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Abstract: Rockfalls evolve rapidly and unpredictably in mountain environments and can cause
considerable losses to human societies, structures, economical activities, and also natural and
historical heritage. Rockfall risk analyses are complex and multi-scale processes involving several
disciplines and techniques. This complexity is due to the main features of rockfall phenomena, which
are extremely variable over space and time. Today, a considerable number of methods exists for
protecting land, as well as assessing and managing the risk level. These methodologies are often
very different from each other, depending on the data required, the purposes of the analysis, and the
reference scale adopted, i.e., the analysis level of detail. Nevertheless, several questions still remain
open with reference to each phase of the hazard and risk process. This paper is devoted to a general
overview of existing risk estimation methodologies and a critical analysis of some open questions
with the aim of highlighting possible further research topics. A typical risk assessment framework is
exemplified by analyzing a real case study. Each step of the process is treated at both the detailed and
the large scale in order to highlight the main characteristics of each level of detail.

Keywords: rockfall risk analysis; hazard analysis; vulnerability assessment; risk mitigation;
multi-scale approach; protection devices conservation

1. Introduction

Protecting people, structures and infrastructures against rockfall phenomena is one of the most
challenging task in the study of rock slope stability, especially in time of rapid and extreme climate
changes [1–3]. Rockfalls evolve quickly and unpredictably, often at extremely high speeds exceeding
5 m/s up to 30 m/s [4], and involve a complex sequence of motions (e.g., detachment, fall, rolling,
bouncing) of one or more rock fragments interacting mainly with the substrate (i.e., generally a steep
slope) with negligible dynamic interaction between single blocks [5–7]. The movements of blocks
during the falling process are in most cases unpredictable and highly influenced by the boundary
conditions (e.g., collision of the boulder with natural or human-made obstacles, interaction between
rock fragments belonging to the same falling blocks cluster) [8].

When the anthropized territories are prone to slope instability events, the possibility of economical,
physical, and social losses has to be analyzed and, if necessary, reduced. For this purpose, a crucial role
is played by risk assessment procedures [9] that allow us to estimate the landslide risk within a given
area subject to specific types of landslide in a qualitative or quantitative way. Risk assessment gives
the information to choose the more efficient strategies for the land protection. Referring to rockfall
phenomena, different methodologies have been proposed to evaluate the risk and a lot of studies
have been carried out. However, some open questions still remain due to the high complexity of
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the problem.
This paper is devoted to discuss some of the most important questions and critical aspects that

can arise when performing a rockfall risk assessment (i.e., danger, hazard, vulnerability, risk mitigation
and management), especially with reference to the different scales of analysis [10–13]. Moreover,
the paper describes some of the current risk analysis techniques that can be found in the literature and
are typically used for rockfall mitigation purposes. The observations reported in this work will be
addressed by referring to a rockfall prone site in the North-Western Italian Alps (i.e., the Cels-Morlière
hamlet). The main issues surveyed during the analysis of the case under study are illustrated in detail.

2. The Risk Assessment Procedure

As is well known, the risk assessment procedure involves five steps: (i) identification of the danger,
(ii) runout analysis, (iii) hazard evaluation, (iv) vulnerability assessment, and (v) risk estimation.

(i) The danger is related to the most likely instability scenario: its estimation requires
the characterization of the rock mass (i.e., geomechanical survey, rock quality, etc.) and the
consequent identification of the rockfall source zones (i.e., detachment niches) and estimation of
rock volumes involved.

(ii) In the second step, the invasion areas affected by the passage of the blocks are identified via
simplified approaches or trajectographic numerical simulations depending on the scale of observation.
Information on the block velocity, bounce height, passage, and stopping probability are provided by
the runout analyses.

(iii) Temporal and spatial probability of occurrence is estimated on the basis of the evaluated
kinetic energy, the temporal detachment likelihood, and the spatial probability of passage.

(iv) Referring to the elements at risk, the level of vulnerability (on a scale between 0 to 1, typically)
can be defined as the degree of loss expected within the area affected by the hazard [14,15].

The vulnerability can be evaluated for different types of elements at risk: population, buildings,
and engineering structures, infrastructures, and lines, environmental and historical heritage, public
service utilities, and economic activities [16]. To do this, the kinematic properties of the falling rock
blocks, and, in the case of structural elements, the geometric and mechanical properties of the structure
have to be known.

(v) Finally, the risk can be computed by combining the likelihood of the event, the spatial and
temporal probability, the vulnerability, and the worth of the element at risk [14,17,18].

The risk assessment procedure allows to compare the computed risk to tolerable and
acceptable thresholds so as to choose the most appropriate and suitable strategies to reach the risk
mitigation [14,18]. The mitigation of risk can be achieved by reducing the hazard, the exposition, and
the vulnerability or the value of the element at risk. In the first case, the hazard can be reduced by
means of protection works (e.g., flexible barriers, embankments), stabilization works (e.g., anchorages,
nails), or others (e.g., controlled blasting). Vulnerability can be reduced by enhancing the resistance
capacity of the element at risk to dynamic impact loads [19]. The reduction of exposition can be related
to early warning systems and delocalization, while the reduction of the value can be obtained by a
change of the designated use of the element at risk. In all cases, an evaluation of the residual risk is
needed, which is the risk still existing after the effect of the mitigation action. Fell (1994) [9] suggested
that the decisions concerning the risk mitigation strategies and the management of the residual risk
should be made jointly by technicians, owners, politicians, and local administrators [14].

An important aspect in rockfall risk management is represented by both the aging and
degradation processes affecting the usually installed protection devices during their working life [20].
The maintenance issue assumes a crucial role for public administrators in assessing how long a
certain investment ensures the needed risk mitigation [21]. With reference to the flexible barriers,
the evaluation of the residual capacity is still an open question despite the crucial importance of
ageing damages (i.e., post/rope strikes, plant filling of the net, oxidation of the structural elements,
plasticization of the dissipators, etc.) that can occur during their life [21–23].
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In order to obtain quantitative results [11], the whole risk assessment and management procedure
can be carried out adopting a multi-scale methodological approach in which every level of detail (i.e.,
the reference scale) has to be chosen considering the purposes of the analysis and also the available
data. Several authors proposed different scales on the base of: (i) geographical considerations relative
to typical extensions of land portions (e.g., national, regional, local, and site-specific) [10] or (ii) the
introduction of pre-defined scale factors (e.g., small, medium, large, and detailed) [11,12] (Table 1).

Each step of the risk analysis procedure is strongly influenced by the adopted reference scale.
Van Westen et al. (2008) [12] suggested that the relative importance of the input data depends on the
scale and, thus, on the purposes of the analysis. For example, the availability of a landslide inventory is
a key element for all the scales, while the mechanisms at the basis of triggering become more important
as the scale factor increases. Both the available techniques for collecting the landslide information and
the relevance of environmental factors for landslide susceptibility and hazard are clearly influenced by
the adopted reference scale. Finally, the spatial representation of the main elements at risk depends
on the four levels of detail reported in Table 1. For example, referring to buildings, the structures
are collected in groups at the small and medium scales, whereas, at the large scale, each building is
considered singularly, even with simplified approaches based on structural typology, by taking into
account its specific resistance capacity and expected degree of loss [15,24].

Each scale has a specific purpose in choosing the most adequate land protection strategy. At small
and medium scales, some degree of detail is inevitably lost (e.g., the geological conditions of a large
area are considered homogeneous, all slopes are read with the same exposure or steepness and are
assigned similar features and/or probabilities of failure). Landslides are often treated together with
other types of phenomena occurring within the specific study area [10], while, at the large and detailed
scales, it is possible to analyze the single event. For the sake of simplicity, the paper refers only to large
and detailed scales.

Table 1. Examples of different reference scales adopted in rockfall risk analyses.

Corominas et al. (2014) Fell et al. (2008)

National (< 1:250,000) Small (< 1:100,000)
Regional (1:25,000 – 1:250,000) Medium (1:25,000 – 1:100,000)

Local (1:5000 – 1:25,000) Large (1:5000 – 1:25,000)
Site-specific (> 1:5000) Detailed (> 1:5000)

3. The Case Study

The case study to which this paper refers is the Cels-Morlière hamlet, in the municipality of
Exilles (Piedmont). Cels (UTM: 4996137 337399 32T) is located on the left hydrographical bank of
the Dora Riparia river in the Susa Valley, North-Western Italian Alps (Figure 1). The site involves
an area of about 1.5 km2 with altitudes ranging from 850 m and 1400 m a.s.l. The orientation of the
studied slope is estimated 150°/60°. From a geological point of view, the rock mass is composed of
compact mica schist with local layers of several tens of meters of striped amphibolite belonging to the
pre-Triassic unit of the Ambin Group. The site is historically prone to rockfall events involving the
hamlet and some sections of a road. Several studies were carried out in order to better investigate
rockfall susceptibility, hazard, and risk levels of this area.
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Figure 1. Cels-Morlière study case (red dot in the two maps above): (a) Location of the site within
the Italian peninsula and the Piedmont region; (b) geographical overview of the site within the
North-Western Italian Alps.

The inhabited area is located at the foot of a 170 m height slope and suffered catastrophic rockfall
events in the past, according to results from the rockfall historical database of the Piedmont region.
For example, in 1636, a huge collapse of the rockface affected the entire hamlet, completely destroying
12 residential mountain buildings. Starting from the early 1970s, the site has been involved in a series
of rockfall events having an average block volume larger than 0.5 m3 and an annual frequency of
occurrence of about 0.3.

More recently, in November 2011, a large event involved the hamlet and the uphill municipal road
(Figure 2a): three houses were impacted (i.e., Blds. 1, 2, and 3 in Figure 2b) by a cluster of falling blocks
having an average volume of about 5 m3 (with a minimum and a maximum value of 1.5 m3 and 10 m3,
respectively). A breach of their uphill walls could be observed after the event, as shown in Figure 2b.
The fallen boulders also caused the re-mobilization of a 40 m3 block resting along the cliff that, after a
small path, struck an outside bathroom belonging to the Bld. 2. During the event, a preexisting barrier
line (build up in the 1980s and having a nominal capacity of 800 kJ) was destroyed. In the following
year, the barrier was restored by removing the damaged modules and installing new ones. In addition,
a new barrier alignment was installed in 2016, for a total length of 340 m and a nominal capacity of
3000 kJ. A more detailed description of the installed protection devices is provided in Section 9.2.
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Figure 2. Overview of the site involved in the 2011 rockfall event: (a) Orthophoto of the Cels-Morlière
area. The rock face is highlighted with a white background, the hamlet is colored in light blue, and the
dotted white line refers to the flexible barrier impacted during the 2011 event. The red circle shows the
detachment niche of the 2011 event, while the red arrow and the white circle indicate the estimated
trajectory of the blocks and the impacted buildings; (b) top: (courtesy of the Piedmont Region) the
observed damage on the Eastern impacted building (i.e., Bld. 2); bottom: the location of the three
impacted masonry buildings within the Cels-Morlière hamlet.

4. Identification of the Danger

It is largely known that rock slope failure results from a series of complex interaction between
existing natural discontinuities and brittle fracture propagation through intact rock bridges [25,26].
The identification of the danger needs a detailed geo-structural survey of the rock slope in order
to identify the discontinuity sets and to collect all the required data for their characterization (i.e.,
orientation, spacing, persistence, aperture, weathering, roughness, hydraulic condition, filling, etc.) [27].
Starting from this information, it is possible to perform a kinematic analysis of the most likely modes
of instability (e.g., toppling, planar, or wedge sliding) and, also, to define the potentially unstable
volumes [28,29].

4.1. Detailed Scale

At the detailed scale, the danger estimation depends on the available input data. If a good
estimation of the rock bridge location within the rock mass is available, it is possible to adopt a Fracture
Mechanics based method to study the level of danger [25]. Such a type of physical-based method is
often difficult to apply because the rock bridges are seldom visible and their extent cannot be known
without performing back-analyses. In particular, the Linear and Non-Linear Fracture Mechanics were
applied with good results to several back-analysis cases to analyze the triggering processes at the base
of some real rockfall event [30,31]. The extension of the above mechanical approach to forecasting
analyses could be achieved starting from large data sets of spacing and persistence of the natural
discontinuities. Because in this case the procedure would require heavy computational resources,
a statistical distribution of the variables governing the stability problem should be introduced, and a
probabilistic Fracture Mechanics approach should be adopted.

In cases in which insufficient information concerning the structure of the rock mass is available,
completely statistical approaches are typically preferred to physical-based ones [14,32]. This is also
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due to the fact that it is not possible to relate the recurrence of the triggering factors to the occurrence of
an event of a certain magnitude, with the required accuracy [31,33]. The statistical methodologies are
based on the construction of a magnitude-frequency relationship. Hungr et al. (1999) [34] suggested
that the size-frequency distributions for rockfalls within a given homogeneous area could be defined
by a power law. In particular, small-volume blocks are more frequent than larger ones. Several authors
used statistical models to describe the volume-frequency relationship for a number of case studies: for
example, Dussage-Peisser et al. (2002) [35] built a frequency law for a well monitored rock faces in the
French Alps.

Rockfall danger can be defined by taking into account also the time-frequency related to the
different volumes [36]. Usually, the temporal variability of the events is considered during the hazard
analysis phase and the danger relates only to spatial considerations. The difficulty in relating the
triggering cause, and its return period, to the rockfall event requires to use historical data. Some
approaches are available in literature for this purpose. For example, De Biagi et al. (2017) [37], adopting
the Rockfall Block Size Distribution (RBSD) introduced by Ruiz-Carulla et al. (2015) [32], developed a
methodology for building the volume-frequency law and computing the design volume to be used
in rockfall hazard assessment and in design of the protection devices [33,38]. The method provides
the setting-up of historical catalogue C* of the recorded events and the list F* of the fallen blocks
surveyed at the foot of the slope. At each of the inventories, a probabilistic model is assigned: a Poisson
distribution for the catalog C* and a Pareto Type I for the list F*. Therefore, the volume v having a
return period T is given by the following relationship:

v(T) = Vt(λT)(1/α), (1)

where Vt is the threshold volume (i.e., the minimum volume that, if fallen, has been certainly observed),
and λ and α are the annual frequency of occurrence and the parameter of the size-frequency distribution,
respectively. The epistemic uncertainties influencing the estimation of the design volume (i.e., v),
due to missed events, to a limited set of measured blocks and to an observation period of finite length,
have been considered into a series of correction coefficients (i.e., εp, U, and D, respectively) to be
applied at rockfall design volume.

The statistical method was applied to the Cels-Morlière case study. A threshold volume of 1.5 m3

was chosen for the site because it represents the lowest rock volume that reached the hamlet in 2011.
The annual frequency of occurrence λ was evaluated referring to the events contained within historical
catalogues of the Piedmont Region and Arpa Piemonte. An observation period t = 46 years (i.e.,
from 1972 to 2018) was considered and n = 11 events having a volume larger than Vt were selected.
The frequency λ was computed as λ = n

t and a value of 0.23 yrs−1 was estimated. In other words,
an event of at least 1.5 m3 happens with a return period of about 1

λ = 4.3 years. Starting from a survey
of the fallen blocks observed at the foot of the cliff, the Pareto Type I parameter (i.e., α) was evaluated
with the Non-Linear Least Square method and a value of about 1.56 was found. In Figure 3, a graph of
Equation (1) is reported for a range of return periods between 4.3 and 100 years. The obtained volumes
are in good agreement with that observed during the past phenomena: the minimum, average, and
maximum size (i.e., 1.5, 5, and 10 m3) observed during the 2011 event relates to return periods of 5,
30, and 100 years, respectively. However, the return period for a 40 m3 block (i.e., the re-mobilized
block in 2011 event) results in about 730 years, which seems too long for the survey evidence. In fact,
a considerable number of large size blocks are observed along the slope, by revealing that the site was
prone to very extensive fall in the past. The re-mobilization processes can considerably increase the
volume and multiply the potential rockfall sources. This topic should be further investigated in order
to properly identify all the possible scenarios.
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Figure 3. Results of the application of the statistical method [37] to the case study of Cels-Morlière. It can
be seen that to longer return periods correspond larger volumes and, thus, more dangerous scenarios.

It has been shown that the reliability of the statistical method highly depends on the quality of
both the historical catalogue C* and the list F* of the surveyed blocks. The data collected within the
regional landslide inventories are often lacking and discontinuous; for this reason, it is necessary
to implement as far as possible complete and updated ones. It is worthy to note that the stability
conditions of a rock slope vary continuously due to climate changes [39,40] that increase the rockfall
frequency on mountain slopes, especially during extremely warm summers as in 2003 and 2015 [3],
and the presence of new fallen blocks laying along the slopes. This requires a continuous updating of
the inventories.

Finally, referring to the list F*, the survey of the blocks has to be conducted with reference to a
specific detachment area in order to evaluate the actual contribution of a single detachment niche.
This is not easy to obtain because rockfall is basically a diffuse phenomenon, and a deposit zone at the
foot of the cliff can potentially collect blocks coming from several source points.

4.2. Large Scale

At the large scale simplified approaches can be used for larger portions of land. One of the possible
approaches consists in identifying homogeneous areas onto the rock face with common geological and
geomechanical features (fracturing conditions, rock face height, etc.), as well as almost constant slope
aspect [41].

The homogeneous areas and their features can be easily implemented and managed within a
Geographic Information System environment (GIS, hereafter). GIS-based procedures suggest locating
the rockfall source areas, within each homogeneous zone, where steep outcrops are present [42].
The identification phases can be further refined by adopting additional geomorphological studies or
field surveys [43].

Referring to each homogeneous zone and on the basis of the spatial arrangement of the natural
discontinuities, several instability modes could be activated. Furthermore, it is possible to link
both a characteristic volume and a consequent spatial failure probability to each of the possible
instability modes. In order to summarize into a single parameter the results of the detachment analysis,
a detachment index ID can be introduced. This index takes into account the total amount of the
boulders that can detach, the probability of failure, and their volume. ID can be calculated as [44]:

ID =
n

∑
i=1

Pf i · Vi, (2)
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where n is the total number of the potential failure modes, Pf i the spatial failure probability evaluated
for the i-th failure mode, and Vi the block volume estimated during the survey phase. By using this
index, it is possible to determine the most likely zone to trigger rockfalls, and a map of the triggering
susceptibility can be produced.

5. Analysis of the Runout Phase

The second step of a landslide risk analysis relates to the evaluation of the invasion zones. To do
this, the block kinematics (i.e., falling trajectory, passing height, velocity, energy, and maximum
distance reached) has to be evaluated for each rockfall scenario. Four motion mechanisms are typically
distinguished [22,45]: free falling, bouncing, rolling, and sliding. The free-fall is usually reduced to
a parabolic movement, and the friction offered by the air is typically neglected [46]. The bouncing
and rolling phases still remain one of the most unclear and enigmatic portion of the whole rockfall
trajectory because of the relevant effects that even a small variation in the boundary conditions could
generate on them. Bouncing is generally modeled by adopting simplified approaches based on one or
two restitution coefficients evaluated experimentally [5,47–49].

Different methodologies can be used for the trajectory analysis, distinguishing from each other
for the approximations made and the adopted reference scale [12]. First of all, it is possible to discern
between 2D or 3D methods depending on the spatial assumption made for the block propagation [22].
2D models compute the rockfall trajectory along a user-defined slope profile [50], while the 3D ones
allow to take into account also the lateral spreading of the boulder and, generally, permit to better
simulate the peculiarities of the actual natural phenomena. However, their computational effort is
remarkably higher than the 2D models.

The propagation models can be also distinguished in three groups, by referring to the adopted
rock block mechanics [22,51,52]: (i) rigorous analytical models of the rigid body, (ii) lumped mass
analytical models, and (iii) hybrid models. In particular, the rigid body approaches take into account
the inertia of the falling boulders that are simulated as a rigid-shaped object. In the lumped mass
methods, the blocks are simulated as dimensionless points and the effects due to the size, the shape, and
the angular momentum are neglected. The hybrid methodologies are an intermediate solution between
the previous two: during the flight phases the rock block is simulated as a point, while it becomes a
rigid body during the interactions with the slope (i.e., impact, bounces, etc.). Additional approaches
are the numerical models (e.g., the Finite Element Methods or the Discrete Element Methods) and the
approximated ones (e.g., the shadow angle method) in which the mechanical simulation of the falling
boulder is substituted by alternative observations.

Finally, the methods can be distinguished on the basis of their probabilistic or deterministic
nature [52]. The former take into account the statistical variability of the variables influencing the
rockfall runout phase (e.g., volume, soil type, roughness of the slope, vegetation), while the latter use
constant values to characterize both the boulder and the cliff.

Independently from the reference scale, all the methodologies describe the interactions between
the falling block and the slope by considering all the possible variables conditioning the process [22,46]:
characteristics of the rock block, type of soil, and potential obstacles to the boulder motion (i.e.,
structures, protection works, etc.). An important aspect to be taken into account is the mitigation effect
of existing forest cover [53,54]. This issue results are important, especially at the larger scales, because
the actual barrier effect of trees can be significantly relevant (e.g., dissipative energy capacity from
200 up to 500 kJ, as reported in [55]).

5.1. Detailed Scale

Generally, the analysis of the rockfall runout process at the detailed scale requires analytical
models able to predict the block trajectories starting from the resolution of the fundamental principles
of the Newtonian mechanics [46]. The trajectographic analyses require a considerable number of input
parameters, for example, the size and shape of the block, the soil characteristic parameters, the presence
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of trees, and the mitigation devices, if present, in order to provide the necessary information to conduct
in-depth studies (e.g., back analyses) and design the protection works. Dealing with the aleatory
characteristics of the rockfall phenomenon, it is essential to adopt stochastic approaches in which the
analyses are probabilistic and rely on physically-based models and the input parameters are considered
with their stochastic variability. This approach requires a large number of simulations: for each of
them a set of parameters are randomly extracted (e.g., with the Monte Carlo procedure). Therefore,
it is important to select a sufficient number of simulations in order to ensure the statistical validity
of the results obtained. In particular, the back-analysis results a fundamental tool for conducting the
hazard analysis and allowing us to obtain the set of parameters required by the adopted method which
best simulate the actual rockfall event.

Referring to the Cels-Morlière case study, a trajectographic simulation was performed adopting
the rigid body 3D probabilistic method embedded in the software Rockyfor3D [56]. This choice is due
to the fact that Rockyfor3D takes into account: (i) the presence of flexible net barriers by creating three
raster files which contain information about the number of nets, as well as their dissipative capacity
and height, measured in the normal direction from the slope surface and (ii) the mitigation effect
of trees starting from a restricted number of data concerning their species, forest density, and trunk
diameter [53]. First of all, a back analysis of the 2011 event was carried out in order to choose the most
appropriate soil characteristic (i.e., restitution coefficients and roughness parameters), starting from the
data collected during the on-site survey. The pre-event DTM had a resolution of 5 m × 5 m and was
created in 2010 by the Piedmont Region. A 5 m3 block with a rock matrix density of about 2600 kg/m3

was considered, the detachment niches observed during the on-site survey activity were set as source
points, and a number of 20000 simulations started from each of these points. The analysis is carried on
by adopting a broad-leaf forest with density of 400 trees/ha, which is representative of the observed
number of trees and their essence (i.e., chestnut trees). A flexible net barrier of 800 kJ capacity and 4.5
m-height was considered. The output had to be presented in terms of mean kinetic energy in order to
obtain comparable quantities between the simulations made by the two software used in the paper (i.e.,
Rockyfor3D and QPROTO). The results of the back analysis are reported in Figure 4a, where it can be
seen that the barrier is damaged, and the blocks continue their descent beyond the existing protection
works. At the building’s location (Bld. 1 to 3), the obtained energies are contained in a range between
500 kJ and 1500 kJ (maximum value). These values are higher than the ones computed on the basis of
the observed damages (for Blds. 2 and 3, the estimated energies are between 500–1000 kJ) but results in
the best approximation of the real event. Nevertheless, the difference is considered acceptable because
the trajectographic analysis has to be precautionary. A further trajectographic simulation was carried
out by referring to a larger volume of about 40 m3 discharged by a source point located right above the
barrier. This scenario relates to the re-mobilized block along the slope. Even in this case, the results fit
quite well with the surveyed evidences, and a kinetic energy value of about 6000 kJ is registered at the
location of the outside bathroom of the Bld. 1 (Figure 4b). This high value corresponds to a degree
of loss of 1 (i.e., total loss), as reported by Agliardi et al. (2009) [57]. This can justify the complete
destruction of the bath occurred during the Cels-Morlière event.
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Figure 4. Map of the mean kinetic energy obtained with the software Rockyfor3D for the back-analyses
of the November 2011 event in Cels-Morlière (rockfall source zone in yellow, impacted buildings in red,
barrier in white dashed line): (a) Back-analysis of the main event (i.e., cubic block with volume of 5 m3,
which represents the average volume estimated for the 2011 event). It can be seen that the intensity of
the phenomenon, evaluated at the involved buildings (Bld. 1 to 3) is compatible with the surveyed
damage levels; (b) back-analysis of the re-mobilization of the 40 m3 cubic block. The detachment niche
is located uphill the barrier alignments.

Referring to the back-analysis of the Cels-Morlière case study, some significant remarks can be
highlighted.

(i) First of all, the mitigation effect of trees assumes an important role, i.e., the old chestnut tree
forest considerably contributes to the reduction of the falling block velocity and, so, to the intensity
of the phenomenon at the hamlet location. Further studies may be needed on the effect of trees that,
from a first point of view, contribute to the mitigation of rockfalls (e.g., alpine protection forests), while,
from another one, can cause an increase in fracturing conditions of the rock face due to the growth of
roots within the outcrops (e.g., creating preferential path for surface water). Forests can considerably
modify the kinematics of the descent trajectories (e.g., energies, rebound heights, travel distances)
and give a crucial contribution in conducting back analyses. It is important to refer back analyses
to the exact conditions of the trees that could be observed before the considered event, taking into
account that a high number of factor, such as time, fires, snow avalanches, human activity, and also
rockfalls themselves can completely change forest density and typology [58–60]. However, even if
the calibration of the back analysis takes all these factors into account, future variations of the forest
conditions still remain a relevant issue in forecasting rockfall analyses.

(ii) Another feature is relative to the re-mobilized blocks that, in this case study, assumes a
primary influence. In fact, neglecting this issue could lead to an excessive underestimation of the
involved energies.

(iii) The role of the existing rockfall barriers cannot be ignored in a detailed propagation analysis,
even in the case in which the dissipation capacity of the protection works is smaller than the estimated
energy of the expected event. It is important to define the contribution of the barrier failure to the
runout phase because the impacts can significantly reduce the velocity of boulder and divert the
trajectories from the original descent paths. Furthermore, the efficiency of the protection work strongly
decreases over time because of the environmental conditions. It is confirmed that the reliability of
back analysis, used as a method for the calibration of forecast models, is better, as much detailed
information is available on the historical event.

(iv) During the back analysis, the adopted DTM must be the pre-event digital model of the terrain
because a more recent one can contain modifications caused by the studied event that can potentially
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invalidate the goodness of the analysis. Moreover, the DTM must have the same resolution both for
the back analysis and the forecasting scenarios . Some authors observed [61] that the DTM resolution
highly influences the trajectographic modeling.

Furthermore, referring to the statistical method reported in Equation (1) and adopting the
parameters validated through the back-analysis, three different return periods were selected: 5, 30,
and 100 years (corresponding to 1.5, 5, and 10 m3, respectively). For each magnitude-time scenario,
a corresponding propagation analysis was conducted, adopting Rockyfor3D software. The entire
rock face was considered as source point location, following the advice provided by the technicians
operating at the site. The same 4.5 m-height barrier of 800 kJ was considered in order to evaluate
the hazard after the 2011 event. The results of the analyses are reported in Figure 5, where it can
be seen that wider invasion zones correspond to larger volumes (i.e., most dangerous scenarios).
In particular, adopting a volume of 1.5 m3, the simulated trajectories just barely reach the inhabited
area, as the back-analysis suggests. Larger volumes involve mainly the dwellings, confirming the
surveys conducted after the 2011 event (Figure 2b). Finally, the largest volume scenario (i.e., 10 m3)
results are comparable to the maximum block size observed during the considered event (without
considering the re-mobilized 40 m3 block). The analyses do not take into account the largest volumes
that can be re-mobilized starting from additional locations along the slope.

100 m

N

Figure 5. Maximum extent of the invasion areas obtained via the probabilistic software Rockyfor3D
(red: 5 years—1.5 m3, yellow: 30 years—5 m3, green: 100 years—10 m3).

5.2. Large Scale

At the large scale, the propagation analyses can be carried out by adopting simplified approaches,
allowing us to perform reliable simulations with quite a reduced number of input parameters and
computational effort. Thus, whenever the portion of land is too wide (i.e., smaller than 1:5000) to
allow the rigorous investigation of the block-slope interactions, it is more advisable to use large-scale
approaches that do not simulate the boulder mechanics and adopt physically based methodologies [42].
Typically, the large-scale methods can be embedded in a GIS environment in order to properly manage
the input data (e.g., DEM, geological map, vegetation map) and provide the spatial distribution of the
rockfall invasion zones.

Several different groups of models can be found in literature distinguishing on the basis of
the simplifications made. For example, many rockfall and hydrological tools [62–64] implement
the estimation of the steepest descent paths [65]. This method is based on the concept that rock
blocks behave as surface water following the steepest descent down a slope [43]. The assessment
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of the direction of steepest descent relies on neighborhood analysis of DEM to determine which cell
surrounding the current one has the lowest elevation [42,63,66]. Such models generally compute the
rockfall trajectories with topographic-hydrological approaches and estimate velocities and runout
distances with a sliding block approach in which the falling materials follow the steepest path along
the cliff. Obviously, these models do not provide information on rebound heights [22].

Other methodologies usually adopted for the assessment of the runout distances at the wider
scales are the Shadow Angle Method [67] and the Cone Method [68]. Both of them adopted a simplified
energy approach in which the falling block path is summarized by an equivalent sliding motion of
the boulder along a straight line (i.e., the energy line) connecting the location of the farthest observed
fallen block to the apex of the talus slope (i.e., the Shadow Angle Method) or the rockfall source point
(i.e., the Cone Method) [68]. The energy line is inclined of an angle ϕp, with respect to the horizontal
(i.e., the energy line angle), that assumes the meaning of a global block-slope friction angle which takes
into account all the dissipative phenomena occurring throughout the motion phases. Furthermore,
the vertical distance between the slope and the energy line is considered proportional to the kinetic
energy of the block in a given DEM cell.

The Cone Method, as well as the Shadow Angle one, has been implemented in many tools
operating within GIS environment. For example, Jaboyedoff and Labiouse (2003) [69] developed
the software CONEFALL that compute both the invasion zone and the kinetic energy content of the
block in every cell of the input DEM file. Some authors of this paper introduced the QPROTO plugin
for the open-source cross-platform QGIS (https://plugins.qgis.org/plugins/qproto/). The plugin
implements the method by executing a viewshed analysis starting from a fixed set of viewpoints (i.e.,
the rockfall source points). From each of these points of view, a visibility cone is defined in the vertical
and horizontal plane through the angles ϕp and α that represent the energy line angle and the lateral
spreading one, respectively. The ϕp angle represents the main parameter of the Cone Method and
has to summarize in its value all the information relative to the block (e.g., size and shape) and the
cliff (e.g., roughness, soil type, slope, length, forest density, protection works). Thus, the validation of
ϕp is one of the most crucial issues in applying the Cone Method. In recent decades, several authors
provided a certain number of recommendations to determine usable range of values for this angle
starting from empirical on-site observation of real rockfall events [5,67,68]. However, these suggestions
usually are strongly influenced by the reference site and a general relationship between the energy line
angle and both the block and the cliff parameters is still missing.

With reference to the Cels-Morlière case study, the Cone Method implemented in QPROTO plugin,
was applied to implement quick propagation analysis. First of all, the energy line angle necessary for
the simulation was evaluated starting from the observation of the 2011 event. In particular, the angle is
evaluated by using the following relationship [68]:

ϕp = arctan

(∣∣∣∣∣ zsp − z f

dsp − d f

∣∣∣∣∣
)

, (3)

where zsp is the elevation of the rockfall source point, z f is the elevation of the farthest location of
the block, and (dsp − d f ) is the distance between the farthest deposit point and the rockfall source,
evaluated along a straight line connecting the projection of these two points in a horizontal plane;

the distance can be expressed in x and y components as
√
(xsp − x f )2 + (ysp − y f )2. For the 2011

event, which is relative to an average volume of 5 m3, ϕp is equal to 39°. Adopting this value,
QPROTO was used to conduct a forecasting simulation having as source area the same one adopted
in the Rockyfor3D analyses. The comparison between the Rockyfor3D and the QPROTO outputs is
reported in Figure 6a,b in terms of mean kinetic energies. It can be seen that the invasion areas are
comparable. In particular, the area located uphill of the barrier is characterized by the maximum
energies. In general, QPROTO returns higher values than Rockyfor3D because of the simplifications
adopted. This aspect can be indeed observed at the Cels-Morlière urban area in which Rockyfor3D

https://plugins.qgis.org/plugins/qproto/
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gives values between 500 and 1500 kJ, while QPROTO is between 2000 and 3000 kJ. The difference
between the two methods is acceptable and QPROTO confirms its good reliability for large reference
scales in which the precautionary nature of this tool is required. QPROTO is a mechanical-based
tool adopting a simplified model to define the invasion zones and the time-independent hazard of
rockfall phenomena. Its results are precautionary (i.e., larger invasion areas and higher kinetic energy
content) with respect to more detailed software. It can be seen that QPROTO provides results that are
in accordance with previous considerations.

Because the QPROTO plugin simulates the rockfall phenomena by using only one parameter
(i.e., the energy line angle), the analysis is very sensitive to the value of this angle that has to take into
account all the information linked to the block and slope characteristics. In practical cases this could
become a problem because whenever the scenario changes (i.e., the volume changes) a consequent
variation of the angle is expected. In particular, minor values of ϕp are expected to larger volumes
because wider areas (i.e., farther runout distances) could be involved. Therefore, further studies should
be conducted in order to evaluate the influence of the volume and other parameters on the energy line
angle allowing to consider different scenarios in QPROTO quick analyses.

Emean (kJ)
N

100 m

(a)

N

100 m

Emean (kJ)

(b)

Figure 6. Forecasting analyses of the 5 m3 rockfall scenario: (a) The Rockyfor3D simulation
shows a wide runout area involving the inhabited area which was effectively subjected to the
2011 event. Furthermore, the whole hamlet can be interested by this rockfalls; (b) the QPROTO
analysis highlights the same invasion zones of Rockyfor3D. A little difference in the north-eastern
part can be observed, in which the descent paths evaluated in Rockyfor3D canalized into a stream.
The energy values computed with QPROTO are higher than Rockyfor3D values because of the different
mechanical models.

6. Evaluation of the Hazard

From a quantitative point of view, the rockfall hazard can be defined as the likelihood that
a particular danger exists or may occur within a given area [17,70]. Typically, for a given danger,
the characterization of the hazard has to include three main components [71]: (i) the involved area,
which describes the spatial limits of the possible evolution of the phenomenon; (ii) the intensity of
the expected rockfall event describing its potential destructive impact; and (iii) the probability of
occurrence, i.e., the probability that a certain danger will occur in a specified period of time, in a given
area and with a certain intensity.

In some cases, the temporal variability of the hazard (i.e., the probability of occurrence) can
be taken into account during the phase of danger characterization. This is the case of the present
paper in which a frequency-volume relationship is introduced in Section 4.1 and a return period is
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associated to each danger scenario. In this way, the hazard assessment only refers to the kinematics of
the runout process.

6.1. Detailed Scale

The hazard evaluation at the detailed scale requires a complete and reliable trajectographic model
able to predict the runout distances, passing heights, velocities, and energies of the falling blocks (see
Section 5.1). The size (i.e., the volume) and the shape (e.g., rectangular, ellipsoidal, spherical, disc
shaped) of the blocks can be obtained starting from a classical geo-mechanical survey of the rock
face or via the construction of a frequency-volume relationship. In this way, all the input parameters
necessary to the conduction of a damage analysis of the elements at risk are made available.

Existing approaches for the quantitative hazard and risk evaluation demonstrate a high value of
subjectivity [15,72] and uncertainties in the historical inventories and in damage assessment. Several
authors [15,67,73–75] introduced the event tree (ET, hereafter) approach for solving these problems and
provide an objective method to quantify both the rockfall hazard and risk. In general, ETs are largely
used in Aerospace, Nuclear, and many other fields of modern Engineering to investigate, identify, and
quantify the consequences of loss-making events.

Adopting the ET approach, De Biagi et al. (2017) [15] proposed a multi-step framework to assess
the rockfall risk on buildings considering the occurrence of the rockfall event, the kinetic energy, and
the structural response of the impacted elements. Within the methodology, the spatial probability of
impact is derived by trajectory analyses performed with a stochastic approach. The probability that the
block collides a structural or nonstructural building element is evaluated on the basis of geometrical
considerations in order to provide different damage scenarios to be used within the computation of
the vulnerability.

6.2. Large Scale

At the large scale, the evaluation of the hazard has to be carried out, adopting the same level of
detail of the propagation methods described in the Section 5.2. In particular, in this paper, the Cone
Method has been introduced referring to its implementation within the GIS-based QPROTO plugin.
The tool permits to conduct preliminary hazard analysis at the large scale assigning a different
detachment propensity index (ID) to each rockfall source cell.

The QPROTO simulations not only provide the output raster files of the velocities (i.e., minimum,
mean and maximum velocity) and energies (i.e., minimum, mean, and maximum kinetic energy)
but allow us to obtain information on both the susceptibility and the time-independent hazard. In this
case, the susceptibility is evaluated by summing the ID of every source point viewing the considered
cell and describe how the invasion zones are distributed in the space.

In particular, four raster files can be obtained for the hazard analysis purposes: (i) count, reporting
the number of source points that view each cell of the runout area; (ii) susceptibility, reporting the sum
of the propensity index seeing each cell of the runout area; (iii) w_en, reporting the time-independent
hazard evaluated as the maximum product between the kinetic energy linked to each cone passing
in the cell times the associated ID (in this way, the product is a weighted product with reference to
the propensity index that became a weight of the multiplication); and (iv) w_tot_en, reporting the
time-independent hazard evaluated as the total weighted kinetic energy. The two latter files refer to
two parameters: wen and wtot,en. The first one is given by the following relationship:

wen = max
i

[ID,i · Ei(x, y)], (4)

in which the subscript i refers to the i-th visibility cone that see the cell P(x,y) of the invasion zone. It can
be seen that the maximum product in Equation (4) is weighted by adopting the ID index. The second
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parameter considers the summation of the contribution of all the source point that see a specific cell of
the runout zone and is given as:

wtot,en = ∑
i
[ID,i · Ei(x, y)] (5)

In the following, an application of the QPROTO plugin to the case study of Cels-Morlière village
is reported. In Figure 7a,b, the raster maps of the files count and susceptibility are reported, respectively.
Both the files show that the portion of the slope uphill the buildings involved in the 2011 events is the
most prone area to rockfall phenomena. This is mainly because the highest number of visibility cones
that pass on this part of the cliff. The values of ID adopted in the analysis are all set equal to 1 because
an evaluation of the fracture condition of the rock face is not available. In this way, the maps show the
same results in terms of most likely invasion zones.

The last two raster files are shown in Figure 8a,b. In the first case, the maximum values of wen

are located in the portions of the slope in which the kinetic energy reach the highest values. This
happens because a unitary propensity to detachment is taken into account. In the wtot,en file, the most
likely passing zones are defined by considering the summation between the estimated energy and the
propensity to detachment. Even in this case, the most prone area is located uphill of the 2011 impacted
buildings. The output can be interpreted as a map of the time-independent rockfall hazard that can
identify the zone in which a more detailed hazard analyses are needed.

The most detailed large-scaled analysis could be obtained by investigating the contribution of the
propensity to detachment index to the spatial distribution of the hazard.

N

100 m

Count (-)

(a)

N

100 m

Susceptibility (-)

(b)

Figure 7. Two outputs of the time-independent hazard maps obtained through the QPROTO plugin:
(a) The count file relates to the numbers of visibility cones that view a specific cell of the slope. It can be
seen that the middle part of the cliff (uphill the buildings involved in the 2011 events) has the highest
visibility; (b) in the susceptibility raster, the same result can be found but in a qualitative scale ranging
from very low to very high susceptibility.
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Figure 8. Weighted energy files provided by QPROTO plugin: (a) The w_en file provides a qualitative
representation of the wen parameter over the estimated invasion zone. The result shows the maximum
products between ID and the kinetic energy in each cell; (b) the w_tot_en gives the same areas
highlighted in the maps of Figure 7a,b .

7. Assessment of the Vulnerability

Generally, the vulnerability is related to the expected degree of loss of the exposed elements [16].
Referring to different typologies of elements at risk, the vulnerability definition depends on the
application field. Several authors proposed different vulnerability classifications for landslide problems
based on qualitative or quantitative approaches [24]. As an example, Fell (1994) [9] distinguished
between social vulnerability (i.e., the vulnerability of people involved in a landslide) and vulnerability
of structures and activities. Cardinali et al. (2002) [76] grouped the elements at risk on the basis of
the expected damage level by adopting a qualitative classification for roads, buildings, and people.
Castelli and Scavia (2008) [71], in the framework of the IMIRILAND project, identified four main
vulnerability categories: physical (e.g., structures and infrastructures), economic (e.g., economic
activities), environmental (e.g., flora, fauna, historical, and architectural heritage), and social (people).
From a quantitative point of view, the vulnerability is usually expressed on a scale from 0 (i.e., no loss
expected) to 1 (i.e., total loss expected) [9,16,77].

In particular, referring to structures and buildings exposed to rockfall events, the vulnerability
(i.e., the structural or physical vulnerability) requires the knowledge of the destructiveness of the
falling block, i.e., the intensity of the phenomenon which is due to its kinetic energy content [78,79],
as well as the resistance capacity of the structure to withstand the rockfall accidental actions [24].
Although sophisticated and detailed methodologies for the assessment of both risk and hazard exist,
the rockfall structural vulnerability is still scarcely deepened, and mainly empirical considerations
have been provided [77,79]. As an example, for highly energetic rockfall phenomena, the loss due to
the impact of blocks on buildings is typically expected to be very high, while, in case of small- and
medium-sized events, this loss can vary considerably [72]. Similarly, in 2001, the Australian Geological
Survey Organization [80] proposed a purely empirical classification of building vulnerability based on
simple considerations concerning the average slope of the rockfall prone cliff: a vulnerability value
equal to 1 is recommended for slopes steeper than 25°, while a value of 0.25 is introduced for small
rockfall and less steep cliffs.

In 1982, the UNESCO suggested a classification of the vulnerability assessment methods for
structures by identifying four main groups [81]:

1. Categorization methods, based on a typological classification of structures (e.g., buildings types);
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2. Inspection and rating methods, based on the attribution of a rating to each structure;
3. Analytical methods, based on a detailed analysis of the structure for the estimation of its expected

resistance capacity with respect to an accidental event; and
4. Experimental methods, based on tests for the definition of the structural properties of both the

structure and its components.

Depending on the reference scale, the available information and the purposes of the analysis,
the most appropriate method can be chosen among the above-mentioned items. For example,
the categorization methods can be used at the large scales for land planning purposes where the
response of a specific building to rockfall accidental action is not interesting and the behavior of a
reference building is representative of the response of all the structures within a given homogeneous
area (i.e., an area characterized by an unique building type). On the contrary, the analytical and
experimental methods can be implemented at the detailed scale whenever structural and geometric
information is available for each structure within the invasion zone.

7.1. Detailed Scale

At the detailed scale, the assessment of the structural vulnerability should be carried out by
adopting rigorous and analytical structural approaches able to take into account the interaction
between the rock boulder action and the impacted structure [72]. Obviously, this kind of analyses have
to be tailored to every type of building typology (e.g., reinforced concrete, masonry, wooden buildings)
located in the considered zone. For example, Mavrouli and Corominas (2010) [24,82] introduced an
analytical method for assessing the vulnerability of reinforced concrete buildings. In this paper, the
authors examined the behavior of a simple reinforced concrete frame by coupling a particle finite
element method (PFEM) analysis, with the aim of evaluating the dynamic action of rockfall, with a
finite element method (FEM) computation for the evaluation of the stresses induced into the structure.
The same procedure was adopted by Mavrouli et al. (2017) [72] for assessing the damage index of
three masonry buildings impacted by real rockfall events in the Iberian Peninsula.

De Biagi et al. (2017) [15], in the framework of an ETs risk analysis, considered the various damage
scenarios that could be potentially activated by a rock block impacting a reinforced concrete building.
The vulnerability is estimated as the summation of the contribution of all these possible scenarios and
the corresponding failure processes.

In all these applications, the attention must be turned to the progressive-collapse potential.
The failure of a structural element (e.g., column, load-bearing wall) can cause a propagation of the local
damage within the structure inducing a partial or global collapse. In detail, three different scenarios
can be found [15]: (i) no damage propagation; (ii) local collapse involving a single part of the building,
and (iii) global collapse when the whole structure is interested. In reinforced concrete buildings, the
robustness of the whole structural system has to be investigated. If a fallen block impacts a column
and the collapse occurs, the remaining structure has to bridge over the destroyed elements without any
further failures. Thus, at the detailed scale, an FEM analysis of the progressive collapse could be useful
in order to evaluate step-by-step the global stability, defined by gradually omitting the impact-collapsed
structural elements [24]. In this way, a damage index DI can be computed as the ratio between the
number of failed elements and the total number of elements. Finally, the vulnerability can be defined
as the probability that an impact can cause a certain DI. In order to explore a wider range of block
magnitudes and intensities, fragility curves could be developed to assess the physical vulnerability
[82]. The analytical methods for assessing the physical vulnerability represent a new research field
in rockfall risk studies. While a certain number of papers are beginning to be published referring to
reinforced concrete buildings, masonry structures still receive little attention [72]. This is a curious
issue if we consider that masonry structures are very common building typologies in mountainous
rockfall prone areas worldwide [72].

New studies should be referred to the possibility of reducing the physical vulnerability of existing
buildings for the purpose of risk mitigation. Usually the risk management strategies focus on reducing
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the level of hazard without taking into account the objects at risk. Nevertheless, in several countries,
the impact of a boulder on the uphill walls was considered in many traditional building practices.
For example, in Swiss and Italian Alps, it was common to place the woodshed outside the exposed
walls to dissipate the kinetic energy of an impacted boulder through the deformation of the logs.

7.2. Large Scale

The quantitative evaluation of the physical vulnerability at the large scale has to be conducted
adopting simplified approaches to be used by territorial administrators for assessing the more critical
zones in which further studies should be carried out. Generally, categorization methods based on
a typological classification of buildings are preferred at this level of detail. The structures can be
grouped into homogeneous areas in which a unique vulnerability value is usually applied to each
of them. For example, Heinimann (1999) [83] and Uzielli et al. (2008) [79] proposed, for larger
scales, the attribution of a vulnerability value to building according to their typology. A general
framework to classify the physical vulnerability from detailed to small scale was introduced by
Dai et al. (2002) [84]. The authors suggested to take into account both the individual characteristics
of the buildings (e.g., typology, nature, age) and a catalogue of damages induced by past events.
More recently, for the large Italian event of Fiumelatte village, Agliardi et al. (2009) [57] proposed a
site-dependent empirical relation between the rockfall kinetic energy (evaluated through an event
back-analysis) and the observed damage level (i.e., the estimated vulnerability). An interesting
GIS-based approach for assessing the vulnerability starting from a monetary value per unit area was
introduced by Remondo et al. (2008) [85] for a Spanish study area.

Some of the authors of this paper are setting up a method for the quantitative vulnerability
assessment of masonry buildings based on an analytical simple approach. Three local failure
mechanisms for the masonry walls were considered (i.e., punching, arching, and vertical bending),
and the damage propagation within the structure was treated by using simple considerations (e.g.,
geometry of the building, number of spans, slab orientation, masonry maintenance) and distinguishing
between structural or non-structural wall elements. Although the simplicity of the method, a spatial
mapping of the structural vulnerability can be obtained for preliminary computation of the rockfall
risk. The method requires a quick survey of the buildings within the study area and can be used
exclusively for masonry structures. Further development has to take into account a wider range of
building typologies to implement the method into a more complex inhabited area.

8. Evaluation of the Risk

The risk can be defined as the probability that a rockfall phenomenon of a given intensity occurs
in a certain space and time, producing a particular level of damage to the exposed elements [17].
The risk relates both to the likelihood of a determined phenomenon and the expected consequences
(i.e., the “losses”) on the elements at risk [70]. With regard to risk analysis procedures, four different
categories can be considered, depending on the vulnerability typologies described above [71]: physical,
economic, environmental, and social.

Several risk analysis and assessment methodologies have developed with different assumptions
on the elements at risk, the purposes of the analysis, the reference scale, and the available input
data. Quantitative and qualitative approaches are available: the former quantifies the risk through a
probabilistic analysis of the parameters influencing the hazard and the severity of the consequences
to the exposed assets [36,71]; the latter provides an estimation of the level of risk without a specific
numerical value.

In the following, some quantitative risk analysis procedures are highlighted in order to supply
some basic information referring to different scales of detail.
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8.1. Detailed Scale

At the detailed scale, the evaluation of the risk is carried on by using specific procedures for
each risk component. Referring to buildings, the physical risk is computed by using analytical and
quantitative procedures that consider both the local failure and the partial or global collapse of the
structure due to the possible propagation of the damage within the structural and nonstructural
elements. Following this conceptual framework, De Biagi et al. (2017) [15] proposed an ET approach
for the quantitative risk assessment. Different damage scenarios, resulting from the occurrence
of possible sequences of events, can be generated and, for each of them, a probability is assigned.
Depending on mechanical properties of the material, the geometry of the structural element and
the loading conditions, the probability of having elastic, plastic or failure behavior is computed.
Finally, the physical risk can be computed in terms of reparation costs by summing the reparation cost
associated to each damage scenario, times its associated probability. Similarly, the social risk for people
living in the buildings is given by the summation of the products of the risk to people associated with
each damage scenario (computed on the basis of the average occupation and failure probability of each
room) times its associated probability of occurrence.

The method is particularly performing because it allows us to take into account the different
behavior between small blocks, which are not able to cause the failure of the structural elements,
and the larger blocks that are able to compromise the load-bearing capacity of the structure. The main
limitation of the method is due to the fact that the method does not allow to consider the motion of
blocks within the structure and the potential additional damages [15]. In order to take into account
this effect, an FEM analysis of the robustness of the building is needed [82].

Because the vast heterogeneity of the different elements at risk, several quantitative risk
assessment procedures are available in literature. For example, for roads and infrastructures located
near unstable rock slopes, many methodologies can be found. At the detailed scale, ETs can provide,
again, a useful aid. Peila and Guardini (2008) [86] introduced an ET approach which quantitatively
determines the conditional probability that a moving vehicle could be hit by a fallen block or not
when it is travelling along a stretch of road. The ET allows us to also determine the probability that
fatal or non-fatal accident occurs. Moreover, the procedure admits taking into account a wide set of
fatal or non-fatal accident scenarios. The method is tailored for detailed scale because it requires a
series of preliminary data, such as the geometry of the slope, the maximum speed of the vehicle, and
the number of rocks hitting the road per year (their size and/or their expected size).

8.2. Large Scale

The computation of the risk at the large scale requires the use of reliable methods able to
quantitatively describe the level of risk due to extreme wide and/or complex landslide phenomena
involving different typologies of elements at risk. At the same time, the methods have to be quick and
easy-to-use in order to provide rapid results to territorial administrators interested in the following
risk management phase. Moreover, the computation of risk may be constantly updated in order to
immediately identify when the risk becomes lower than the acceptable one.

As an example, the quantitative risk assessment method developed in the IMIRILAND project is
presented in the following [36,71]. The framework of the methodology, which is originally developed
for large and complex landslides in North-Western Italian Alps, can also be successfully adapted to
rockfall events. Rockfall is indeed a complex, diffuse and random-scattered phenomenon that requires
a rigorous and detailed methodological approach. The method consists of five main items: (i) collection
of the data; (ii) danger identification and characterization; (iii) multidisciplinary approach to hazard
analysis; (iv) consequence analysis (i.e., vulnerability and worth estimation of the elements at risk); and
(v) risk calculation, by multiplying the occurrence probability and the consequences. The crucial point
of the methodology is represented by the hazard estimation which implies a multidisciplinary approach
in order to take into account all the possible factors influencing its definition. The IMIRILAND method
can be applied with reference to the different types of element at risk mentioned above. In particular,
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the methodology provides a set of vulnerability indexes that are tailored for the purposes of the
analysis and quantifying the number of expected losses [36].

More detailed methods are available for specific types of elements at risk. For example, in case
of road or infrastructures, empirical procedures can be adopted. Pierson (1990) [87] introduced the
Rockfall Hazard Rating System (RHRS) that assigns scores to nine categories that can affect the rockfall
hazard and the vehicle vulnerability within a specific site. Because this method contains all the
elements regarding the rockfall hazard (i.e., slope height, geologic character, volume of rockfall/block
size, climate, and presence of water on slope and rockfall history) and the vehicle vulnerability
(i.e., ditch effectiveness, average vehicle risk, percent of decision, sight distance, roadway width),
the resulting total score assesses the degree of the exposition to the risk along roads [88]. The RHRS
method was updated in time to adapt its parameters to different practical cases. For example, Budetta
(2004) [88] proposed a modification of the method in order to render easier and objective the original
RHRS. In particular, the geologic characteristics of the rock face were improved by introducing the
Romana’s Slope Mass Rating. Mölk et al. (2008) [89] adjusted the method to the conditions found in
the populated areas of the Austrian Alps and focused their attention in quantitatively estimating the
probability of fatal accidents in permanently inhabited areas.

To conclude, Remondo et al. (2008) [85] introduced a GIS-based quantification of the risk in
monetary terms. The quantification of the risk is provided for each element at risk which is present
within the analysis area.

9. Risk Management and Conservation Assessment of Protection Devices

The final step of the risk analysis procedure is represented by the management of the risk once
mitigation countermeasures have been designed and installed. The management phase is strictly
connected to the assessment of the degree of conservation of the protective works overtime.

Among the protection devices against rockfall, the most common are the flexible net barriers
(or, equivalently, net fences) [22,90,91], the drapery meshes [92,93], and embankments [94–96]. All of
them play a crucial role in the frame of hazard and risk analyses, halting the motion of the blocks or,
at least, decreasing their velocity and propagation probability [22,86,91,97].

The behavior and the performance of rockfall protection measures, that is their effectiveness and
efficiency in time, are influenced by different factors, which are time dependent and unpredictable,
such as impacts and interactions with vegetation, together with an incorrect or even missing
maintenance. All these aspects affect the degree of conservation and thus sometimes the durability
and the capacity (effectiveness), i.e., their capability to produce the required result, and the ability
to produce the result in the optimal way (efficacy). The assessment of the degree of conservation is
therefore of key importance for the management of rockfall protection systems.

For this purpose, based on the outcomes of past studies reported in the literature [20,21,23,98],
and in-situ observations, different types of damages have been identified and classified into several
groups related to: (i) surrounding context (i.e., connected with vegetation, variation in time of
morphology); (ii) design, positioning and installation techniques; (iii) post-impact conditions (in the
hypothesis that no maintenance is performed after the impact); (iv) aging, weathering, wearing
and corrosion (in the hypothesis that no maintenance procedure is performed); and (v) incorrect
maintenance procedures.

Focusing in particular on net fences, it is worth mentioning that the actual design approach,
consisting in choosing a suitable commercial product, on the basis of the results of propagation
analyses, might not always guarantee an adequate structural reliability. The performances of the
commercial product is assessed through codified impact tests, and, consequently, the current design
procedures rarely consider the impact point location, the shape of the block, and its kinematics during
the impact [99–101]. As a consequence, the nominal capacity of the barrier might differ from the real
one [102]. Furthermore, the effectiveness of a barrier can be compromised by errors in the positioning
and the installation techniques [103].
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Nevertheless, the purpose of the proposed section is to provide a profitable tool for the evaluation
of the residual efficiency of the net fences when no quantitative data from monitoring is available. Then,
starting from the initial hypothesis that at the beginning of its working life the protection system has its
maximum efficiency, i.e. assuming that it has been properly designed and positioned, a procedure able
to evaluate the degree of degradation and to assess the state of conservation of both rockfall net fences
and drapery mesh systems has been developed [98]. The method is based on a multi-criteria analysis,
involving screening survey and providing a semi-quantitative value of the degree of conservation
showing if the effectiveness is compromised, even though a complete assessment of the efficiency loss
is far to be found. These structures are multi-component devices and their composing elements can be
differently compromised. The leading idea is to consider that each component can affect the global
efficiency of the entire system in different ways, depending on the damaged element and on its type
of damage. Due to the large variety of these systems, the research aims to find a general approach to
investigate all the possible damages which can involve these systems and their consequences.

In the following, the drapery mesh approach is shortly discussed and an application to flexible
net barriers is proposed. The considered reference scale is the large one and more in-depth studies
should be carried out with reference to detailed scale (e.g., by using a FEM analysis of the considered
protection work).

Generally, rockfall net fences consist of a sequence of functional modules made up of an
interception structure (i.e., one or two layers of steel mesh supported by struts, typically) and a set of
connection cables anchored in the ground [104]. The interception structure is made by the principal
net that has to bear the dynamic impact of the falling rock block through its plastic deformation and
transferring the load to the foundations. A large variety of technologies for the principal net, posts,
fixing, and connecting components can be found in practice, and different energy dissipating devices
have been developed [105].

9.1. The Proposed Methodology

The damage scenarios occurring on the main elements of a rockfall net fence can only be assessed
through an extensive survey campaign having the aim of inventorying all the actual damages.
Consequently, a complete list of the potential damages that can occur on each component of the
protective device has been prepared. Several typologies of damages can be observed, differing mostly
for: when they occur in the service life of the system, the inducing factors (natural aging or impact),
and the maintenance actions.

In order to consider the influence of each damaged element on the entire efficiency of the system,
different weights (Pi) were associated to each i-th damage and three importance classes were defined:
C1 relates to a negligible influence of the issue to the overall efficiency, C2 is when the issue might
influence the efficiency of the protection system to a limited extent, and C3 is associated to a critical
issue considerably reducing the efficiency of the whole protection system. The damage level for each
element is defined by the technician during a survey activity, by choosing among three level of damage
observed: D0 for no or negligible damage, D1 for a slight or intermediate damage, D2 for a considerable
damage. Both the level of damage of each element and its class of importance are combined to evaluate
the efficiency of the whole system by using weighted sum and matrix approaches. These two methods
were tailored and partially combined to define the efficiency of a rockfall net fence. Table 2 details
the scores Pi assigned to link each damage level to the importance factor (Pmax). Three maintenance
levels were introduced, depending on both the level of damage and the class of importance of the
component: A0 if a long-term maintenance plan is needed, A1 if a short/medium-term maintenance
plan is needed, and A2 if urgent maintenance is needed. The maintenance level of the whole system is
the worst maintenance level obtained by each component.
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Table 2. Scores and maintenance levels (in brackets) attributed to each entry of the check lists to be
used for each product, depending on the level of damage and the class of importance.

C1 C2 C3

D0 0 (A0) 0 (A0) 0 (A0)
D1 1 (A0) 2 (A0) 3 (A1)
D2 2 (A0) 3 (A1) 5 (A2)

The number of damaged components directly relates to the extent of the required intervention
activities. It emerges that either the deterioration of several minor components or the damage of a
unique principal part of a protection system can compromise the efficiency of the whole system.
In addition, the system can be totally inefficient and thus ineffective even though a single key
component is highly damaged. In this case, the expected consequence can be marked with the
class of importance C3. In this particular case, in which only a fundamental component is damaged,
the global score is low but an immediate maintenance activity is needed.

9.2. The Case Study

The proposed procedure was applied to the case study of Cels-Morlière hamlet. Currently, the site
is characterized by the presence of different alignments of flexible barriers, differing in installation
time, geometry, technology of the components, and dissipation capacity. The first protection work
has been installed since the early 1980s, before the publishing of the ETAG 027 [106], now EAD
340059-00-0106 [104]. Three net fence alignments were built (i.e., Barrier 1, in Figure 9,10a), for a total
length of 170 m. A first barrier scheme was adopted, with an 8 m spanning functional module and a
nominal height of 4.5 m. Wire rope net panels are used for the principal net, while steel ropes with a
diameter of 16 mm are adopted for the longitudinal ropes, anchoring the net to the posts (HEA160
profiles) through cantilever-joints with prefixed breaking points. The posts are hinged to the base and
anchored to the rock through a base plate with four bolts. Four upslope ropes are connected to each
post. Both upslope and longitudinal ropes are equipped with energy dissipating devices. In particular,
the brake consists of a looped cable, using the ropes of the net fence and friction clamps, working by
pure friction, with a nominal dissipative capacity of 200 kJ each one. The performance of this barrier
had been estimated of about 800 kJ.

The rockfall event of November 2011 caused the failure and the damage of some functional
modules of the above described barriers. Consequently, a restoration of the net fence lines was
performed, removing the destroyed modules and installing new ones similar to the original and
replacing the damaged elements. Nevertheless, the wire rope net panel layout differs from the original
ones, e.g., in the clip connection, as well as the rope-mesh connection elements, and the support ropes
slightly differ in diameter.

In addition, new barrier alignments (i.e., Barrier 2, in Figure 9,10b), uphill Barrier 1, have been
installed in 2016, for a total length of 340 m. This net fence is certified according to ETAG 027 [106] and
guarantees a maximum energy level of 3000 kJ. It is composed by functional module spans of about 10
m and a nominal height of 5 m. The method for assessing the degree of conservation has been applied
to these barriers.
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Figure 9. Map of the Cels-Morlière case study with the location of the two investigated barriers.

(a) (b)

Figure 10. View of the protection works observed during the survey activity at Cels-Morlière:
(a) Superimposition of the two rockfall net fence alignments: the one installed in 2016 (Barrier 2)
and the one installed in 1984 (Barrier 1); (b) side view of the 2016 barrier (Barrier 2).

Analyzing Barrier 1, a significant interaction with vegetation can be observed, causing a partial
deformation of the mesh. A considerable corrosion degree is recorded on the connection elements
among the mesh panels, between the mesh and the ropes, and, in particular, on the wire rope grip of the
upslope, the lateral and the support ropes. Furthermore, the number and the applied torque of the wire
rope grips are lower than those prescribed by the European standards [107]. Considering the ropes,
oxidation or removal of the corrosion protection is observed in several parts. Lateral anchor ropes,
as well as upslope anchor ropes are in some cases loose or unusually stressed. Damages are observed
in the rope-anchors, such as in the thimble in the eye assembly of the rope. Moreover, the rope-anchor
connections show important degradation. The vegetation interacts also with the energy dissipating
devices, which are characterized also by corroded zones. Both deformation and sliding of the energy
dissipating devices have not been recorded. All these observations produce a global score of 0.47
and an A2 maintenance level. This means that the extension of the local damages is considerable,
i.e., several elements are affected by ageing, corrosion or other issues. Thus, an urgent maintenance
activity is needed as fundamental elements, such as the ropes, shows deficiency in connection elements.

Barrier 2 results in a global score of 0.1, as only some rope-anchor connection elements are slightly
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oxidized. This means that the loss of efficiency is negligible. The estimated maintenance level is A0,
i.e., only a long-term maintenance plan is needed. In the frame of a hazard analysis with the perspective
of considering the actual condition, Barrier 2 can be considered totally efficient, while Barrier 1
completely ineffective. In the perspective of a risk management plan, and of a propagation analysis to
be carried out in the present time, the contribution of Barrier 1 should be neglected.

To conclude, at the detailed scale, the attention should be devoted to the analysis of the residual
capacity offered by the barriers along their nominal life and after the occurrence of one or more
previous impacts. The final purpose is the estimation of the contribute offered by a partially damaged
barrier to quantitative risk analyses and the modeling of this contribute in trajectographic analyses.
The transient phase between total protection and partial safety is one of the most unknown and needs
further investigations and procedures to be better simulated and managed. In order to obtain these,
results an FEM analysis campaigns and full-scale tests on the barrier degradation could be useful,
as well as reliability-based analyses.

10. Discussion and Conclusions

The rockfall risk analysis is a wide and complex issue in the frame of safety and civil engineering.
Several approaches have been developed during the last decades, and new ones are still being
introduced. Researchers’ efforts are devoted to increase the knowledge of the phenomenon and to set
up more rigorous approaches for its management. Nevertheless, several issues still remain unsolved,
and new questions to be solved steadily appear.

The work presented in this paper fits into this framework, by providing a critical analysis of some
of the open questions detected during the implementation of a typical rockfall risk procedure, and an
overview of some existing methods to achieve the estimation of risk and its components. Many of the
presented methodologies have been developed during the authors research activity in the framework
of the Project of Relevant National Interest (PRIN 2015) named “Innovative Monitoring and Design
Strategies for Sustainable Landslide Risk Mitigation”.

The topics are introduced by following a classical risk assessment procedure, which includes six
main steps: (i) identification of the danger, (ii) runout analysis, (iii) hazard evaluation, (iv) vulnerability
assessment, (v) risk estimation, and (vi) risk management. For each of these parts, a quick overview
and a summary of the main unsolved questions is provided, with reference to the multi-scale approach
proposed by Fell et al. (2008) [11]. In particular, more effort is devoted to large and detailed scale to
which the majority of the research activity is currently addressed worldwide.

The danger identification phase relates to the definition of the expected rockfall magnitude
scenarios at a given site. Although a considerable number of studies have been carried out, remarkable
uncertainties are due to the dislocation of the rock bridges, its failure probability and the definition
of a mechanical relationship linking the rockfall trigger to its causes. Alternative methods based on
frequency-magnitude laws can be adopted, but the consequent lack of mechanical considerations has
to be taken into account.

Generally, the hazard evaluation includes the computation of the spatial and temporal probability
of occurrence and the estimation of the intensity of the phenomenon. In rockfall instabilities, modeling
the trajectories of the falling blocks requires the use of a stochastic approach. In addition, if the
most recent codes allow to carry on stochastic runout analyses, fragmentation, forest mitigation,
and interaction with existing protection works represent relevant research activities to be further
investigated both at detailed and large scales.

The vulnerability assessment, i.e., the analysis of the expected losses, represents the key point
in order to link the hazard evaluation to the estimation of the risk. A crucial point is represented by
the model to assess the degree of loss of the elements at risk, strictly depending on its typology (i.e.,
people, infrastructures, economic activities, historical heritage, etc.). For example, masonry buildings
vulnerability is generally poorly investigated, despite the widespread diffusion of these constructions
in areas prone to rockfall.
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Finally, the role of the degradation of rockfall protection works is extremely important in order to
evaluate their residual dissipative capacity and degree of maintenance over time. The actual capacity
of flexible net barriers over time, for example, is useful to constantly update the actual risk level within
a specific exposed area protected by this type of work. For this purpose, the scientific community
should provide appropriate tools based both on analytical-numerical model (i.e., detailed scale) and
quick survey activities (i.e., large scale).

These highlighted items are only some of the open questions that rockfall research will have to
face in the future. The authors believe that the same multi-scale approach used for other typologies
of landslides is suitable to rockfall purposes. At the large scale, the GIS-based techniques allow us to
simulate the runout phase by also adopting physical-based and mechanical tools (see the QPROTO
plugin mentioned above, for example), highlighting the zones in which further and more detailed and
rigorous analyses can be carried.

Vulnerability models to be implemented in GIS environment for mapping the losses within a
large portion of land, also considering all the existing elements at risk, should be provided by the
research community.

Land protection cannot be performed efficiently without a multi-scale approach in which every
level of detail exchange information from each other. In this framework, GIS-based techniques,
physical-based approaches, and also new technologies (such as big-data analysis of monitoring
systems, for example) could play an important role in the future for the mitigation and management of
rockfall events.
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