,18] via viewshed analy-
sis of the territory. The following evaluation of the elements at risk, their vulnerability and
exposure, and the final quantification of the risk were performed through the IMIRILAND
methodology [19,21]. The final results are several risk maps related to different design
scenarios that can be useful for territorial administrators to plan and prioritize adequate
countermeasures, and identify areas where more detailed analyses should be carried out.

2. Materials and Methods

The risk assessment procedure proposed and applied in this work is divided into
two main phases. First, the assessment of a hazard is performed by means of simplified
propagation analysis with the QGIS QPROTO plugin on the basis of the global parameters
representative of block–ground interaction. In this work, a hazard is defined as a time-
independent spatial hazard because, in many preliminary risk assessment analyses, no
detailed information about the return period of a given scenario is available. Subsequently,
the remaining components of the risk are defined, processed, and assembled using the
procedure proposed by the IMIRILAND method. The following sections describe the main
aspects of these two tools.

2.1. The QPROTO QGIS Plugin

The Q-GIS Predictive ROckfall Tool (QPROTO) plugin is a QGIS tool was developed
by Politecnico di Torino and Arpa Piemonte [13], and is based on the cone method [16].
The cone-method parameters define the extension of the visibility cone and should be
representative of the global rock block behavior along the slope.

As described in detail in [20], hazard analyses with the QPROTO plugin require an
association to each source point a set of information related both to the expected rockfall
scenario and the slope conditions.

The three following angles are defined for each cone on the basis of the geomorpho-
logical condition of the area and the assumed block characteristics:

• θ: dip direction, which defines the orientation of the cone with respect to the north;
• EA: energy angle defining the cone amplitude in the vertical plane;
• LA: lateral spreading angle defining the cone amplitude in the horizontal plane.

The QPROTO plugin allows for the preliminary estimation of the effects of a rockfall
phenomenon over large slope sectors in terms of invasion area, velocity, and energy. The
calculation procedure is implemented in a QGIS environment and consists synthetically of
the application of a visibility function (GRASS GIS function r.viewshed) to a digital terrain
model (DTM) of the area of interest. According to the cone method, the source points of the
rockfall phenomenon are considered to be viewpoints, and a visibility cone is associated
with each of them, so that the intersection between the cone and the DTM surface defines



Geosciences 2022, 12, 305 3 of 20

the limit of the propagation zone. The latter represents the set of raster map cells visible
from the source point, that is, the set of cells where the motion of a block started from that
source can impact.

An energy balance equation is then used to compute the block velocities and kinetic
energies within the runout area.

2.2. IMIRILAND Method

A multidisciplinary methodology aimed at risk assessment in the case of landslides
was proposed in the framework of the Impact of Large Landslides in the Mountain Envi-
ronment: Identification and Mitigation of Risk (IMIRILAND) Project [21]. At a large scale,
the risk assessment provides a useful model for the identification of the most critical areas
where more indepth analyses aimed at the design of protective works should be carried
out. All the risk components are numerically expressed and spatially represented using
mathematical operations and a matrix approach within a GIS environment. Starting from
the damage, the total risk for a certain hazard scenario is given by the triple product of
hazard, vulnerability and worth of the element at risk. Therefore, the risk analysis can be
summarized in the following three phases:

• hazard analysis;
• damage analysis;
• risk calculation.

The IMIRILAND method allows for performing quantitative risk analyses, but such
analyses require the detailed characterization of all risk components, including temporal
aspects. When the available information is limited, the method can be used to perform
semiquantitative, time-independent risk analyses. This is the case of the application
proposed in this work.

2.2.1. Hazard Analysis

Rockfall hazard is defined as the probability of impact of a rock block with a given
energy in a given area. Hazard components are: the invasion area, the process intensity
(rockfall energy) and the probability of occurrence. Within the IMIRILAND method, such
components are managed independently:

• the invasion area is used to define the element at risk;
• rockfall energy is used to define the vulnerability of the element at risk;
• the probability of occurrence can be used at the end of the calculation to directly

compute the risk.

In this work, invasion area and phenomenon intensity are the results of the QPROTO
analyses, provided as raster maps that can be easily combined with the available geograph-
ical databases.

2.2.2. Damage Analysis

The quantification of damage within the affected areas is performed on the basis of
the intensity distributions and the areal distribution of the elements at risk. The following
steps are required:

• Identification and assessment of the elements at risk
For each analyzed scenario, it is necessary to overlap the intensity maps with geotopo-
graphic data. In particular, in the IMIRILAND methodology, the elements at risk are
classified according to various categories to which a relative hierarchical value can be
assigned. Risk analyses refer to each category with the advantage to independently
manage people, structures and infrastructures, economic activities, and environmental
assets. Four categories of value were defined:

– Physical: value of structures and infrastructures based on the repairing or recon-
struction costs.

– Economic: value linked to commercial and economic activities.
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– Social: value related to the presence of people (e.g., number of inhabitants and
their fragility).

– Environmental: value given by the flora or fauna and the historical, cultural, or
architectural value of the given area.

• Vulnerability assessment
Vulnerability expresses the degree of loss that the elements at risk can suffer if affected
by an event. Once again, it is possible to distinguish four categories of vulnerability:

– Physical, which considers the damage induced by the phenomenon on a structure
or infrastructure. It depends on the intensity of the event and the type, strength,
and deformation capacity of the structure.

– Economic, which considers economic losses due to the disruption of industrial,
touristic, and transport activities.

– Social, related to the possibility of the injury and death of people. It considers the
resilience of population to an event with a given magnitude.

– Environmental, which considers the negative effects of the event on environmen-
tal assets, taking into account the degree of resistance of anthropic structures or
re-population capacity of natural species.

• Calculation of the expected damage
The damage is expressed for each of the categories listed above as the product between
the worth of the element at risk (W) and the vulnerability (V):

D = W × V (1)

2.2.3. Risk Computation

The risk is obtained by combining the time-independent spatial hazard (H) and
the expected damage (D). Nevertheless, a preliminary operation provides a quantitative
expression of the exposure of each element at risk (E) for any element involved in the risk
assessment procedure. Exposure represents the probability that a given element at risk E is
exposed to the occurrence of an event of a given magnitude in a given area and period of
time. That is, the probability that an element is subjected to a certain hazard. This operation
is performed with reference to each risk category.

Each risk component assumes different values in different locations in the analyzed
area. As a consequence, the risk is expressed using raster maps containing one value for
each DTM cell. The computation of risk results in a simple productfor each i-th component
of the risk, of exposure, time-independent spatial hazard, and damage:

Ri = Ei × Hi × Di (2)

The process for calculating the risk leads to its definition through the following
categories: physical, economic, social, and environmental (see Section 3). Each must be
investigated for each of the identified scenarios. Thus, it is possible to obtain the total risk
for a given scenario by summing the different risk categories (physical, economic, social
and environmental) obtained for that scenario.

Rtot =
Rsoc + Rphy + Reco + Renv

Rmax
(3)

where the final value is normalized with respect to the maximal obtainable risk. Otherwise,
it is possible to obtain the total risk of all scenarios together for a given category (for
example, the total physical risk).

The result of this calculation (Equation (3)) acquires the meaning of the probability to
have damage in a given location in a given period of time. If no information is available
to assess the temporal probability of occurrence of different rockfall scenarios over large
areas, the computed risk acquires the meaning of “specific risk”, where temporal factors
are not included (time-independent spatial hazard).
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The management of numerous data is effectively possible through geographic informa-
tion systems (GISs) that allow for the superposition of various levels of spatial information,
and the development of mathematical operations between the various parameters in a
rapid and automatic manner.

3. Case Study

In this work, the proposed methodology encompassing hazard analysis by the QPROTO
plugin, and the risk analysis by IMIRILAND approach was applied to a case study in the
Sorba Valley (Italy). The valley is located in the northwestern Italian Alps and is crossed
by the Sorba creek, a right-bank tributary of Sesia River that is one of the main rivers in
North Piemonte. The main hamlet within the investigated area is Rassa (UTM: 5068797.367
423261.553 32T), which is located at an altitude of 917 m a.s.l. on the left hydrographical
bank of the Sorba creek right at the junction with its main tributary, the Gronda creek
(Figure 1). Rassa is a small village with only tens of inhabitants mainly present during
the summer season. The territory of its municipality covers the majority of Sorba Valley,
especially in the highest part of the valley, while the lower part belongs to the territory of
Piode. Rassa is connected to Piode, and thus to the main Sesia Valley, by Provincial Road
82 (PR82). The valley splits into two just west of Rassa: the main branch goes south until
it reaches the source of the Sorba creek, while the northern one continues westwards as
the tributary of Gronda Valley. In this latter branch, some little hamlets (i.e., Ortigoso, Oro,
Piana, Rassetta, Fontana, and Mezzanaccio) can be reached through a dirt road.

Figure 1. Geographical framework of the study area (left) and focus on the investigated area,
highlighted with a light yellow shape (right).

Here, we investigate the entire left hydrographical bank of the Sorba Valley between
Rassa and Piode, and the first part of the Gronda basin (its left bank). The site involves an
area of about 10 km2 with altitudes ranging from the 750 m a.s.l. of the Sesia Waterfall up to
the 2035 m a.s.l. of the Vasnera Orientale peak. From a geological point of view, the valley
is composed of alluvial deposits with widespread gneiss outcrops. Rock faces are generally
pseudovertical with limited heights i.e., 10–20 m at maximum, and are extensively diffused
all over the slopes in the investigated area. The slopes are almost entirely forested, with
vegetation consisting of mixed broad-leaved forests, with the prevalence of chestnuts, oaks,
hazels, birches, and white alders.

Historically, the site has been prone to rockfall events that have involved both the
hamlets and some sections of the PR82. In past centuries, only a few events have been
recorded, sometimes not well-classified regarding landslide type. For instance, on 14
October 1755, a massive flood destroyed most of the bridges over the Sorba at Rassa, and
some unidentified landslides hit the houses. The same occurred in September 1857 and
August 1868. In September 1948, the road connecting Piode and Rassa was invaded by
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mud and rock debris in different sections. In 1961, some landslides involved the inhabited
area of Rassa without causing structural damages, while in April 1980 and June 1981, two
rockfall events hit two buildings at Rassa with some structural damage. In 1983, the PR82
was damaged by a fallen block some kilometers eastwards of Rassa. In the night between
29 and 30 October 2018, a 0.1 m3 rock block detached from a height of about 990 m a.s.l.
and traveled 100 m until reaching the courtyard of the parish church of Rassa without
causing any sort of structural damage. On 21 February 2021, a rockfall event destroyed the
snow-covered road that leads from Rassa to the hamlets of Piana and Rassetta. Several
blocks fell down, and the average characteristic block volume was about 1 m3 (Figure 2).

Figure 2. Rockfall event of 21 February 2021 (modified from: https://www.valsesianotizie.it/2021/0
2/21/leggi-notizia/argomenti/cronaca-9/articolo/rassa-frana-sulla-strada-per-piana-e-rassetta.
html; accesed on 24 July 2022).

It is possible to deduce that no complete information about the landslide volume and
typology could be drawn.

4. Results and Discussion

This section presents the application and some general results of the proposed method-
ology to the Sorba Valley case study.

4.1. Hazard Assessment

Hazard analyses and risk calculation were performed with reference to three design
scenarios that differed in the volume of the design block associated with the detachment
sources. The design volumes were assumed according to the size of the blocks lying on
the slope, on its toe, and those involved in the recorded past events near Rassa village.
The source areas were identified by combining the results of a morphological analysis and
direct observations on-site (Figure 3). Two source areas were identified: one located just
above the village of Rassa, and one located at higher altitudes on the slope overlooking the
town and the provincial road.

https://www.valsesianotizie.it/2021/02/21/leggi-notizia/argomenti/cronaca-9/articolo/rassa-frana-sulla-strada-per-piana-e-rassetta.html
https://www.valsesianotizie.it/2021/02/21/leggi-notizia/argomenti/cronaca-9/articolo/rassa-frana-sulla-strada-per-piana-e-rassetta.html
https://www.valsesianotizie.it/2021/02/21/leggi-notizia/argomenti/cronaca-9/articolo/rassa-frana-sulla-strada-per-piana-e-rassetta.html
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Figure 3. Rockfall source distribution along slope units.

The three analyzed scenarios are:

• Scenario 1: volume of the design block equal to 0.1 m3 for all the source points
considered.

• Scenario 2: volume of the design block equal to 0.1 m3 for the source points just above
Rassa and 0.5 m3 elsewhere.

• Scenario 3: design block volume equal to 0.1 m3 for the source points just above Rassa
and 1 m3 elsewhere.

As described in detail in [20], hazard analyses with the QPROTO plugin require the
association to each source point of the corresponding values of elevation, aspect, block
mass, energy angle, lateral spreading angle and visibility distance. The elevation and aspect
values were determined by analyzing the DTM of the area under examination, available on
the geoportal of the Regione Piemonte in 5 × 5 m raster format. Block mass values were
assigned with reference to the three scenarios described above. The value of the energy
angle was defined for each source point according to the procedure proposed by [20]. The
value of the lateral spreading angle was assigned to be equal to 10◦ for all the source points.
This choice was based on the results obtained by [20], which showed a negligible influence
of LA on the QPROTO results, and that a value equal to 10◦ almost always provides good
results.

Lastly, the visibility distance was set to 999 m for all source points, i.e., the maximal
value that could be entered in QPROTO, as the difference in height between the source
points and the elements at risk (provincial road and Rassa village) was in some cases very
high, exceeding 1000 m.

4.1.1. Identification and Characterization of Rockfall Sources and Propagation Areas

The identification of rockfall-prone source areas at a medium–large scale is a
challenge [11]. Among the methods that can be used for this purpose, it is possible to detail
two classes. The first one concerns the specific and detailed statistical analyses of the mor-
phology using high-resolution DEM (HRDEMs), field surveys, orthophoto interpretation,
etc., aimed at identifying probabilistic active prone areas [22,23]. The second is a simplified
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morphological procedure aimed at identifying a slope threshold from which unstable areas
may be extrapolated [24].

These two approaches can be referred to at different scales as they are based on the
different quantities and qualities of required information. In this study, reference was
according to the large scale, and no detailed information was available. While detecting the
rockfall source areas, the following items were then considered:

• DTM cells showing a slope threshold greater than 45◦ were considered as potential
rockfall source areas.

• Source points were sharpened, choosing only those that, through orthophotoanalysis,
were in rocky outcrops without vegetation.

• A set of points with slope lower than 45◦ were added to the source dataset to account
for some historical information and a geostructural analysis, which indicates the
possibility of block detachment in the area above Rassa village.

• One source point at 20 m was considered to reduce the computation time for the
application at large scale. Moreover, this choice was based on the observation that
some test analyses carried out using other distances (e.g., 5 and 10 m) provided
negligible differences in the results with reference to the adopted 20 m simulations.

As a result, for the entire site of the Sorba Valley, with an extension of about 11 km2,
3671 rockfall source points were considered. Such points can be clustered into homogeneous
source areas with constant cone parameters according to geomorphological conditions of
the slope.

According to [20], the following step is the definition, the characterization of homoge-
neous areas, and the association with the energy angle. The angle is a function of several
parameters defining the slope (i.e., inclination and forest density) and the block (i.e., volume
and shape). For the definition of homogeneous areas, slope unit polygons (SUs) proposed
by [25] were referenced here using r.slopeunits software (a GRASS GIS module). The proce-
dure led to the optimization of the algorithm for the terrain subdivision of Italy into SUs
by means of a comparison among terrain elevation, slope, drainage density, and lithology.
The potentiality of the method is the ability to divide a large and complex landscape into
a mosaic of SUs using only terrain information that can be obtained from a DEM. In the
analyzed area, nine SUs could be identified (Figure 3); the slope of the source areas and
those included under the sources for each SU were analyzed. The median was chosen as
the characteristic value for the slope angle. Subsequently, for each volume scenario, the
energy angle was calculated using the results reported in [20] for each median SU slope
inclination and for a forested slope (Table 1).

Table 1. Median slope value for each slope unit and energy angle according to [20]. (*) data indicated
with “-” are not computed as in that area the only block volume is 0.1 m3.

SU Median of
Slope Angle (◦) EA 0.1 m3 (◦) EA 0.5 m3 (◦) EA 1.0 m3 (◦)

1 36 37 37 36
2 43 41 40 39

Rassa 43 41 - (*) - (*)
3 44 42 41 40

Rassa 44 42 - (*) - (*)
4 44 42 41 40
5 45 43 42 40
6 39 39 38 37
7 44 42 41 40
8 41 40 39 38
9 40 39 38 38
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4.1.2. Computation of Time-Independent Spatial Hazard

The results are reported here with reference to Scenario 3. The map of the mean energy
involved in the phenomenon (E_mean) in Figure 4 shows that the most affected zones were
Rassetta, Piana, Dughera, Quare, and the stretch of PR82 road between Rassa and Dughera.
The Rassa Valley is hit with energies lower than 50 kJ, according to the October 2018 event.

Figure 4. Mean energy map for the forecasting analysis of the 1 m3 rockfall scenario.

Figures 5 and 6 show the results related to the other two scenarios. In general, the
difference was mainly in terms of mean kinetic energy, whereas the invasion zones were
about the same.

Figure 5. Mean energy map for the forecasting analysis of the 0.1 m3 rockfall scenario.
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Figure 6. Mean energy map for the forecasting analysis of the 0.5 m3 rockfall scenario.

4.2. Damage Analysis and Risk Assessment

This section presents the computation of physical, social, and total risks over the
examined area according to the IMIRILAND methodology. For each scenario, the runout
map was used to define the involved area and elements at risk. They were recognized using
territorial data, such as the land use maps provided by the Regione Piemonte Geoportal.
Exposed elements were classified according to the intended use (Tables 2 and 5).

Table 2. Physical worth values used in the risk analysis.

Type Physical Worth Value (-)

Church 10
School 8

Town hall 8
Public service 8

Accommodation facility 8
Commercial building 8
House/commercial 8
House/production 8

House 8
Industrial building 6

Farm 6
Vehicular road 6

Dirt road 6
Minor buildings 4
Garage/parking 4

In this work, no consideration was given to the environmental aspects of risk, as no
significant environmental elements were found. Economic aspects of risk were not con-
sidered, as the small number of economic activities present in the area under examination
and the limited information available in this regard did not allow for the execution of an
appropriate multidisciplinary detailed study.
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4.2.1. Physical Risk

The physical (or structural) risk was computed here starting from the assessment of
the physical worth of the element at risk, and its exposure and vulnerability. Within the
investigated area the physical risk mainly refers to the buildings (main centers and their
hamlets) and to the roads (main paved and dirt roads).

The physical worth was identified by assigning an index to each typology of element
identified in land use map BDTRE—Regione Piemonte (Table 2).

Physical exposure was defined for each hazard scenario with reference to the computed
runout area. For both buildings and roads, those located outside the invasion zone were
assigned nil exposure. The buildings located within the invasion area were characterized by
maximal exposure (i.e., 1) if they were directly seen by the rockfall sources (i.e., buildings
are the closest starting from the rock face, in the first row of distance). The buildings that
were partially hidden by others with respect to the rockfall source were characterized with
0.5 exposure if they were hidden by a single row of structures, or 0.25 if they were hidden
by two or more rows of other buildings. In this way, the distance of the building from the
rockfall source and he mitigation effect of other structures directly influence the exposure
(Figure 7).

Rockfall 
source

Buildings with 
exposure 1

Invasion zone

Buildings with 
exposure 0.5

Buildings with 
exposure 0.25

Buildings with 
exposure 0

Direction of the rockfall phenomenon

Figure 7. Sketch used for the definition of the physical exposure for buildings within the invasion
zone. Buildings with exposure 1 belong to the first row of distance from the rockfall source. Buildings
hidden by a single row of structures (second row of distances from the rockfall source) are identi-
fied with a value of exposure equal to 0.5. Buildings belonging to the third and higher rows are
characterized by an exposure value of 0.25. Outside the invasion zone, the exposure was set to 0.

The physical vulnerability was computed in different ways depending on the typol-
ogy of the element at risk. In the case of buildings, the empirical vulnerability function
elaborated by [26] was used:

V(E) = 1 − 1.358
1 + exp E−129000

120300
, (4)

where E is the kinetic energy (in J), and V(E) the corresponding physical vulnerability.
Figure 8 shows the graph of this function that was elaborated starting from on-site obser-
vations of the structural degree of loss with reference to the case study of the Fiumelatte
rockfall event (Lecco, Italy, 2004). The model fits a certain number of data, and establishes
a direct dependence between vulnerability and impact energy. This function was chosen
because the typology of buildings in Rassa and Fiumelatte, and the kinetic energy obtained
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in propagation models of the two sites were similar. Five levels of physical vulnerability
were considered in this work, as shown in Table 3. No structural damage is expected for
impact energy lower than 50 kJ, while the global collapse of the structure happens for
energy greater than 400 kJ. In the case of buildings that fell into cells with different energy
values, the maximum was selected to define the building vulnerability. The same approach
was followed for the social vulnerability.

0 200 400 600 800 1000

0.0

0.2

0.4

0.6

0.8

1.0

E (kJ)

V
(E
)
(-
)

Figure 8. Vulnerability function according to [26].

Table 3. Vulnerability levels for buildings. The values depend on the impact energy and are obtained
by the application of the [26] relationship.

Impact Energy (kJ) Vulnerability Class (-)

< 50 0.00
50–150 0.25
150–250 0.50
250–400 0.75
≥ 400 1.00

Regarding roads, a simple elastic impact model was adopted to calculate the height of
the scar produced by the impact of a rock block on the asphalt with a given impact energy.
Adopting Clapeyron’s theorem of linear elasticity and using a Winkler model for the
contact soil–road foundation (with the modulus of substrate reaction ks = 20 MPa/m), the
vulnerability classes reported in Table 4 were defined. To be conservative, a vulnerability
equal to 1 was used for dirt roads, regardless of energy level. This assumption was due
to the consideration that dirt roads are easily damaged even with related low-intensity
phenomena.

Table 4. Vulnerability levels for roads. For primary roads, the values depend on the height of the
scar; for dirt roads, the vulnerability is set to 1.00 regardless of the expected damage.

Scar Height (cm) Vulnerability Class (-)

Roads
< 25 0.25
25–60 0.50
≥ 60 1.00

Dirt roads - 1.00

A detailed map of the physical risk for the hamlets of Dughera and Quare is provided
in Figure 9 with reference to the 1 m3 scenario.
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Figure 9. Physical risk map for the hamlets of Dughera and Quare, and the 1 m3 rockfall scenario.

4.2.2. Social Risk

The value of social risk relates to the physical and psychological consequences of the
impact of rockfall on people, i.e., injuries, deaths, and stress due to the evacuation or loss of
homes or subsequent disability. The general criteria to determine the social vulnerability
are based on the phenomenon intensity, the population sensitivity depending on its age and
capacity to anticipate a landslide, and awareness [19]. In the framework of our large-scale
study, a simplified method was used to evaluate social worth, vulnerability, and exposure
again based on an index approach (Tables 5 and 6).

Table 5. Assets for social risk.

Type Social Worth (-) Occupation (h/day) Exposure (-)

Church 10 3 0.13
School 10 7 0.29

Town hall 9 8 0.33
Public service 9 8 0.33

Accommodation
facility 9 8 0.33

Commercial building 8 8 0.33
Industrial building 8 8 0.33

Farm 8 8 0.33
House/commercial 9 24 1.00
House/production 9 24 1.00

House 8 24 1.00
Vehicular road 10 – 0.50

Dirt road 8 – 0.25
Minor buildings 6 4 0.17
Garage/parking 4 1 0.04
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Table 6. Social vulnerability levels.

Type Physical Vulnerability Class (-) Social Vulnerability Class (-)

Building

0.00 0.25
0.25 0.50
0.50 0.75
0.75 1.00
1.00 1.00

Roads and dirt roads 0.00 0.00
0.25 ÷ 1.00 1.00

The social worth based on a subdivision of the exposed elements according to the land
use (BDTRE—Regione Piemonte), ranges between 1 and 10, and is a function of the number
of people occupying the exposed element. The values chosen in this example are related to
the case study and must be evaluated case by case, according to the scale of interest, the
available information, and the degree of detail required by the risk assessment.

The social exposure here is a function of the number of hours that at least one person
spends in each type of building. The starting point is the presence of at least one person
who spends 24 h in a house, leading to an exposure value of 1. Other intended uses of
buildings, e.g., schools and city hall, have exposure values lower than 1 as a function of the
assumed number of hours during which buildings are occupied by people. The exposure
of vehicular traffic can be referred to as the time required to cross a potential invasion
area. Using data from BDTRE, it is possible to obtain the average daily traffic (number of
vehicles per day) and average travel speed. The road sections involved were calculated on
the basis of the major invasion areas resulting in the three analyzed scenarios. The same
assumptions were used for calculating the exposure of pedestrians transiting through dirt
roads (Table 5).

The social vulnerability is defined for each hazard scenario with reference to the
computed runout area and the value of physical vulnerability. For buildings, the social
vulnerability was generally computed by increasing the physical vulnerability value by
0.25. This choice was in order to assign higher fragility to social risk, as it involves human
lives. To take into account the psychological impact on the citizens that a block impacting a
building can bring, a social vulnerability of 0.25 was assigned to impacted buildings but
without physical damage. With regard to dirt and vehicular roads, a social vulnerability of
1 was assigned if impacted, and 0 if not, assuming a total loss if a falling block hit a car or a
pedestrian passing on such roads (Table 6).

A detailed map of the social risk for the hamlets of Dughera and Quare is provided in
Figure 10 with reference to the 1 m3 scenario.



Geosciences 2022, 12, 305 15 of 20

Figure 10. Social risk map for the hamlets of Dughera and Quare, and the 1 m3 rockfall scenario.

4.2.3. Total Risk

After the computation of the four risk values (related to the four categories), the total
risk (Rtot) can be expressed as shown in Equation (3). Generally, using the IMIRILAND
method with a scale from 0 to 10 for each risk category, the maximal risk that can be
obtained is equal to 40. However, the economic and environmental categories are null here;
thus, the normalizing term Rmax was set to be equal to 20. The calculated risk did not take
into account the temporal recurrence of the phenomenon, as no sufficient information was
available on past rockfall events. When the available information allows for the estimation
of a time probability of occurrence, this must multiply the risk. In this way, each scenario is
associated with a time recurrence, and the correspondent risk is corrected accordingly.

Following the definition in Equation (3), the total risk map for the entire site is reported
in Figure 11. The highest risk is concentrated in the eastern part of the site, i.e., in the
inhabited areas of Dughera and Quare. The site of Rassa is characterized by the lowest
rockfall magnitude (i.e., the volume of the fallen blocks) and intensity (kinetic energy
resulting from runout simulations), according to the geological conditions of the site and
the historical data. Moreover, some portions of the road that connects Quare and Rassa are
characterized by medium total risk (i.e., 0.4–0.5). This result is also in good agreement with
on-site observations that report a certain number of landslides in this area (as reported in
Section 3).
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Figure 11. Maps of the total risk for the 1 m3 scenario: (a) zoomed view of the village of
Rassa; (b) zoomed view of the village of Quare; (c) general map of the entire valley; (d) zoomed view
of the villages of Rassetta and Fontana; (e) zoomed view of the village of Rassa.

At the macroscopic scale, the difference between the three scenarios is barely visible,
whereas, in the zoomed images, the three risk maps are clearly distinguished. Figure 12
shows the results related to the three scenarios for the hamlets of Quare and Dughera; as
expected, the lower mass is associated with the lower risk.
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(a)

(b)
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(c)

Figure 12. Comparison of the three scenarios in terms of total risk for the two hamlets of Quare and
Dughera: (a) 0.1 m3 scenario; (b) 0.5 m3 scenario; (c) 1 m3 scenario.

5. Conclusions

In this article, a quick procedure for the assessment of large-scale risk maps associated
with diffused rockfall phenomena was presented and applied. The procedure, fully de-
veloped in open GIS environment, allows for quickly identifying the most critical areas of
extended slopes and valleys, and can be used for land-planning purposes.

The suggested method is suitable to investigate large areas because it requires a
reduced amount of information on the analyzed site. The temporal occurrence probability
is not taken into account, providing a time-independent risk assessment as the final output.
This is a limit due to the usual lack or total absence of data on past events. However, the
time-independent analysis provides very useful results for the management of rockfall risk.

This is the case of the proposed application in which the lack of records of past collapse
events did not allow for the definition of an occurrence probability for the three considered
volumetric scenarios. The scenarios are characterized by different design block volumes
estimated on the basis of considerations on the characteristics of the site: structure of the
rock mass in the source areas, sizes of previously fallen blocks deposited along the slopes,
and testimonies of local inhabitants on past phenomena. The result is a risk map based on
the considered volumetric scenario with an undefined temporal probability of occurrence.

While comparing the developed methodology and other methods available in the
literature ([10,27–29]), an important potentiality of the proposed approach can be indicated.
The latter allows for carrying out reliable large-scale rockfall risk analyses while neglecting
some typical aspects of the detailed studies. The consideration of these aspects would
certainly render the analyses more accurate and increase the computing time, and the
purpose of the analyses would lose significance in the framework of a quick approach.
Analyzing the obtained results, it was possible to identify the most critical portions of the
PR82 and the main differences between the consequences of the three design scenarios
in terms of invasion area and involved energies. This result can be particularly useful
for the administrators of large areas subject to rockfall phenomena in the orientation and
prioritization of detailed analyzes and local risk mitigation interventions.
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A minor limitation of the application presented in this paper is that constant detach-
ment propensity was considered over the analyzed area. This consideration could lead
to thinking that the proposed methodology should only be applied in areas that are ho-
mogeneous in temporal release frequency. However, the proposed methodology actually
envisages considering the detachment propensity of each source zone. In fact, if detailed
information about the spatial variation of the detachment propensity was available, it could
be implemented in the method using the detachment propensity (DI) input parameter
within the QPROTO plugin. This parameter allows for one to assign different weights to
the analysis results depending on the propensity of each source area to generate detach-
ments. In this case, areas characterized by source zones with different fracturing degrees
and detachment propensities can be analyzed. In this regard, the authors are conducting
research with the aim to define a quick procedure for reliable DI estimation over large areas.
Pending the results of this study, in the application presented in this paper, a simplified
hypothesis of constant propensity detachment for all sources was performed.

Lastly, the detail of the risk map increases as the number of information on the site
increases. Furthermore, more accurate models for the estimation of the vulnerability of the
elements at risk (such as roads and buildings) could certainly increase the accuracy of the
final product. As an example, models for the definition of vulnerability for some building
types (e.g., the method proposed by [30] for masonry buildings) could be applied.
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