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Abstract

This thesis presents a comprehensive analysis of rockfall phenomena, focusing on the
detailed characterization of release areas to enhance hazard assessment and the design of miti-
gation measures. The research is centred on a case study in Venaus (Turin, Italy), where a
rockfall event in April 2025 involved blocks impacting the local hydroelectric power plant fa-
cilities, highlighting the site’s vulnerability.

The methodology integrates traditional geomechanical field surveys with aerial photo-
grammetry to identify unstable rock sectors. The Susceptibility Index to Failure (SIF) was
applied to eight identified rock walls to objectively quantify the likelihood of block detach-
ment. Subsequently, advanced numerical modelling was employed to simulate rockfall
propagation. The QPROTO plugin, based on the Cone Method, was used for initial 3D runout
analysis and to compute the Source Affecting Index (SAI) via the RADAR plugin, identifying
specific source areas that pose the greatest risk to infrastructure. Detailed 3D simulations were
conducted using Rockyfor3D, accounting for forest cover and slope macro-roughness. Finally,
2D analyses were performed in Rocfall2 to determine the kinematic parameters required for
the design of protection barriers in compliance with the Italian UNI 11211 standard.

The study concludes that integrating detailed source-area characterization with multi-
dimensional modelling significantly optimizes the design and positioning of defence structures,
ensuring more efficient and site-specific risk mitigation for critical infrastructure.
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Introduction

The geodynamic processes that affect most of the terrestrial surface give rise to movements
of various characteristics, magnitude and velocity. Driven by the action of gravity and the pro-
gressive weakening of geomaterials, these movements are relatively common within the
geological environment. However, they constitute potential geological hazards because they can
cause significant economic and social damage, directly affecting human safety, economic activities
and civil infrastructure. Preventing these harmful effects is the ultimate goal of studying ground
movements, their characteristics, types, instability mechanisms, and triggering factors. Through
accurate modelling of these phenomena, it is possible to gather the necessary information to de-
sign effective mitigation structures and redefine land use in affected areas.

Among these geological hazards, rockfall phenomena represent one of the most rapid and
unpredictable types of slope movement. Although individual events may involve relatively small
volumes, their high dynamic characteristics pose a severe risk to infrastructures and lives, espe-
cially in mountainous regions.

The objective of this thesis is to present a comprehensive analysis of rockfall phenomena,
focusing on the detailed characterization of release areas to optimize the design of protection
measures. The proposed methodology integrates traditional geomechanical field surveys with
aerial photogrammetry to identify unstable sectors. A central element of this study is the applica-
tion of the Susceptibility Index to Failure (SIF), which quantifies the probability of block
detachment across source areas.

This research focuses on a case study in Venaus (Turin, Italy), where a rockfall event in April
2025 involved blocks of approximately 4 m® impacting a local hydroelectric power plant. This
event highlighted the site's vulnerability and highlighted the necessity for an advanced character-
ization of release areas to improve hazard assessment. Following the characterization of source
areas, advanced numerical modelling was employed to simulate propagation. The first rockfall
analysis was carried out using the QPROTO plugin, based on the Cone Method and implemented
on the GIS environment. Following, the RADAR plugin was applied to compute the Source Affect-
ing Index (SAI), identifying the specific source points that pose the greatest risk to the exposed
elements. Furthermore, detailed 3D simulations were conducted using Rockyfor3D, accounting
for forest cover and slope macro-roughness to provide more precise kinematic data. Finally, 2D
analyses were performed in Rocfall2 to determine the parameters required for the design of pro-
tection barriers in compliance with the Italian standards.






Chapter 1

The Blocky Nature of Rock Masses

The rock formations that make up the Earth's crust vary widely in their characteristics, like
type, composition, mechanical properties, and other features. Despite this variability, all rock
masses are composed of two fundamental components: the intact rock and the discontinuities.
The interaction between these components forms blocks and controls the behaviour of the rock
mass. An accurate characterization of these components is crucial for defining the initial condi-
tions of the site and for developing safe and efficient structural solutions.

1.1 Intact Rock

Intact rock is defined in engineering terms as rock containing no significant fractures and it
might be considered as a continuum material. However, at the microscopic scale it is composed of
mineral grains, with the form of the microstructure being governed by the basic rock forming
processes. Subsequent geological events may affect the rock mechanical properties, behaviour
and susceptibility to water permeation and weathering effects.

The properties of the intact rock are governed by the physical properties of the constituent
minerals and the way in which they are bonded to each other. Intact rocks may be classified from
a geological or a geomechanical point of view; in the first case the mineral content of the rock, its
texture and any changes that the rock has undergone since its formation are fundamental for its
sub-classification. Geomechanical classifications of intact rock are more related to the engineer-
ing properties of the rock, such as strength and deformability. Rock types with the same genetic
basis may show a wide dispersion in their mechanical properties (Zhang, 2017).

Therefore, it is recommended to begin the material characterization with a mineralogical-
petrographic analysis. This analysis allows the definition of microscopic parameters such as min-
eral composition, grain size distribution, and rock texture.

1.1.1 Geological Classification

Rocks are composed of minerals, each of which possesses a characteristic chemical
composition and crystalline structure. Although hundreds of minerals have been identified, only
a limited number are common, like quartz, feldspar, mica and calcite. The common rock forming
minerals can often be identified in a hand specimen with magnifying lens, this task is typically
performed by experienced geologists. For more detailed or definitive mineral characterization,

3



X-ray diffraction and scanning electron microscopic analysis provide higher precision and
facilitate an accurate mineral identification.

Hardness and specific gravity are the most used physical properties for mineral
identification. Hardness refers to the relative ability of a mineral to scratch, or be scratched by,
another. A standard methodology for classifying minerals according to their hardness is the Mohs
scale (Table 1.1), which consists of a standard of 10 minerals arranged in order of increasing
hardness. The scale goes from one for talc, the softest mineral, to ten for diamond, the hardest.
Specific gravity, another key diagnostic property, is defined as the ratio of the weight of a mineral
to the weight of an equal volume of water at a standard temperature. Most common rock-forming
minerals exhibit specific gravity values of about 2,65.

Table 1.1 - Mohs hardness scale.

Mineral Hardness
Talc 1
Gypsum 2
Calcite 3
Fluorite 4
Apatite 5
Orthoclase 6
Quartz 7
Topaz 8
Corundum 9
Diamond 10

Intact rocks are generally classified into three main groups according to their forming pro-
cesses: igneous, metamorphic and sedimentary. Table 1.2 shows an extended rock classification.

Igneous rocks are formed by crystallization of molten magma. The mode of crystallization
of the magma, at depth in the Earth’s crust or by extrusion, together with the cooling rate, influ-
ences the rock texture and crystal structure. The igneous rocks are subdivided into plutonic,
hypabyssal, and extrusive, according to their texture. They are further subdivided into acid, inter-
mediate, basic, and ultrabasic, according to the silica content.

Metamorphic rocks are the result pre-existing rocks that have been subjected to solid state
conversion by temperature, pressure and/or chemical changes. The great varieties of metamor-
phic rocks are characterized, classified and named according to their mineral assemblages and
textures.

Sedimentary rocks are the result of the consolidation of sediments. This type of rock covers
three-quarters of the continental areas and most of the oceanic floor. In the process of erosion,
rocks weather and they broke down into small particles or are totally dissolved, these detrital
particles may be transported by water, wind or glaciers, and deposited far from their original po-
sition. When these sediments start to form thick deposits, they consolidate under their own
weight and eventually turn into solid rock through chemical or biochemical precipitation, or or-
ganic process. As a result of this processes, sedimentary rocks almost invariably possess a distinct
stratified, or bedded, structure.



Table 1.2 - Rock Classification (based on Sivakugan et al, 2013).

Main Rock Type Classifications Sub classification Examples Key Characteristics
Igneous Rocks By Origin Extrusive Basalt, Rhyolite, Andesite  Rapid cooling; fine-grained;
volcanic
Intrusive Granite, Dolerite, Gabbro,  Slow cooling;
Syenite coarse-grained; crystalline
By Silica Acidic Granite, Rhyolite, Pegma-  Light coloured; high silica
Content (>66%) tite
Intermediate Andesite, Diorite Moderate silica
(55-66%)
Basic Basalt, Dolerite, Gabbro Dark; dense; low silica
(44-55%)
Ultrabasic Peridotite Very low silica; very dense
(<44%)
Metamorphic Foliated Slate, Schist, Gneiss Layered/banded due to
Rocks ) pressure
Non-Foliated Marble, Quartzite, Anthra- Massive; recrystallized
) cite minerals
Sedimentary Clastic Sandstone, Shale, Deposited fragments;
Rocks ) Conglomerate, Breccia bedded or massive
Chemical/ Limestone, Precipitated minerals;
Evaporites ) Gypsum, Halite fine-grained
Organic Coal Carbon-rich; biological

origin

In nature, a dynamic process called rock cycle occurs constantly, where one type of rock is
slowly transformed into another. This cycle begins when the igneous rocks are exposed at the
Earth's surface and subjected to weathering, which generates sediments. These sediments can
then consolidate through hardening or cementation to form sedimentary rocks. Sedimentary or
even existing metamorphic rocks are subjected at great depths to high temperatures and pressure
leading to the creation of metamorphic rocks. Finally, if metamorphic or sedimentary rocks are
exposed to intense heat at great depths, they melt to produce magma. This magma may eventually
cool and solidify, either deep underground or upon reaching the surface, thus completing the cycle

by forming new igneous rocks. The rock cycle is schematized in Figure 1.1.

igneous rocks

erosion

heat, pressure, solution
.

metamorphic rocks

537

sedimentary rocks

Figure 1.1 - Rock cycle (Sivakugan, et al., 2013).



1.1.2 Geomechanical Classification

The geomechanical classification of intact rocks relies primarily on mechanical parameters
such as strength and deformability. A commonly used representation of the mechanical behaviour
of a rock is the complete stress-strain curve under uniaxial compression. It reveals the effects of
the rock microstructure and stress history on the mechanical behaviour.

The stress-strain curve is obtained from the uniaxial compressive strength (UCS) test.
During this test, a cylindrical rock specimen is subjected to an axial load without any lateral
confinement. The axial load is increased gradually until the specimen fails. The vertical normal
stress at failure is defined as the unconfined, or uniaxial, compressive strength (o.) of the rock. By
monitoring the axial deformation throughout the test, the corresponding axial strain can be
computed and, by plotting the stress-strain curve, the elastic modulus (E) can be determined. In
addition, by monitoring the radial, or circumferential, deformation, the Poisson’s ratio (v) can be
determined. Figure 1.2 shows a generic complete stress-strain curve for a sample of rock loaded
in uniaxial compression and illustrates how the elastic modulus and Poisson’s ratio can be
obtained.

Stress
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Brittleness

% Lateral straing
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£ TR TR
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Figure 1.2 - (a) Stress-strain curve of a rock specimen in uniaxial compression, (b) elastic modulus,
and (c) Poisson’s ratio determination (Hudson, et al., 1997).

Axial straing €, =

]

It is important to consider that the uniaxial compressive strength is not an intrinsic prop-
erty of the material. Intrinsic material properties do not depend on the specimen geometry or the
loading conditions used on the test, while the compressive strength is influenced by both.

In the post peak region, the trend of the stress-strain curve indicates whether the material
is ductile or brittle. If strain continues to increase while the stress remains approximately con-
stant, the material is considered ductile. In contrast, if the stress rapidly drops to zero with little
additional strain, the material is classified as brittle. The steepness of the post-peak descent re-
flects the degree of brittleness between these two extremes, as illustrated on Figure 1.3.

In practice, the situation can be more complex. Some materials exhibit strain-hardening be-
haviour, with a trend above the ductile limit, while others may show exceptionally rapid stress
reduction, placing the trend to the left of the brittle limit and characterizing them as super brittle
materials.
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Figure 1.3 - Characteristic limits between ductile and brittle material (Hudson, et al, 1997).

1.1.3 Intact Rock Intrinsic Properties

The intrinsic physical properties of rock material have a significant influence on its mechan-
ical behaviour, determining these properties is essential for a complete material characterization.
Some of the principal properties of the intact rock that control how the rock interacts with
stresses, fluids and temperature, influencing its mechanical behaviour and engineering perfor-
mance are listed in Table 1.3. The International society for Rock Mechanics (ISRM) on its guideline
“The complete ISRM Suggested Methods for Rock Characterization, Testing and Monitoring”
(1978-2006), outlines standardized laboratory and field tests methods to determine the key phys-
ical properties of rock materials.

Table 1.3 - Intrinsic properties of intact rocks (ISRM, 1978).

Properties Description Units
Density/ Unit weight  mass per unit volume kg/m3
Specific gravity ratio of rock density to water density -
Porosity ratio of the void volume to total volume %
Water content amount of water in pores %
Saturation degree ratio of the volume of water to the volume of voids %
Permeability ease with which fluids pass through pores m?
Abrasiveness ease to cause wear or erode -

P waves velocity wave propagation speed m/s

As Hudson and Harrison (1997) emphasized, “The subject of rock characterization is far
more complex and intractable than might appear at first sight. The subject does not merely concern
the optimal length-to-diameter ratio for a compression test specimen and other similar tactical as-
pects of testing procedures; it concerns the whole strategic concept of how to characterize naturally
occurring rock masses, which have been in existence for millions of years, have been operating as
natural process-response systems for all that time and are about to be perturbed by engineers in
order to achieve particular objectives.”

1.2 Discontinuities

The term discontinuity defines any separation in the rock mass that possesses zero or low
tensile strength. It is a collective designation for joints, bedding planes, schistosity planes, weak-
ness zones, and faults. Given that traditional mechanics and stress analysis assume that materials
act as a continuous media, these geological features can represent mechanically significant dis-
continuities within the continuum.



Throughout the rock geological history there have certainly been orogenic periods and
other less severe loading processes applied. Consequently, the intact rock might have already
failed and formed discontinuities, where there is little or no strength present. It is, in fact, very
helpful to understand the way in which the discontinuities were formed to have an initial idea of
their likely mechanical characteristics (Hudson, et al., 1997).

The main types of discontinuities present in rock masses can be grouped into the following
categories, each with distinct origins and mechanical implications:

(a) Faults: discontinuities on which identifiable shear displacement has taken place. They may be
recognized by the relative displacement of the rock on the opposite sides of the fault plane.
Fault thickness may vary from meters in case of major, regional formations to millimetres in
the case of local faults. Inside the opening, the fault might contain weak material filling. The
zone adjacent to the fault may be disturbed and weakened by associated discontinuities such
as drag folds or secondary faults. These factors result in faults being zones of low shear
strength on which slipping failure may occur.

(b) Bedding planes: bedding planes divide sedimentary rocks into layers or strata. They represent
interruptions during deposition of material and are generally persistent features. They might
contain parting material of different grainsize from the sediments forming the rock mass, or
they may have been partially healed by low-grade metamorphism. In either of these two cases,
there would be some apparent cohesion between layers; otherwise, the shear resistance be-
tween planes would be purely frictional.

(c) Joints: they are the most common and generally the most geotechnically significant disconti-
nuities in rocks. They are breaks of geological origin where there has been no significant
relative displacement. A group of joints in the same orientation and having similar character-
istics is defined as joint set, and joint sets intersect each other to form a joint system.

(d) Foliation planes: are planar features formed during metamorphism, where minerals form
aligned parallel arrangements. They create mechanical anisotropy in the rock mass, typically
having lower shear strength than the surrounding material.

(e) Lithological contacts: contacts are boundaries between different rock units or intrusive bod-
ies. When there is a strong contrast in material properties across the boundary, they can
behave as mechanical discontinuities.

1.2.1 Discontinuity properties

Discontinuities exhibit a range of geometrical and mechanical characteristics that fre-
quently control the overall response of the rock mass. Each discontinuity set has a particular
shape, a specific size, and a distinct orientation, and these attributes strongly influence how the
rock mass behaves under loading. The ISRM defines ten parameters to describe the characteristics
of discontinuities:

(1) Orientation: the position of a discontinuity in space is described by the dip direction (azimuth)
and dip of the line of steepest declination in the plane of the discontinuity.

(2) Spacing: the perpendicular distance between adjacent discontinuities. It normally refers to
the mean or modal spacing of a set of discontinuities. Associated, the frequency is defined as
the number of discontinuities per meter.

(3) Persistence: the discontinuity trace length as observed in an exposed area or volume. It may
give a rough measure of the areal extent or penetration length of a discontinuity. Termination
in solid rock or against other discontinuities reduces the persistence.

(4) Roughness: the natural surface roughness and waviness relative to the mean plane of a dis-
continuity. Both roughness and waviness contribute to the shear strength. Large-scale



waviness may also alter the dip locally. It is typically determined by comparison with the Joint
Roughness Coefficient (JRC) scale.

(5) Wall strength: the equivalent compressive strength of the adjacent walls of a discontinuity. It
is usually lower than rock block strength due to weathering or alteration of the walls. It is an
important component of shear strength if rock walls are in contact. It is obtained with corre-
lation charts with data from the Schmidt hammer test.

(6) Aperture: the perpendicular distance between adjacent rock walls of a discontinuity, in which
the intervening space might be filled with air, water or solid material.

(7) Filling: the material that exist between the adjacent rock walls of a discontinuity, usually it is
weaker than the intact rock. Typical filling materials are sand, silt, clay, breccia, gouge, and
mylonite. It also includes thin mineral coatings and healed discontinuities such as quartz and
calcite veins.

(8) Seepage: the water flow and free moisture visible in individual discontinuities or in the rock
mass as a whole.

(9) Number of sets: the number of discontinuity sets part of the intersecting discontinuity system.

(10) Block size: the rock block dimensions resulting from the mutual orientation of intersecting
discontinuity sets and from the spacing of the individual sets. Individual discontinuity sets
may further influence the block size and shape.

In Figure 1.4 a schematic representation of two planes within a rock mass is presented,
highlighting the mentioned geometrical and mechanical properties of discontinuities.

Discontinuity set
Discontinuity set

Wall strength %

Roughness Q
Persistence

- ¥ BOREHOLE OR SCANLINE

Seepb

Figure 1.4 - Schematic of the primary properties of discontinuities in rock (Hudson, et al., 1997).

Stereographic Representation

Assuming a discontinuity to be a planar feature, then its orientation can be uniquely defined
by two parameters, dip direction («) and dip angle (y). The dip angle is defined as the steepest
line in a plane, i.e. the line through which a ball would roll down; the dip direction is the compass
bearing of this line, measured clockwise from the true North. In the field during a geomechanical
survey procedure, a geological compass is used to provide direct readings of these parameters.

In general, a large number of (@, 1) data pairs are obtained from a survey. Therefore, it is
useful to present these data in a graphical form, like on Figure 1.5, to facilitate an easier assimila-
tion and understanding. In rock mechanics and rock engineering, the stereographical equal-angle
lower-hemisphere projection has always been the most accepted form of representation.
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Figure 1.5 - Discontinuity plane and the associated hemispherical projection.

The dip direction is plotted as the compass bearing and the dip angle is plotted inwards
from the perimeter of the projection plane. This defines a point on the projection representing
the line of maximum dip of the plane. Another line in the plane is the strike line, i.e. the line with
zero dip, this auxiliary line is plotted as two diametrically opposed points on the perimeter of the
projection. In the same way;, all lines in the plane can be plotted using their particular (a, 1) values,
resulting in the great circle shown in the figure. Thus, a line in the plane is plotted as a point, and
the plane itselfis plotted as a curve.

An alternative method of uniquely specifying the plane is to plot the position of a line per-
pendicular to the plane, this line is known as the normal and the associated point plotted on the
projection is known as the pole, also plotted in Figure 1.5. As mentioned, generally, it is necessary
to plot a large number of discontinuity planes, which makes poles preferable to great circles, as
they are easier to interpret when dealing with large datasets. Once many poles have been plotted
on the stereographic projection, the generalized rock structure can be analysed by clustering
these normals, i.e. identifying groups of similar oriented planes. This clustering is conventionally
studied by contouring the projection to identify the densest regions. More advanced approaches
use clustering algorithms, which may be based on statistical methods or fuzzy-set theory. In
Figure 1.6, an example of plotted data, the resulting contoured plot, and the principal sets are

shown.
o O

{a) Raw data (b) Contoured data (c) Main discontinuity sets

Figure 1.6 - Poles clustering procedure (Hudson, et al,, 1997).

It is common to idealize a set of discontinuities as a group of parallel, persistent and planar
elements. In practice, not only a set might consist of sub-parallel discontinuities, but also it can be
difficult to determine to which set a particular discontinuity belongs. For this reason, each discon-
tinuity is characterized, not only by its geometrical parameters but also by the properties
described above, allowing for a more comprehensive analysis of the clustering (Hudson, et al.,
1997).
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1.2.2 Block Formation

One subject where the concept of discontinuity sets, and their mutual interaction, is im-
portant is the formation of rock blocks, in determining the distribution of their sizes and shapes.
The way different sets of discontinuities intersect, their persistence, orientation, spacing, and de-
gree of randomness, play a critical role in defining the geometry of the resulting blocks. Figure 1.7
shows different rock shapes and volumes that can be formed according to interaction of the men-
tioned factors.

Block dimensions are determined by discontinuity spacing, by the number of discontinuity
sets and by their persistence. Block shapes are determined by the number of sets and orientations
of the discontinuities defining potential blocks.

Prismaticblocks
-\

Polyhedral blocks

Tabular blocks Rhombohedral blocks Columnar blocks

Figure 1.7 - Examples of block shapes (Dearman, 1991).

On particular formations where individual blocks can be identified on the surface, their vol-
umes can be estimated by measuring the dimensions of several representative blocks and
averaging the results. In most cases, the block shapes are irregular and can only be roughly de-
scribed. Where three persistent discontinuity sets occur, the block volume can be calculated as:

S15253

V, = — : : (Eq.1.1)
siny,siny,siny;

where sy, sz, 53 are the normal set spacing of the three discontinuity sets, respectively; and 3, y2,
yszare the angles between the discontinuity sets.

If non-persistent discontinuities are present, the equivalent block volume can be deter-
mined by (Kim, et al., 2004, 2007):

V. = 515253 (Eq. 1.2)
b= ) ] o
SIny,1SNy,SiNy3,/P1P2P3

where p1, p2,

ps are the persistence of the three discontinuity sets, respectively.
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1.3 Rock Masses

A rock mass is considered to be the complete structure of a rock in its natural position,
integrating both the intact rock and the discontinuities that divide the rock into interlocking
blocks of varying shapes and sizes.

Even with the most generous available resources for site investigation, challenges remain
present when applying theoretical models to real engineering conditions, as not everything can
be fully generalized or quantified across the entire rock mass. As a consequence, many engineers
have developed rock mass classification systems that consider a few or key rock mass parameters
and assign numerical values to the classes in which these parameters lie for a given rock type
(Hudson, et al., 1997). The classification systems ensure that engineer, geologists and any involved
professionals use consistent terminology when referring to a specific rock mass. The three major
and commonly applied rock mass classification systems are:

(a) Rock Mass Rating (RMR)

(b) Q-System (Q)
(c) Geological Strength Index (GSI)

The last classification systems is presented in detail in the following section, selected be-
cause it provides a reliable assessment of rock structure and surface conditions, which is useful
for evaluating rock quality from reachable outcrops.

1.3.1 Geological Strength Index

GSI is a relatively recent rock mass classification system that was introduced by Dr. Evert
Hoek in 1994. Focusing primarily on geological observations, and less on numerical values, the
two major parameters for this classification are: (i) surface condition of the discontinuity; and
(ii) interlocking among the rock blocks. The surface condition ranges from very good for fresh
unweathered surfaces to very poor for highly weathered or slickensided surfaces with clay infill.
The interlocking blocks can be literally massive at the upper end of the scale to crushed or
laminated at the lower end. Analysing these two qualitative parameters, a GSI value is assigned
using the chart shown in Figure 1.8.

The GSI classification system is based on visual inspection and it has been extensively used
by the rock mechanics professionals since its publication. However, due to the lack of measurable
parameters for describing the rock mass conditions, it is possible for different persons to estimate
different GSI values from the chart to the same rock mass (Zhang, 2017).

The subjectivity associated with visual GSI estimation has motivated several attempts to
improve the reproducibility of rock mass characterization using this parameter. In particular, cor-
relations between GSI and measurable parameters such as joint frequency, spacing, and
mechanical indices have been proposed to reduce observer-dependent variability. Nevertheless,
the GSI system remains primarily a field-based engineering judgement tool, widely used due to
its simplicity and practical applicability.
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GEOLOGICAL STRENGTH INDEX FOR
JOINTED ROCKS (Hoek and Marinos, 2000)
From the lithology, structure and surface

conditions of the discontinuities, estimate
the average value of G5I. Do not try to be too

precise.

Quoting a range from 33 to 37 is

more realistic than stating that GSI = 35.
Note that the table does not apply to
structurally controlled failures. Where weak
planar structural planes are present in an
unfavorable orientation with respect to
the excavation face, these will dominate
the rock mass behavior. The shear

strength of surfaces in rocks that are prone

to deterioration as a result of changes in
moisture content will be reduced if water

is present. When working with rocks in the

fair to very poor categories, a shift to the
right may be made for wet conditions.
Water pressure is dealt with by effective
stress analysis.
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INTACT OR MASSIVE - intact
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Figure 1.8 - Geological Strength Index for jointed rocks (Hoek, et al., 1997).
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Chapter 2

Rock Slopes

Rock slopes are features that occur naturally or are engineered by people as a product of
excavations for civil engineering purposes. The stability of rock slopes is strongly influenced by
the structural geology of the rock, especially by the natural occurring discontinuities. The signifi-
cance of discontinuities on the stability of slopes is that they are planes of weakness integrated in
a much stronger material, so failure tends to occur preferentially along these features.

All rock slope stability studies should evaluate the structural geology conditions of the site,
such studies involve two steps. First, determine the properties of the discontinuities, described in
Section 1.2.1, which involve mapping outcrops and existing cuts; and second, determine the influ-
ence of discontinuities on stability. For a reliable analysis, it is important to recognise the modes
and mechanisms in which rock slopes might fail.

2.1 Failure Mechanisms of Rock Slopes

There are two general slope-failure mechanisms, according to the level of fracturing and
degradation of the rock mass, one in which the rock mass behaves as an equivalent continuum,
and another in which it behaves as a discontinuum. The main difference between these behav-
iours is the definition of the formed slip surface. Figure 2.1 (a) shows that the failure surface is
developed through the rock mass and has a curvilinear shape that cannot be defined in advance
with certainty, whereas in Figure 2.1 (b) the failure surfaces is dictated by the presence of specific
pre-existing discontinuities that can sometimes be identified a priori. However, cases may occur
where the failure occurs partly along the discontinuities and partly through bridges of intact rock,
which is a case in between these two modes.

The majority of rock slope instabilities are caused by blocks formed by the intersection of
individual discontinuities; this is because, as already mentioned, the strength of the intact rock in
the formed blocks is much higher than shear strength of the discontinuities.
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(a) Many discontinuities, weak (b) Few discontinuities, strong
rock mass, equivalent continuum. rock mass, discontinuum.

Figure 2.1 - Rock slope failure mechanisms (Hudson, et al., 1997).

Figure 2.2 presents idealized and simplified illustrations of the most common failure
modes. The geometry of the curvilinear slip surface in (a) is a function of the geometry of the
slope, the shear strength and the degree of fracturing of the involved material. Figure 2.2 (b), (c)
and (d) show how the boundaries of the instability are governed by the discontinuities, giving
essentially one or more faces to the sliding or block detachment, which occurs when the driving
force exceeds the resisting forces, disrupting the limit equilibrium along these discontinuities.

N4

(a) Curvilinear failure (b) Plane failure (c) Wedge failure (d) Toppling failure

Figure 2.2 - Most common rock slope failure modes (Simons, et al., 2001).

In the curvilinear failure mode, a heavily jointed and weathered rock mass exhibiting a soil-
like mechanical behaviour slides along a curvilinear surface towards the free face of the slope. The
shape and depth of the slip surface depends on the strength characteristics of the rock mass.

In plane failure mode, the rock block slides along a single face determined by pre-existing
weaker planes striking parallel to the slope face and dipping towards the slope face at an angle
greater than the angle of internal friction along the sliding plane. Similarly, in wedge failure mode,
the block slides simultaneously along two intersecting discontinuity planes that strike obliquely
to the slope face, sliding occurs along their line of intersection into the slope face if the inclination
of this line exceeds the frictional resistance of the discontinuity surfaces.

In toppling failure, multiple rock columns or layers formed by steeply dipping joint sets ro-
tate around their bases towards the slope face, potentially leading to detachment or overturning
of the rock blocks when the limit equilibrium state is exceeded.

Itis worth noting that in large rock slopes composed of a variety of rock types and structural
features, more than one of the basic failure modes mentioned above may occur in combination.
At the same time, it is not uncommon for multiple basic failure modes to occur within a single
sliding mass at a given site.

A more extended and well known classification system is the one proposed by Varnes
(1978), presented in Table 2.1. This classification considers that different types of landslides can
be differentiated by the kind of material involved and the mode of movement.
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Table 2.1 - Slope movement classification (Varnes, 1978).

TYPE OF MATERIAL
TYPE OF MOVEMENT BEDROCK . SOILS . .
Coarse-predominant Fine-predominant
FALL Rock fall Debris fall Earth fall
TOPPLE Rock topple Debris topple Earth topple
ROTATIONAL . L .
SLIDE TRANSLATIONAL Rock slide Debris slide Earth slide
SPREAD Rock spread Debris spread Earth spread
FLOW Rock flow Debris flow - Earth flow
(deep creep) (soil creep)
COMPLEX Combination of two or more principal types of movement and/or materials.

2.2 Stability Analysis of Rock Slopes

The stability of rock slopes is greatly controlled by the shear strength along the discontinu-
ities and interfaces between the unstable rock block or mass and the intact rock or stable mass,
as well as by the geometric interaction of joint sets in the rock mass forming the slope. The deter-
mination of the magnitude of the available shear strength along the joints and interfaces is a
difficult task due to the inherent variability of the material and the difficulties and limitations
associated with sampling and laboratory testing. According to Bromhead (1992) and Abramson
et al. (2002), some of the factors that directly or indirectly influence the strength include:

(a) The planarity and smoothness of the joint’s surfaces; a smooth planar surface will have
a lower strength than an irregular and rough surface.

(b) The inclination of the discontinuity plane with respect to the slope.

(c) The width of the opening of the discontinuity, which can range from a slight opening to
a noticeable joint.

(d) The extent of the weathering along the surfaces and the possible infill of the joints with
soft material.

In practice, the shear resistance is often estimated through parameters such as cohesion
and friction angle within the framework of the Mohr-Coulomb representation, which can be de-
rived from laboratory shear tests or field back-analysis. For rock engineering applications, the
formulation proposed by Hoek (2002) is widely used to link discontinuity shear strength to sur-
face condition, roughness, and infill characteristics, allowing the estimation of shear strength
parameters when direct testing is not possible.

Once the failure mode has been recognized and the joint strength determined, the factor of
safety can be estimated using the principle of statics and free body diagrams created based on
geological maps and surveys. All the relevant forces acting on the slope are evaluated and applied
to the system.

Limit equilibrium methods have been fundamental in developing a basic understanding of
rock slope stability. These methods are based on simplifying the slope into discrete slices and
evaluating the balance of forces and moments acting on them. The factor of safety can be esti-
mated by assuming a potential failure surface and analysing the resisting and driving forces along
it. Limit equilibrium approaches are particularly useful for identifying critical failure surfaces, un-
derstanding how different geometrical and material properties influence stability, and providing
an initial assessment prior to conducting more detailed analyses.

Numerical methods complement limit equilibrium approaches by allowing more detailed
and flexible analysis of rock slopes. Without the requirement of a predefined sliding surface, they
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can simulate more complex geometries, heterogeneous materials, and combined failure mecha-
nisms that are difficult to capture with traditional approaches. These methods are particularly
valuable when slopes fail due to the combination of different processes or additional mechanisms
such as erosion, material failing or sliding. Numerical models can also incorporate time-depend-
ent effects, dynamic loading, and interactions between multiple forces, providing a more realistic
prediction of slope behaviour under various conditions.

2.2.1 Stability Analysis Workflow

Given the wide variability in geological conditions, material properties, and loading scena-
rios, it is essential to adopt a systematic and flexible workflow that can be extended to different
types of slope stability problems. A typical slope stability analysis workflow is presented by
Lambert, et al. (2011); it can be applied for both soil and rock slopes, providing a structured
framework that integrates site characterization, selection of appropriate material parameters and
analysis methods, stability evaluation, and finally the design of mitigation structures. This work-
flow example is divided into six phases:

(1) Preparation and data collection phase.

(2) Definition of potential failure scenarios.

(3) Stability and/or runout analysis.

(4) Validity check and validation of analysis results.
(5) Interpretation of the model results.

(6) Results processing and presentation.

Whether all six phases are carried out depends on the level of detail of the analysis. In gen-
eral, three different levels of detail can be defined. The firstlevel (L1) provides an overview, which
is mostly, but not necessarily, used at a regional scale with the objective to obtain a rapid first
indication of potentially unstable ones for large areas. The second level (L2) is a local view, mostly
but not necessarily applied at the scale of a community, this often accounts for hazard maps. The
third level (L3) zooms in on a part of a single slope affected by potential instability. This last is a
highly detailed level required for the design of structural measures. In a cartography terminology,
L1 would roughly represent map scales of 1:50.000 to 1:10.000, L2 would correspond to 1:10.000
to 1:5.000, and L3 to 1:5.000 to 1:1.000 (Bundesamt fiir Umwelt (BAFU), 2011).
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Chapter 3

The Rockfall Phenomena

Rockfall is a natural geological hazard that occurs when rock fragments detach from a steep
slope or cliff, driven by gravity and other contributing environmental factors. Rockfalls represent
one of the most rapid and unpredictable types of slope movement, often occurring with little or
no warning. Although individual events may involve relatively small volumes of material, their
high velocities and impact energies make them particularly dangerous for infrastructure, trans-
portation corridors, human activities, and lives on their path.

3.1 Triggering Factors of Rockfall

Rockfall occurrence is controlled by a combination of long-term predisposing conditions
and short-term initiating events. The long-term conditioning factors are intrinsic and slowly
evolving characteristics of a slope that determine its susceptibility to rockfall. Key conditioning
factors include lithology, rock mass strength, degree of jointing and fracturing, orientation of dis-
continuities, and presence of weathered areas, among many others. The short-term initiating
events act as the trigger of the phenomenon; they represent the final cause that disrupt the bal-
ance between driving and resisting forces, consequently, setting the mass in motion. Depending
on their origin, triggering factors can be classified into natural and anthropic.

Natural triggering factors include intense or prolonged rainfall, snowmelt, freeze-thaw cy-
cles, seismic and volcanic activity, and strong temperature fluctuations. These processes can
increase pore water pressure, induce crack propagation, or generate dynamic loading that leads
to failure. In many mountainous and cold regions with rockfall predisposing conditions, seasonal
climatic variations are a controlling factor in the temporal distribution of rockfall events.

Anthropic triggering factors, associated with human activities, also can disturb the natural
equilibrium of slopes. These include vibrations induced by blasting operations in mining and
quarrying, road and tunnel construction activities including slope cutting, and deforestation,
among others. Such activities may act as direct triggers or may accelerate the ongoing degradation
process, shortening the time to failure.
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3.2 Rockfall Analysis

When characterizing an active rockfall area, a complete rockfall analysis is needed to fully
comprehend the level of hazard affecting the zone. A rockfall analysis consists of two key compo-
nents: the delimitation of the invasion area and the intensity of the rockfall event. This analysis
aims at evaluating the trajectories and intensity of the potentially falling blocks; and it is essential
for identifying vulnerable areas, the elements within them, and implementing effective stabiliza-
tion or protection measures.

It is common to define three important zones on each slope affected by active rockfalls.
Figure 3.1 represents these three zones, the uppermost is the release zone, also called source,
which is the area where the rock blocks detach and the rockfall process is initiated. In most cases
it corresponds to a bedrock outcrop forming a steep rock wall. The second zone is the transit zone,
which is the area through which the falling rock traverses by means of different movement
mechanisms. The last one is the deposit zone, the area where the rock blocks stop moving because
its energy has been completely absorbed by the downslope movement process from its source.

There is an inevitable overlap between the transit and deposit zones because different
blocks have varying shapes, sizes, and trajectories, dissipate energy differently along their path
and stop at different spots along the slope.

release zone deposit zone
A

—A transit zone / Y

A

\

Figure 3.1 - Typical zones on a rockfall active slope (Lambert, et al., 2011).

Applying the procedure introduced in Section 2.2.1, a workflow specifically for a rockfall
affected area can be derived. Lambert, et al. (2011), in the book Rockfall Engineering, present an
example of a workflow diagram applied to a rockfall trajectory study, which is reported in
Table 3.1.
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Table 3.1 - Workflow chart for a rockfall trajectory study (Lambert, et al., 2011).

Flow chart - rockfall trajectory study

1. Reviewing recorded historical events and existing studies

Defining volumes of potentially unstable rock
Release zone masses using discontinuities

Carrying out a rock slope stability analysis
Mapping slope surface characteristics

2. Fieldwork | Recording location, size and shape of
| Transit/deposit zone deposits

A. Preparation Checking rockfall frequency using tree
impacts
Inventorying existing protective measures

3. Interviewing local inhabitants/experts
Preparing and verifying digital terrain
model / profile

P i del input dat
4. TrERANNG Modes INpUL oA I Digitizing slope surface parameters

Digitizing protective structures / forest

Y 1. Defining release location(s)
B. Release scenario definition | 2 Defining size and shape of the falling rock(s)
l 3. Defining the temporal occurrence probability, if possible,
Repetition of simulations until results (energies, passing heights, runout)
C. Rockfall simulation converge, i.e. difference between simulation results and field observations
7 at a location of interest smaller than a given %

Comparing with field observations (stopping positions, impact heights on
trees, impact craters) and with your intuition (gut feeling) as expert

i ¥

e ————

v Estimating the effect of elements existing in reality not represented in the
T 2. model (e.g., ditches, road embankments, complex rock shapes, extreme slope
D. Plausibility check / e i)
validation

S

Comparing with simple methods (e.g., energy line approach)

If after step 1, 2 and 3, the simulated results cannot be explained, step C
4. and D can be iteratively repeated with slight modification of a sensitive
parameter, which was difficult to fix in the field (an uncertain one)

= = 1. Post-processing for removal of outliers (if existing)
E. Fixation of model results

2. Defining the validity domain of the model results
l Deriving/creating a spatially distributed dataset, using the interpreted
1 results that have been validated and fixed in step E, which provides
F. Transformation into " information on runout zones and rockfall kinematics for the defined
rockfall process maps study area

If considered appropriate, a temporal occurence probability could be
defined for the created process map(s)

ha

3.3 Characterization of Rockfall Release Areas

To assess the rockfall level of hazard or risk, the location of the potentially unstable rock
areas must be identified, the block volume estimated, and their susceptibility to failure and event
return time evaluated. The estimation of the temporal occurrence requires a detailed historical
inventory of the rockfall events that have occurred in the area under investigation. In many cases,
historical inventories are either non-existent or insufficient for an accurate analysis. Therefore,
researchers often rely on susceptibility analysis to assess relative hazard, as these methods func-
tion independently of the temporal frequency of the events.

Several authors have proposed methods for assessing a relative hazard for these events. In
this context, Napoli, et al. (2024) introduced a methodology based on a Susceptibility Index to
Failure (SIF), designed to quantify the propensity of block detachment associated with rockfall
events.
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3.3.1 Susceptibility Index to Failure (SIF)

The SIF index can be defined based on the presence and intensity of a group of causative
factors. These factors are classified according to the investigated environment, mountainous or
coastal-marine, and the analysis scale, small or medium-large. In association with a suitable sys-
tematic method, the SIF index can be assigned to individual source points. This enables the
implementation of a weighted frequency 3D runout analysis, leading to more reliable relative
rockfall hazard, or susceptibility, and risk maps.

In order to assess the susceptibility to failure of the analysed sources, the main factors re-
sponsible for rock block detachment were selected for different scales of interest and
environments according to a detailed literature review, these factors are presented in Table 3.2.
The first part of the table includes the causative factors that are applicable to any territorial con-
text, the final section contains those specific of a coastal-marine environment. Each factor (f) is
ranked into classes to which a numerical score (P) is assigned, ranging from the lowest suscepti-
bility to failure (0), to the highest (3). An exception is given by the presence of stabilization works
if they are considered sufficiently efficient or effective in reducing the probability of block detach-
ment; therefore, a negative score, up to a maximum value of -1 can be assigned.

By collecting information, conducting surveys and analysing the data, the presence and in-
tensity of each causative factor can be determined. Subsequently, a rockfall Susceptibility Index to
Failure (SIF), in the range 0 to 1, can be calculated and assigned to each rockfall source point con-
sidered, according to the following equation:

SIF = Y(Pri) — X min(Pr;)

_ (Eq.3.1)
Y max(Py;) — ¥ min(Py;) €l0.1] !

where fi is the ith factor of Table 3.2; Py is the weight assigned to the ith factor from the table;
2min(Ps) equals the summation of the minimum weights that can be assigned to all the factors;
and Zmax(Pys) equals the summation of the maximum weights that can be assigned to all the fac-
tors.

It is important to remark that if one or more of the factors cannot be evaluated or detected,
the summations 2min(Py) and XYmax(Ps) must not take into account the contribution of these pa-
rameters. The reason to this is that since its weight cannot be defined it can only be assumed null,
such consideration may underestimate its true influence, and the SIF index would be in some way
affected by this assumption. On the contrary, if one or more parameters are present but they do
not affect the study area, their weight is zero; however, their contribution is indeed considered in
the calculation of the summations of the minimum and maximum weights, since their incidence
on the stability of the rock blocks is relevant.

This consideration is particularly important for comparative analyses between sites that
guide local authorities in prioritizing further investigations or implementing mitigation
measures. With all other factors being equal, if a specific parameter is absent at one site but pre-
sent at another, the resulting SIF index will differ. Consequently, this difference directly affects the
rockfall susceptibility and hazard assessment, even if the same number of rock blocks could im-
pact an element at risk, one site will present a higher relative hazard due to its greater SIF index.
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Table 3.2 - Factors and relative weights for SIF index calculation (Napoli, et al., 2024).

Factors affecting the susceptibility to failure of potentially unstable rock blocks - SIF Index
WEIGHT, P
FACTOR, f 1 0,5 0 0,5 1 2 3
Slope angle <15° 15°-30° 30° - 45° 45° - 70° >170°
Massive rock with o ¢ of T Cof di Thl;e,e S,T,ts of " More than three sets
Rock mass structural no ora few onesetol _rwoseto iscontinuities, roc of discontinuities,
.. . Lo discontinuities. discontinuities. mass subdivided into | . .
conditions * discontinuities. highly fractured rock
(In=0.1+1) (IJn=2+3) (Jn=4+6) small cubes. mass. (Jn=9+12)
) (In=9+12) )
Very troug}tl. surfaces; Slightly rough Slightly rough Slickensided surfaces Soft <s
L not continuous; . N . . oft gouge <5 mm
Condition of X surfaces; separation < [surfaces; separation <|or gouge <5 mm thick . X
. Lo no separation; . . . thick or separation
discontinuities * 1 mmy; slightly 1 mm; highly or separation 1-5 mm; .
unweathered wall . <5 mm; continuous.
rock weathered walls. weathered walls. continuous.
Stability conditions
(kinematic analysis Stable Partially stable Unstable
and/or factor of safety)
Fracturing degree of the
& deer Low Medium High Very high
- rock mass **
% |Lithology (sensitivity to :
E . Good quality ka Medium quality rock. Soft rock.
z |weathering processes Very low sensitivity L . -
S h inf: ind to weatherin Low sensitivity to High sensitivity to
— [Such as ram all, wind, & weathering process. | weathering process.
E sea spray, salt, etc.) process.
F t N d
g Expected rockfall W events Occasional events  [Many events (6/year); Hmerous an
= (1/10 years); no (Glyears) visible rockfall scars frequent events
= events rockfall scars. Y ’ ) (9/year).
= <
; Lo iitation: Moderate I?t_etn:e .
Z |water W precipitation; precipitation; a few precipitations;
no water seeps. numerous water
water seeps.
seeps.
Seismicity Low Moderate High Very high
Unstable blocks and/or
. None Present
overhanglng sectors
Aggravating conditions
(presence of faults, low P high
resistance interlayers, None Present, low criticity. Present, critical. resent.;v iry 8
K criticity.
heterogeneity, karst
features, etc.)
Lateral or foot erosion None Present
Fully | Partially
Stabilization works efficient/ | efficient/ None
effective | effective
Freeze-thaw cycles None Present
Moderate, or high . i Very high, with
Low, or altitude of | with favorable slope High, wnb ad@rse adverse slope
. . . slope orientation . .
Wave enargy the source area orientation (shore line orientation (roughly
= . . . |(roughly shore-normal
Z sufficiently high. subparallel to main shore-normal storm
=] storm wave fronts).
E storm wave fronts). wave fronts).
2 Not high enough to | Not high enough to | Directly affected by
s . .
E Non applicable. ext;lludeﬂposfsflblte‘ ex:il}xdetll)osfs\t}blte‘ t\'Iz;av‘es sdeabspraAy,
2 |Cliff directly exposed to Protective benches or | Undirectly effects undirectly effects ides and abrasive
z . . . . caused by waves and | caused by waves and | action of sediments,
= |waves/tides/ abrasive engineering ith ithout ithout protecti
< |action of sediment structures or high sea spray, wi sea spray, withou without protective
s |action of sediments clevation protective benches or | protective benches or benches or
’ engineering engineering engineering
structures. structures. structures.
Coastal retreat rate * Very limited / limited Significant

*detailed scale only

** medium-large scale only

3.4 Rockfall Risk Analysis

Risk analysis for rockfall events is based on probabilistic approaches that evaluate the po-
tential effects of the phenomena and represents a fundamental tool for land-use planning and the
design of structural mitigation works. In fact, the study of rockfall propagation is aimed at sup-
porting risk analysis for the design of protecting measures intended to mitigate the associated
hazard and risk.
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The level of risk is defined as the product of three main components: (i) hazard (H); (ii)
value of the element at risk (E), and (iii) vulnerability (V). Hazard represents the probability of
occurrence of a potentially destructive event in a given area within a defined time interval. The
elements at risk include all the constituents that can be exposed to the phenomenon. And vulner-
ability expresses the expected degree of damage suffered by the exposed elements. The
interaction between hazards, exposure of the elements at risk and vulnerability allows for the
definition of the expected level of risk for the area under analysis. In this context, a detailed un-
derstanding of the rockfall propagation process and the delimitation of the area of invasion is
essential.

Hazard assessment is typically carried out with the aim of developing hazard maps, where
each portion of the area under investigation is assigned with a specific hazard class associated to
a probability of occurrence. The construction of these maps generally involves five main parts:

(1) Typological prediction, aimed at identifying the type of instability expected and select-
ing the appropriate modelling approach;

(2) Spatial prediction, which defines the potentially unstable areas;

(3) Temporal prediction, used to estimate the time interval in which the event may occur;

(4) Evolution prediction, concerning the expected development and spatial extent of the
event;

(5) Intensity prediction, which evaluates the block volumes, velocity and the resulting ki-
netic energy value.

With specific reference to rockfall phenomena, risk analysis requires the implementation of
models capable of reproducing the different phases of block motion, which will be explained on
Chapter 4, as well as their frequency of occurrence and kinematic characteristics. As mentioned,
the main objectives of rockfall modelling are the identification of the runout area and the assess-
ment of the intensity of the event.

The runout area is identified as the envelope of all the possible block trajectories, extending
from the detachment zone to the limit of the deposit area. This information is crucial if there are
trajectories that may intersect the elements at risk, and the location of the stopping points helps
to assess whether blocks can reach vulnerable areas downslope. The intensity of the rockfall
event, generally expressed in terms of velocity or kinetic energy, is equally important as it defines
the potential damage and determines the required energy absorption capacity of the protective
structures.
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Chapter 4

Fundamentals of Rockfall Dynamics

After the limit equilibrium conditions are reached and one of the acting agents generates
the detachment of the block, downslope motion driven by gravity begins. Rockfall dynamics ana-
lysis is carried out by considering the motion of a single block that detaches from a steep rock
wall and propagates along the slope, interacting with the terrain through impacts, rolling, bounc-
ing and sliding mechanisms, with progressive energy dissipation that leads to the stopping of the
rock block.

4.1 Detachment

The initiation of movement is generally determined by a shear or traction failure along a
present discontinuity that divides the potentially unstable block with the stable part of the rock
mass. The causes of failures have already been discussed in Section 3.1. When the block detaches,
it may undergo immediate free fall with a purely vertical trajectory in cases where the rock wall
is subvertical or has overhanging sectors, or it may topple, or slide on the wall itself when the
stability conditions are overcome, as illustrated in Figure 4.1.

(a) (b) (c)
Figure 4.1 - Detachment modes; (a) free fall; (b) toppling and (c) sliding.

Following detachment, the rockfall enters its motion phase. Depending on the initial condi-
tions, the detachment may involve a single block or a mass of blocks of varying sizes moving
driven by gravity. It is worth mentioning that during movement, this block or mass can evolve
into, or trigger, other instability phenomena, such as landslides or debris flow.
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4.2 Motion in the Air

The free fall motion occurs when the block loses its contact with the slope. This can happen
either after the detachment or along the downslope path where sudden changes in the topo-
graphic surface set off a new free fall motion. Classic free fall equations can be used to describe
this phase. In any case, to understand the motion of the block, it is necessary to know the velocity
immediately before and after the impact.

Under the assumptions of negligible air friction on the block, parabolic trajectory, and a
two-dimensional motion problem; the impact point, determined by the intersection between the
parabolic trajectory and a slope surface segment, illustrated in Figure 4.2, can be determined by
solving the following system of equations:

1 (x — x0)? X — X,
=——.g. -9 4y 2D
y 29 V2, % Vox (Eq. 4.1)

y—=Y1  X—X1

Y2—=YV1 X2—X1

where, g is the acceleration of gravity, the starting point is Py(xo, yo), with the initial velocity is
vo(Vxo, Vyo), and A(xy, y1) and B(xz yz) are points contained in the intersected slope segment. The
solution of the system provides the coordinates of the impact point P(xp, y»).

y
Y

0 X
Figure 4.2 - Parabolic trajectory of the falling block (Giani, 1997).

4.3 Impact on the Slope

After motion in the air, the block once again comes into contact with the slope. The impact
can be physically described as an impulsive event where the block arrives with a velocity having
a given magnitude and direction relative to the slope surface. In the moment when the block col-
lides with the slope, part of its kinetic energy is transformed into deformation of the ground
and/or the block itself. If a significant amount of the energy is dissipated by the impact, the impact
can be classified as inelastic. On the contrary, if the slope and the block are almost rigid elements
and no appreciable deformation occurs during the impact, the energy loss is minimal and the
block retains nearly the same kinetic energy after the impact; in this case, the impact can be con-
sidered elastic.
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Taking into account that impact is a superficial phenomenon, it is sufficient to know the
properties of the first couple of meters under the surface. In any case, the characteristics of the
terrain are affected by a high level of uncertainty since they are no easy to determine, and the
conduction of in situ tests become challenging when dealing with extensive and heterogeneous
areas. For this reason, analysis are carried out in selected representative zones, and the resulting
properties are then extrapolated to larger sectors. Given the large uncertainties, the problem of
the impact dynamics can be simplified by introducing coefficients of restitution.

4.3.1 Restitution Coefficients

Restitution coefficients represent the ratio between the outgoing and the incoming velocity,
that is, the ratio between the velocities after and before the impact. In this way, all the mechanical
characteristics of the block and the slope surface are condensed into a single coefficient, repre-
senting the impact dynamics providing a measure of the energy dissipation as a consequence of
the impact, without addressing the mechanical deformative process. Due to energy dissipation
during impact, these coefficients are lower than the unit and it is common to express them in
terms of their normal and tangential components:

vp Vg
R, =— R, =— (Eq. 4.2, Eq. 4.3)

where, v, are the velocities after the impact, and v, are the velocities before the impact. Figure
4.3 illustrates the instant of impact.

Figure 4.3 - Block's velocity components pre and post impact (Ribacchi, 2018).

Extensive data on restitution coefficients have been collected over the years by numerous
authors, like the classification shown in Table 4.1, derived from in situ experimental tests, real
cases observation or back analysis procedures. However, it is essential to highlight that these
coefficients vary depending on site specific conditions. For this reason, back analysis plays an
important role in case studies, where literature coefficients can be a starting point to the
retrospective analysis of the event, but they might need to be adjusted in order to reproduce the
event correctly.
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Table 4.1 - Restitution coefficients (Pfeiffer, et al., 1989).

Material Rn Rt

Bedrock or boulders with little soil or vegetation 0,33-0,37 0,83 -0,87
Talus slope with little vegetation 0,30-0,33 0,83 -0,87
Talus slope with some vegetation 0,30-0,33 0,80-0,83
Soft soil slope with little vegetation 0,28 -0,32 0,80-0,83
Vegetated soil slope 0,28 -0,32 0,78 -0,82
Hard surface paving 0,37-0,42 0,87 -0,92

4.4 Motion along the Slope

The behaviour of the block following the impact can vary. In the simplest case, all the energy
that the block possesses is absorbed during the impact and the block stops its motion. More gen-
erally, however, the block undergoes bouncing, rolling, or sliding motion phases (Giani, 1997).

During a real case of downslope motion, the concepts of pure rolling or pure sliding are
theoretical. When analysing these motion types with traditional dynamics approaches, the block
is idealized as simple geometric shapes, such as spheres, ellipsoids or discs, and the slope is as-
sumed to be perfectly planar. In reality, the irregularities of both the block and the slope surface
invalidate these assumptions and, consequently, a redefinition of the problem is necessary.

Experimental observations (Azzoni, et al, 1991) indicate that the motion more analogous
to rolling is rotation in the air with multiple collisions. In order to simplify the problem, the mass
is considered as a circular rigid body that rolls downslope in the presence of rolling friction. A
scheme of the idealized model with all the parameters required to define the problem is shown in
Figure 4.1.

Figure 4.4 - Rolling phase motion (Giani, 1997).

The line of action of the normal force N does not intersect the point of contact between the
block and the slope surface, instead, it has an eccentricity relative to it. This displacement of the
application point of the normal force, generates a restoring moment, which is directly correlated
with the rolling resistance. For a rock falling down a natural slope, this phenomenon is signifi-
cantly more complex.

Resistance to motion occurs due to both the non-linearity of material behaviour and, more
importantly, the irregular shapes of the rock and the rolling surface. Therefore, there is the need
of consolidating this complex phenomenon into a single rolling friction coefficient, which can be
calculated following the formulation proposed by Statham (1979) and Azzoni, et al. (1991):
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d
tand,q = tang, + KB (Eq. 4.4)

where, tangy is the dynamic rolling coefficient, K is a parameter obtained experimentally, d the
characteristic diameter from the granulometry of the material composing the slope, and D is the
diameter of the block. As for the restitution coefficients, values of the dynamic rolling coefficient
are presented in the literature according to numerous authors.

4.5 Rock Block Shape and Volume Effects

Field observations of rockfall experiments allowed to highlight how blocks having different
shapes and mechanical resistance follow distinct trajectories and exhibit different failure types
during their motion along the slope. Blocks composed of relatively soft rock present polyhedral
shape, this is because repeated impacts with the slope surface lead to progressive edge breakage.
As impacts accumulate, blocks tend to evolve their motions due to the progressive forming of a
more rounded shape, as shown in Figure 4.5.

(a) Initial cubic shaped block (b)Edge breakage during impacts (c)Rounding of the block
shape along its trajectory

Figure 4.5 - Variation of the block shape during its trajectory (Giani, 1997).

In the case of blocks that detach from rock masses having a schistose structure, impact often
induce failure along the schistosity planes, these fractures generate blocks with a tabular or lam-
inar shape that will govern their motion mode.

Experimental investigation on in situ rockfall tests by Giani (1992) demonstrate that both
shape and dimensions of the falling block significantly influence the post-impact behaviour. When
prismatic blocks impact the slope with one of their faces, the most probable subsequent move-
ment is the sliding, which persist until the slope surface conditions induce tipping or free fall.
Alternatively, when impact occurs along the block edges, the most likely motion mode is tipping
followed by rolling. These landing alternatives are schematized in Figure 4.6.

free fall free fall
Vd

P

impact [(D i
) / >/

(‘ tipping/rolling

sliding

tipping/rolling

(a) motion modes after face impact  (b) motion modes after edge impact

Figure 4.6 - Most probable motion modes after (a) face or (b) edge impact (Giani, 1997).
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In addition, these in situ observations showed that if the block has a volume greater than
the characteristic diameter of debris covering the slope, the impact results in a greater energy loss
and the block tends to roll. If the slope surface is rough and undulated, rolling is combined with
tipping. In contrast, if the block dimensions are lower than the characteristic diameter of the
slope covering, the tipping mode is predominant over rolling with multiple impacts along the tra-
jectory.

4.6 Vegetation Effects

Slope vegetation has a dual effect in the detachment phase of the rockfall phenomena. In
wet climates that favour vegetation and particularly tree growth, roots can penetrate considerably
into cracks on the bedrock surface, acting as a triggering agent to rockfall activity. Root growth is
often strong enough to open and extend cracks and even create new fractures into the intact rock,
allowing also for water infiltration and accelerate the weathering process. However, roots can also
form a containing net for blocks attaching them to the slope, therefore, reducing its probability of
detachment.

roots stabilizing
the block

» rock fracture

(a) destabilizing effect (b) stabilizing effect

Figure 4.7 - Vegetation effects on detachment (Al generated image).

During rockfall dynamic phases, vegetation plays the role of a natural protection, deflecting,
slowing and stopping falling blocks. The impacts against the trees follow the same rule as the
block-slope impacts, with different magnitudes of restitution coefficients. These impacts can sig-
nificantly influence the trajectory and energy dissipation of the falling block, depending on the
forest density, as well as tree diameter, height, and species.
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Chapter 5

Modelling Methods and Computational Tools

For the definition of the risk level, described in Section 3.4, it is necessary the implementa-
tion of an analysis model capable of describing the different phases of the block movement
downslope, as well as the frequency of occurrence and the magnitude of the event in terms of
kinematic variables. The objective is to identify the areas that might be impacted and to quantify
the energies, passing frequency and bouncing heights of the falling blocks.

5.1 Rockfall Modelling

When modelling a dynamic process such as rockfall, one of the main challenges lies in the
selection of input parameters, particularly those that strongly influence the results, such as slope
roughness and restitution coefficients. For this reason, model validation, also referred to as back
analysis, is always recommended; it is performed by comparing simulation outputs with observed
events in terms of frequency, involved volumes, runout area, impact energy, and the resulting
damage to the elements at risk. In the field of rockfall modelling, several classifications can be
considered according to:

(a) Spatial representation: Two-dimensional (2D)
Almost three-dimensional (2.5D)
Three dimensional (3D)

(b) Mathematical formulation: Analytical approach
Numerical approach

(c) Block modelling: Lumped mass
Rigid body
Hybrid

(d) Simulation strategy: Deterministic
Probabilistic

Based on the spatial dimensions considered, 2D models simulate block motion along a sin-
gular longitudinal slope profile and assume that the block movement is confined to a vertical
plane. Whereas computationally efficient, they do not capture lateral dispersion effects. Almost
three-dimensional models extend the 2D approach by considering multiple slope profiles and in-
troducing statistical variability to account for lateral dispersion, representing a compromise
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between efficiency and physical realism. Finally, 3D models simulate block motion on a full spatial
representation of the slope surface, allowing for free movement in all spatial directions. These
models provide the most realistic description of rockfall trajectories and impact distribution but
involve higher computational effort and more detailed input data.

According to the mathematical formulation used, models can be grouped into analytical and
numerical models. Analytical rockfall models are based on simplified, close-form equations that
describe the motion of a falling block using idealized assumptions. These models typically repre-
sent the block trajectory through basic kinematic relations and empirical rebound laws, and due
to their simplicity, they are computationally efficient and suitable for a preliminary assessment;
however, their limitation lies on their ability to represent complex slope geometries, block-slope
interaction, and trajectory dispersion. On the other hand, numerical rockfall models simulate
block motion through step-by-step integration of the governing equations of motion. This ap-
proach allows for a more detailed representation of the physical processes involved, including
multiple impact phases, energy dissipation, and complex geometries interaction. Numerical anal-
ysis can be implemented in all the kinds of spatial representation. As a result, they are widely used
for detailed hazard and risk assessments, despite requiring higher computational effort and de-
tailed parameter calibration.

Considering how the falling block is represented, the models can be classified into lumped
mass, rigid body or hybrid approaches. In lumped, or point, mass models, the block is idealized as
a point having a defined mass, neglecting its shape and rotational motion. Energy losses during
impacts are typically described using empirical restitution coefficients. Rigid body models repre-
sent the block with defined geometry and allow for both translational and rotational motion. This
approach provides a more realistic description of block-slope interactions, but requires more
complex contact formulations and, thereby, it has an elevated computational cost. Hybrid models
combine features of lumped mass and rigid body approaches in order to balance efficiency and
physical realism. In these models, the block is represented as a point mass during most phases of
motion, while rotational effects or simplified geometric characteristic are introduced during im-
pacts and rebound only. Hybrid approaches are particularly suitable for probabilistic analyses,
where a large number of simulations is required while maintaining a reasonable level of physical
consistency.

Finally, rockfall models can be classified according to the type of analysis adopted. Deter-
ministic analysis use fixed input parameters and produce reproducible results for a given
scenario. In contrast, probabilistic analysis accounts for the inherent variability and uncertainty
of input parameters by assigning statistical distributions and performing multiple simulations.
For this reason, the adoption of a probabilistic approach is recommended, as it allows the trajec-
tory dispersion to be accounted for by considering uncertainties related to the detachment source
location, block size, initial release conditions, slope characteristics, and the simplifications inher-
ent in the model equations when compared to the real physical process.

In the following sections, a detailed description of the software tools that will be applied
throughout the development of the case study will be provided. These tools were used for data
processing, analysis, simulation and result validation. The following sub-sections describe the
main functionalities of each software, the input and output data, and their role within the work-
flow.
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5.2 Dips

Dips is a specialized graphical and statistical analysis software developed by Rocscience Inc.
It is designed for the interactive analysis and visualization of orientation based geological data
using the stereographic projection techniques described in Section 1.2.1. The program allows the
user to examine structural data such as planes, poles, clustering, and intersections on stereonet
projections, following the techniques used in traditional stereonet construction enhanced with
computational features. In addition, many computational features are available, including statis-
tical contouring of orientation clustering, mean orientation calculation and quantitative and
qualitative feature attribute analysis.

The primary input data for Dips are discontinuity measurements expressed commonly as
dip and dip direction, which may be obtained from geological structural surveys, boreholes, or
digital mapping techniques; additional discontinuity properties such as the presented in Section
1.2.1 can also be included for the statistical analysis. The software process these data to produce
graphical and statistical outputs.

5.3 QGIS

QGIS is an open-source Geographical Information System (GIS) software, created and sup-
ported by the Open-Source Geospatial Foundation (0OSGeo), primarily used for the visualization,
management, analysis, and interpretation of spatial and georeferenced data. It allows users to
integrate data types, such as vector and raster layers, satellite imagery, and attribute tables, ena-
bling visual analysis, mapping and data-driven decision making in academic, engineering and
scientific applications. A key feature of QGIS are their extents through plugins that can be used to
perform specialized tasks such as spatial analysis automation, terrain analysis and even rockfall
runout analysis, allowing the software to be customized to meet the specific requirements of a
given project or case study.

5.3.1 QPROTO plugin

The QPROTO plugin (QGIS Predictive ROckfall TOol) was created for implementing the well-
known Cone Method in the QGIS environment. The Cone Method is a three-dimensional variation
of the Energy Angle Method, a simplified model in which the complex dynamics of rockfall prop-
agation are represented as an equivalent sliding motion of a rigid block along a straight line,
referred to as energy line. The line connects the rockfall source to the farthest limit of the deposi-
tion area at the foot of the slope, and its inclination is defined by the energy angle (¢,) (Castelli,
et al, 2021). This principle, illustrated in Figure 5.1, can be used to model the runout distances
of moving masses. The rockfall velocity v(x), and consequently the rockfall energy, at a given hor-
izontal coordinate x given that the rock mass is known, can be easily calculated as it follows:

v(x) = f,y/2gAh(x) (Eq. 5.1)

where, f; is a velocity correction factor, g is the acceleration of gravity and 4h is the height differ-
ence between the energy line and the topography at a given horizontal coordinate x. Assuming
that the rotational energies represent around 20% of the total kinetic energy of a falling block, f,
is set to 0,9 (Lambert, et al., 2011). Nowadays, the energy line principles are still commonly used
in rockfall modelling, often in a 2D spatially distributed form.
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#,= energy line angle

(b)

X

Figure 5.1 - Energy line principle, (a) aerial representation of a slope and rebound positions of a rockfall
event; (b) slope cross-section with the energy line of the rockfall event (Lambert, et al., 2011).

As mentioned, the Cone Method is a three-dimensional variation of the Energy Line Method,
where rockfall propagation is modelled by projecting a series of three-dimensional cones from
the identified source points. These cones represent a potential energy dissipation envelope and
are defined by an energy line angle and a lateral dispersion angle in the horizontal plane. The
intersection between the cones and the digital terrain model delimitates the potential rockfall
propagation area, as terrain cells located below the energy line are considered reachable by falling
blocks. Through the Cone Method is also possible to evaluate the velocity v(x,y) of the falling block
on a given point P(x,y) of the slope surface by using the following equation:

v(x,y) = J 29 |H (o, y0) = hp (. ) — tangp/ (x = %0)2(r = y0)? | (Fa.52)

where, g is the gravity acceleration, xy and yy are the coordinates of the source point, H(xgyo) is
the elevation of the source point, h,(x,y) the elevation of the topographic surface at P(x,y) and ¢,
the energy angle. In Figure 5.2, the heights at the location of point P are linked to the energy bal-
ance of the falling block. H(xy,ys) represents the total energy content of the block, which is defined
by the conservation principle as the sum of the potential h,(x,y) and kinetic hi(x,y) energy, consid-
ering also friction or dissipative contributions.

Energy Line

Hix,y,)

x

North ¥

Figure 5.2 - Cone method representation (Castelli, et al., 2021).
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From the velocity, it is possible to obtain the kinetic energy at each point of the cone adopt-
ing the following relationship:

1
Ex(x,y) = Em[v(x, ? (Eq. 5.3)

where, m is the mass of the block and v(xy) is the velocity at point P(x,y).

It is important to consider that the calculated energy does not takes into account the com-
bination of free flight, bouncing, rolling and sliding phenomena that actually occur during the
propagation phase, all these movement mechanisms are simulated through an equivalent sliding
motion. Energy estimation through the Cone Method can provide a preliminary assessment of the
hazard, which is useful for identifying the most critical zones within a wide area in terms of both
trajectory intensity and susceptibility.

The QPROTO plugin is based on GRAS GIS7 module r.sviewshed, which allows the evaluation
of the visibility of surrounding areas from a given set of viewpoints, as illustrated in Figure 5.3.
Each viewpoint represents the apex of a visibility cone covering a portion of the slope. As de-
scribed previously, the geometry of the cone is defined by three angles: the dip direction, the
energy angle, and the lateral dispersion angle (Figure 5.2). An additional visibility distance pa-
rameter, defined as visibility distance, delimitates the maximum extent of the analysis.

Seen Mot Seen Seen

viewer1 &4

Figure 5.3 - Viewshed map creation (http://www.innovativegis.com).

Up to date, the QPROTO plugin is the only available tool that allows to assign different pro-
pensity detachment index, i.e. SIF index, to each source point, weighting and differentiating
accordingly the most likely source areas to trigger rockfall events. The detachment propensity
index allows the calculation of weighted frequency or susceptibility map and time-independent
spatial hazard maps. The susceptibility map describes the spatial distribution of the rockfall event
over the propagation area, highlighting the most affected areas with a simplified non-temporal
probability of being reached. Time-independent hazard maps combine information of the detach-
ment propensity of each source point with the estimated kinetic energy at each cell of the
propagation area, in this way, each cell in the invasion area is associated with weighted energy
values.
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For a proper execution of the plugin, vector and raster files, and a set of source points, each
representing a single block in the source areas, need to be created a priori. To each source point,
the attributes listed in Table 5.1 have to be associated. Some of the mentioned attributes can be
inferred with analysis tools from the DTM, such as point elevation and aspect; others have to be
defined by the user on the basis of available information about slope geometry and condition, like
the energy and lateral angles and the detachment propensity index. At last, boulder mass related
to a specific scenario, characterized by a reference block volume.

Table 5.1 - List of attributes needed to perform a propagation analysis with the QPROTO plugin.

No. Attribute Description Units
0 ID identification number of the source point -
1  ELEVATION height of the source point a.s.l. m
2 ASPECT dip direction of the slope in the source point °
3  ENERGY ANGLE energy line angle of the cone with apex in the source point °
4  LATERAL ANGLE lateral angle of the cone with apex in the source point °
5  VISIBILITY DISTANCE distance to which the analysis can be extended m
6  DETACHMENT PROPENSITY detachment propensity index of each source point -
7  BOULDER MASS mass of the rock block kg

The output of the QPROTO analysis are 10 raster files, listed in Table 5.2.

Table 5.2 - List of the QPROTO output files.

File name Type Description
count Raster map Number of source points that each cell can view
susceptibility Raster map Weighted view frequency
v_min Raster map Minimum computed block velocity
V_mean Raster map Mean computed block velocity
v_max Raster map Maximum computed block velocity
e_min Raster map Minimum computed block energy
e_mean Raster map Mean computed block energy
e_max Raster map Maximum computed block energy
w_en Raster map Maximum weighted kinetic energy
w_tot_en Raster map Total weighted kinetic energy
finalpoints Shape file Details on points located in the runout zone
log Log text file Report of the computed analysis

After the computation, the outputs are automatically loaded within the QGIS visualization
screen. Velocity and energy raster values are expressed in m/s and Joules, respectively. The count
and susceptibility files are associated with a qualitative classification on a five-level scale.

5.3.2 RADAR Plugin

Through the application of the RADAR plugin, the Source Affecting Index (SAI) can be de-
termined. This index allows the characterization of the source areas according to their greatest
affecting potential, i.e. source areas from which blocks impacting the selected elements at risk are
most likely to detach. This approach is applied with reference to specific elements at risk located
within the rockfall invasion zone and serves to the identification of critical sectors on the source
area where additional surveys have to be carried out, and where monitoring systems or active
mitigation structures can be most effectively installed to mitigate the overall risk (Milan, et al.,
2023).
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The RADAR tool allows for implementing systematically this methodology for identifying
the most influential rockfall sources with reference to specific elements at risk placed within the
invasion area. The Ranking of Affecting Potential of Detachment Areas in Rockfall (RADAR) was
introduced in the QGIS environment as a plugin.

The RADAR analysis uses the finalpoints vector file given as output by the QPROTO analysis;
therefore, is designed to be used sequentially with QPROTO in QGIS. At the area of study, within
the rockfall event invasion area, specific elements at risk can be selected. Each of these elements
at risk is affected by different points belonging to the source areas with a given frequency, this
means that there are sectors of the source areas that most affect the elements at risk. The inputs
required for the RADAR analysis are:

(1) the sourcepoints vector file used in the preliminary runout susceptibility analysis con-
ducted with QPROTO;

(2) the finalpoints vector file, output of the QPROTO analysis that represents the set of
points visible from the source points, i.e., the points that can be impacted by rockfall
events originated from the source areas; and

(3) the criticalareas vector file, a set of polygons containing the elements at risk located in
the invasion area, on which the RADAR analysis is focused.

The analysis begins by assessing the correspondence between the sourcepoints and the
finalpoints within the criticalareas, collected in a vector file referred to as finalpoints_crop. Since
multiple final points may overlap inside one cell affected by rockfalls from different sources, it is
necessary to treat the overlapping final points as distinct entities. For this reason, for each source
point, the number of points belonging to finalpoints_crop is determined and included in the
attribute table of the sourcepoints vector as Distinct_FP.

This correspondence allows for the computation of the Geometrical Affecting Index (GAI),
defined as the ratio between the corresponding Distinct_FP value and the total number of DTM
cells contained in the criticalareas and containing at least one finalpoint cell associated, named
Total DFP; multiplied by 100. The index ranges between 0, for source cells that do not generate
any finalpoint within the critical areas, and 100, with a maximum influence for source cells whose
finalpoints intersect all the DTM cells of critical areas, and can be mathematically expressed as:

Distinct_FP
Total_DFP

Then, the GAI is combined with the SIF index associated with each source point to account
for the detachment propensity of the source areas. This results in the SAI, which is added in the
attribute table.

GAI (%) = 100 (Eq. 5.4)

SAI(%) = GAI - SIF (Eq. 5.5)

The resulting Source Affecting Index can therefore be interpreted as a weighted GAI that
integrates the influence of slope morphology through the viewshed analysis, the physical charac-
teristics of the falling blocks and the runout zone by means of the Cone Method analysis, and the
stability conditions and runout susceptibility of the source zones through the SIF.

The final result of RADAR is the characterization of each source point with new attributes,
specifically, Distinct_FP, Total_DFP, GAI, and SAI, described in Table 5.3, which can be used to cre-
ate source influence maps.
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Table 5.3 - List of attributes output of the RADAR plugin.

No. Attribute Description Units
8 Distinct_FP number of cells contained in the critical areas visible from a source cell. -
9  Total DFP number of cells in the critical area containing at least one final point -
10 GAI Geometrical Affecting Index of the source point %
11 SAI Source Affecting Index of the source point %

[t is important to note that the GAI and SAI indices of a source point depend on the choice
of the exposed elements, i.e., the critical areas. A source point may strongly influence one exposed
element, like a road, but it might less influential concerning another element, for example, a resi-
dential area. Consequently, the release relevance of the detachment points is not absolute, but
rather related to the considered level of importance of the exposed elements.

This formulation can be applied to any spatial representation, including discrete grid cells,
polygons, or points in a three-dimensional space. It provides a normalized measure of source in-
fluence on the elements at risk. The application of this approach allows the spatial distribution of
the Source Affecting Index to be mapped, highlighting the most critical release areas. This type of
analysis represents an effective tool for risk-oriented decision making, as it enables the concen-
tration of mitigation measures on the most influential source areas, thereby improving the
efficiency of both monitoring strategies and structural protection measures. This approach
uniquely directs the analysis from the elements at risk toward the source area where rock blocks
can detach, an inverted perspective to conventional methods that are applied from the source to
the element at risk.

5.4 RockyFor3D

Rocktfor3D is a three-dimensional simulation model developed by ecorisQ that calculates
trajectories of individual falling rock blocks. The model combines physically-based deterministic
algorithms with stochastic approaches, thereby classifying as a probabilistic process-based
rockfall trajectory model.

The model simulates the rockfall trajectories of blocks as 3D vector data, by computing se-
quences of basic parabolic free falls through the air and rebounds in the slope surface, as well as
impacts against trees when applicable. Particularly, the rolling phase is represented as a sequence
of short distance rebounds, while sliding of the block is not considered in the simulation. The
model flow diagram is shown in Figure 5.4, where the coloured figures indicate modelling steps
where changes in the fall direction of the simulated block may occur.
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Figure 5.4 - Flow diagram of Rockyfor3D (Dorren, 2024).

5.4.1 Input Data

The minimum input data required by Rockyfor3D consists in a set of 6 raster files in ESRI
ASCII grid format. All this raster maps are required to have the same map extent and the same
cellsize. It is important to mention that with increasing cellsize both the spatial precision of the
simulated maps and the accuracy of the simulated kinematics decrease; however, evidence
demonstrated that an ideal resolution is 2 x 2 m and that smaller resolution does lead to trajecto-
ries that take excessively long to develop. In the following list, the 6 raster maps needed for the
analysis will be described:

(1) dem.asc: araster map of a Digital Elevation Model (DEM), which describes the topography of
the area under analysis. From the DEM, the model calculates a slope map and an aspect map
after the approach proposed by Zevenbergen, et al. (1987).

(2) rockdensity.asc: a raster map describing the block density on each source cell. Raster cells
having a value of 0 will not be considered as source cells, while cells with a value between
2000 and 3400 kg/m3 will simulate the fall of blocks.

(3)(4)(5) rg70.asc, rg20.asc, rg10.asc: three different raster maps defining the slope surface rough-
ness, representing the blocks lying on the slope as the probability of a falling boulder
impacting an obstacle of a given height. The rg70 raster represents the height of a representa-
tive obstacle encountered in 70% of rebounds, rg20 corresponds to 20% of rebounds, and
rg10 to 10% of rebounds within the defined area, as exemplified in Figure 5.5. Roughness
values range from 0 to 100 m in all maps.
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Figure 5.5 - Obstacle heights representative for the70%, 20% and 10% of the surface.

(6) soiltype.asc: a raster map defining, with a value ranging from 0 to 7, the type of ground pre-
sent on the area and its elasticity. Rockyfor3D uses 8 soil types, listed in Table 5.4, directly
linked to normal restitution values.

Table 5.4 - Soiltypes used by Rockyfor3D and the related Rn values.

Soiltype General description of the underground mean Rnvalue  Rnvalue range

0 river, or swamp, or material in which a rock could penetrate com- 0 0
pletely

1 fine soil material (depth >~100 cm) 0,23 0,21-0,25

2 fine soil material (depth <~100 cm), or sand/gravel mix in the 0,28 0,25-0,31
valley

3 scree (@<~10 cm), or medium compact soil with small rock frag- 0,33 0,30-0,36
ments, or forest road

4 talus slope (#>~10 cm), or compact soil with large rock frag- 0,38 0,34-0,42
ments

5 bedrock with thin weathered material or soil cover 0,43 0,39-0,47

6 bedrock 0,53 0,48 -0,58

7 asphalt road 0,35 0,32 -0,39

The following raster maps are optional for the analysis, since these characteristics can be
defined also by the user in the Graphical User Interphase (GUI).

(7) d1l.asc, d2.asc, d3.asc: three raster files that allow for the definition of the size of the block for
every start cell by providing a height, width and length value, between 0 and 20 m. The three
block dimensions defined in each source cell are randomly varied according to a uniform dis-
tribution within the specified volume variation, between +0% and +50% in the GUI, before
each simulation.

(8) blshape.asc: this raster map allows for a spatial definition of the shape of the falling block for
each source cell. The shape figures, ranging from 0 to 4, are listed in Table 5.5.

Table 5.5 - Block shapes used by Rockyfor3D.

blshape  Block shape Rule
0 no block defined / no source cell defined
1 rectangular block all three dimensions can be completely different
2 ellipsoidal block all three dimensions can be completely different
3 spherical block all three dimensions are identical
4 disc shaped block smallest dimension is max. 1/3 of the other two larger dimensions

Following, the settings that can be defined directly within the graphical user interface
(GUI), shown in Figure 5.6, will be described in detail.
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Simulation settings
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Additional fallheight (m) 0.0 ~ Variation of rock volume (%) 0 ~
Simulation type | User-defined input rasters ~
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First point (x,y): 0 - 0
Plot

Second point (x,y): |0 - |0 -

Figure 5.6 - Graphical User Interface of Rockyfor3D.

Simulation settings

- Number of simulations: defines the number of individual rockfall trajectories that will
be simulated from each source cell.

- Option Fix/Cliff area weighted: Fix simulates the defined number of trajectories from
all defined release cells. Cliff area weighted calculates the number of simulations per
cell based on the cliff area with the ceil function, rounding the result up to the nearest
integer, ensuring that the number of simulated trajectories is always a whole number:

0,5- NTsimulationsGUI) (Eq. 5.6)

Nr_simulations = ceil(
- cell cos(Slopegey)

- Variation of rock volume (%): the percentage with which the three defined block di-
mensions will be randomly varied during each single trajectory simulation. The
default value is 0%.

- Additional initial fall height (m): this is the height above the DEM surface from which
the block will be released. This allows for an increase in the initial vertical velocity of
the simulated block.

- Simulation type

- Using input rasters: the simulation will run based on the raster files present
in the working directory, rg70.asc, rg20.asc, rg10.asc, and soiltype.asc.

- Rapid automatic simulation: Rockyfor3D will create the required input rasters
of roughness and soil type based on the slope gradient and the following rules:

Terrain Soil Low roughness Medium roughness
type rg70 rg20 rgl0 rg70 rg20 rgl0

source area 6 0 0 0 0 0 0

slope > 38° 5 0,05 0,05 0,10 0,05 0,10 0,10
slope 32°-38° 4 0,05 0,10 0,20 0,10 0,20 0,30
slope 20°-32° 3 0,05 0,10 0,15 0,10 0,15 0,25
slope 10°-20° 2 0 0 0,10 0 0,10 0,10
slope <10° 1 0 0 0 0 0 0
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Block definition

- Rock density (kg/m3): the rock density can be defined either by the input raster
rockdensity.asc, which also defines the source areas location, or by inputting a value in
the GUL. In the latter case, the start positions will be defined automatically on those
cells exceeding a slope gradient threshold. This threshold, after the studies conducted
by ARPA Piamonte, et al. (2008), is only dependent on the resolution of the dem.asc:

a =55 cellsize %075

- Block dimensions (m): these can be defined by the user input rasters d1.asc, d2.asc,
d3.asc, or by an input values on the GUI.

- Block shape: can be defined either with an input the raster bl_shape.asc or in the GUI.

Protective measures

- Simulation using forest: defines if forest is accounted for in the simulation or not. If
selected input forest raster files should be present in the working directory.

- Simulation using nets: defines if nets, or calculation screens, are taken into account in
the simulation or not. If activated, necessary raster files should be available.

Other initial parameters fixed by Rockyfor3D are the initial horizontal velocity V,=0,5 m/s
and the vertical velocity Vi,=-0,5 m/s. The vertical velocity component at the first impact can be
increased by rising the additional fall height.

Simulation with Forest

If a simulation that considers the effect of a forest present at the studied site is required,
Rockyfor3D has two options for integrating forest data in the input. The first option consists in
using a text tree file, containing the x and y coordinates of each and every single tree, as well as
the stem diameter measured at breast height (DBH) in cm, presented in tree columns without a
header. This tree file needs to be called treefile.txt and should be available in the working directory
along with the minimum required input files. In addition to the treefile.txt, a raster called
conif percent.asc, with their cells representing the percentage of coniferous trees on each forest
zone, also needs to be available in the working directory, with values ranging from 0 to 100%.

The second option to represent the forest in the simulation is by means of four raster maps,

these being:

(9) nrtrees.asc: the cell values represent the number of stems per hectare, with values from 0
to 10000 stems/ha.

(10) dbhmean.asc: each cell represents the mean stem diameter measured at breast height, val-
ues range between 0 and 250 cm.

(11) dbhstd.asc: each cell represent the standard deviation of the DBH values, from 0 to 250 cm.

(12) conif percent.asc: the cell values represent the mean percentage of coniferous trees within
each forest area, value range from 0 to 100%.

Figure 5.7 shows a workflow for creating the forest raster maps required for this option. All
forest rasters need to have the same map extent and same cellsize as the raster dem.asc. Based on
these four raster files, the model randomly places the given number of trees within each pixel with
given diameters. The attribution of the DBH is based on the gamma distribution with its shape
and scale parameters defined by the mean value and standard deviation data given. Finally, it cre-
ates a tree file containing the x and y coordinates of all trees and their DBH.
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Step 1: Digitise a polygon vector forest map

Step 2: Enter forest attribute data

stand nrirees dbhmean dhbstd conif_percent
1 200 32 11 56

2 400 27 9 26

3 800 20 5 0

Step 3: Convert the vector map into rasters using the different attribute fields

fl fj

Figure 5.7 - Workflow for creating the forest maps required in option 2.
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The advantage of the first option is that a horizontal forest structure is well represented,
this means that the important rockfall corridors and large dominant trees are captured in a more
precise way. On the other hand, an extensive in situ survey is needed to consider all trees location
and diameter. The second option required very accurate and time-extensive digitalizing work to
achieve a similar structural precision, but it better shows the smaller trees, which, even though
small, still help protect the slope along with the large dominant trees.
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Simulation with Rockfall Nets and Control Screens

If a simulation with rockfall nets is required, the following three raster files should be avail-
able in the working directory:
(13) net_number.asc: constitutes an identification number for each one of the nets.
(14) net_energy.asc: represents the energy absorption capacity of the net, with a maximum value
of 20.000 K].
(15) net_height: vertical dimension of each net up to 10 m, measured normal to the slope surface.

These files can be created using vector to raster conversion of one or multiple lines, which
have as attribute their identification number, energy capacity and height. It is important to remark
that these lines should not intersect each other. Again, all rockfall net rasters need to have the
same map extent and same cellsize as the raster dem.asc.

When a simulation with rockfall nets is carried out, relevant and detailed data of the rockfall
kinematics are collected when blocks intersect the nets, which act as control screens. This data is
saved in a text file called Rockyfor3D_v6_ CalC_SCR_dd-mm yy HHhMM.txt. The following data is
recorded for each block arriving in the net:

(a) velocity (m/s)

(b) kinetic energy, both translational and rotational (k])

(c) vertical passing height (m)

(d) rotational velocity (rad/s)

(e) impact angle, angle between a horizontal plane and the trajectory of the block the mo-
ment the block arrives in the net; negative value means a descending block, positive
value means an ascending block (degrees)

(f) passing height, normal to the slope surface (m)

In addition, the total number of blocks arriving in the net is recorded. The output text file
contains both post-processed and raw simulated data for each calculation screen. The post-
processed data include the median as well as the 90%, 95%, and 98% values (respectively x50,
x90, x95, and x98) of the probability density function for variables (a) to (e) described above, for
each calculation screen.

By using a rockfall net having both energy level and height equal to zero, the data can be
efficiently collected along a given line, allowing for the representation of a rockfall event in the
absence of intersecting elements.

5.4.2 Dynamic Characteristics of the Model

Block Motion Dynamics

The selected block shape determinates the block volume, and consequently its mass, and
the moment of inertia. Both values are calculated based on the three defined block dimensions
following the code from Figure 5.8.

For calculating the block position, the rebound on the slope surface and impacts against
trees, Rockyfor3D always considers a spherical shape. Two characteristic diameters are defined
for this sphere: the smallest of the three dimensions d1, d2, and d3, which is used to compute
impacts against trees; and a larger diameter, defined as the mean of the two largest dimensions
among d1, d2, and d3.
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Bl Rockyfor3D_blackshape - Notepad

File Edit Format View Help
D _arr = sort[dl,d2,d3]; (smallest dimension is stored in D_arr[@8], largest in D _arr[2])

Case Blockform 1 // rectangle

BlockVolume= d1*d2*d3;

BlockMass= RockDensity*BlockVolume;

#I= BlockMass*(D_arr[1]*D_arr[1]+D_arr[2]*D_arr[2])/12;

Case Blockform 2 // ellipsoid

BlockVolume= 4.8/3.0%pi*dl/2%d2/2%d3/2;

BlockMass= RockDensity*BlockVolume;

*I= (BlockMass)*(0.5*D_arr[1]*D_arr[1]+8.5*D_arr[2]*D_arr[2])/5;

Case Blockform 3 // sphere

BlockVolume= 4/3*pi*(d1/2)*(d1/2)*(d1/2);
BlockMass= RockDensity*BlockVolume;

#*I= 2/5*(BlockMass)*(d1/2)*(d1/2);

Case Blockform 4 // disc

BlockVolume= pi*((D_arr[1]+D _arr[2])*(D_arr[1]+D arr[2])/16)*D_arr[8];
BlockMass= RockDensity*BlockVolume;

*T= @.5%(BlockMass)=*((D_arr[1]+D_arr[2])*D_arr[1]+D_arr[2])/16;]

Ln 21, Col 64 100%  Windows (CRLF) UTF-8

Figure 5.8 - Block physical parameters calculation in Rockyfor3D.

The parabolic free fall is computed with a standard algorithm or a uniformly accelerated
parabolic movement through the air, it allows for determining the position and the velocity at the
intersection with the slope, represented by the DEM. Rockyfor3D simulates fully three-dimen-
sional trajectories by calculating the position along the x, y, and z axes. The x-axis corresponds to
the East-West direction, the y-axis to the North-South direction, and the z-axis to its vertical posi-
tion.

The velocity after a rebound on the slope surface, or simply bounce, is mainly calculated
with ten functions. As illustrated in Figure 5.9, the first step is the conversion of the incoming
velocity in the horizontal plane x-y (V) and the one in the vertical plane z (Vv) into an incoming
normal V, and tangential V; velocities.

Xy

Figure 5.9 - The rebound as represented by the algorithms used by Rockyfor3D.
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Then, the penetration depth of the block at the impact location is calculated in accordance
to Picher, et al. (2005), with the required input data being:

- The normal coefficient of restitution (Rx)

- The diameter of the block in m (d)

- The mass of the rock in kg (RockMass)

- The impacting velocity of the falling block in m/s (V)

The constants used are:

- k=1,207, dimensionless constant accounting for the spherical block shape.
- B = 1,2, dimensionless compressibility parameter of the impacted material, which
varies little for different surface materials.

The main penetration depth (D,) functions are:

D, 2 1+1,/N D
p_ e p Eq. 5.7

PN (— for —2 (Eq. 5.7)
d ln(1+kn/4N>+k or - >k

Dp Lt kn/aN Ak for 2P < & (Eq. 58)
d 1+1,/N = d

where, the moment of inertia,
|- RockMass - V?
e R; " d3
where R; is the identation resistance of impacted material in MPa, calculated as following:

(Eq. 5.9)

R; =55- 109 - Rr71 (Eq. 5.10)

The N function ranges between 1 and 5 MPa for fine soil and 200 to 250 MPa for bedrock.
RockMass

= (Eq. 5.11)
Psoil * d3-B-0,5
where pson is the density of the impacted material in kg/m3, which is calculated with:
Psoir = Max(1000; 1200 - In(R,,) + 3300) (Eq. 5.12)

This function provides values between 1400 kg/m3 for fine soil and 2650 kg/m3 for bedrock.

In Rockyfor3D, the maximum penetration depth D, equals the simulated block radius. After
the penetration depth is calculated, the calculation of the block velocity after rebound can be ini-
tiated. An important parameter for calculating the velocity of the block after the rebound is the
tangential coefficient of restitution (R;). Many authors showed that R; is determined by the com-
position and size of the material covering the surface and the radius of the falling block itself.
Dorren, et al. (2006) proposed the following calculation method for this coefficient:

1
Re =T (mon + D,)/R)

(Eq. 5.13)
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where, MOH is the representative obstacle height at the slope surface, D, is the penetration depth,
and R is the radius of the falling block, with all dimensions expressed in meters. Three MOH clas-
ses, representative for the mean obstacle height a falling block can encounters during 70%, 20%
and 10% of the rebounds, are mapped. For each rebound, the model selects the MOH randomly
based on these classes, the resulting values from rg70, rg20 and rg10 are used in the 70%, 20%
and 10% of rebound calculations, respectively. Also, prior to compute R;, the model randomly var-
ies it by +10% to account for natural variations in surface roughness. The obtained R; is used for
calculating the tangential velocity component of the block after the rebound (V) following
Pfeiffer, et al. (1989) and Noel, et al. (2021):

. R%-(I -V} + RockMass - V3) - F; - Sf (Eq. 5.14)
2 1+ RockMass - R?

where, V4 is the tangential velocity component of the block before the rebound, V. is the rota-
tional velocity before the rebound and I is the moment of inertia of the defined block form.

1-R
Fr =R, + : > (Eq. 5.15)
1.5 + (th — Vot R)
) 3,048
S; = Lz (Eq. 5.16)
Va1
1+ (15 27)

The normal coefficient of restitution (R,) is used for calculating the normal velocity component of
the block after the rebound V,; following Pfeiffer, et al. (1989):

—Vn1 " Ry

—
1+ (91/144)

where, V,; is the normal velocity component of the block before the rebound. The factor
(Va1/9,144)2 adjusts for the decrease in normal coefficient of restitution as the impact velocity
increases. This factor represents a transition from more elastic rebound at low normal velocities
to much less elastic rebound caused by increased fracturing of the block and cratering of the slope
surface at higher normal velocities.

V,, = (Eq.5.17)

The rotational velocity after the rebound V. is calculated as:

. |Vez 2- (th Vi2)
Viotz = min [7, Viotr + ———F—— (Eq. 5.18)

The maximum value of Vo in radians finally depends on the block shape,
1
Viot2 = min [thz; S-RockMass 3 - n/180] (Eq. 5.19)

where, for blocks where one block dimension is at least 50% smaller than both other dimensions
S$=12.480, and for all other blocks, $=9.278.

The last steps of the rebound calculation consist of verifying if sufficient energy has been
lost during the rebound. This checking is done on the basis of the relationship between the total
deviation angle (TOTq) and the total energy loss by Noel, et al. (2023). If the total deviation is
larger than 55°, then the ratio between the total kinetic energy before and after the rebound
(Eratio_impact) cannot be larger than:
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Eratio_impact: —0,01-TOTger + 1,3 (Eq. 5.20)

If required, the Erqtio_impact Value is used to scale down the tangential, normal, and rotational
energy components such that their proportions remain unchanged with respect to the total ki-
netic energy after the rebound.

Following Pfeiffer, et al. (1989), the slope angle at the rebound location is uniformly ran-
domly reduced at each rebound; however, the maximum reduction in the slope angle is limited to
4°. Rolling motion is represented as a sequence of short-distance rebounds, with the spacing be-
tween successive rebounds equal to the block radius and an absolute minimum distance of
0,2 m. This minimum distance condition applies only to slopes with gradients lower than 30°.

Impact against Trees

Due to the fact that the model uses analytical solutions instead of time step iterations, the
exact position of the simulated block is constantly known. Therefore, the impact position on the
digitally generated tree stems and its influence on the energy dissipation during such impacts can
be calculated. In addition to the impact position on the tree stem, the model uses the diameter of
the impacted tree, the tree type, coniferous or broadleaved, and the block energy. If an impact
against a tree takes place, the block loses a fraction of its kinetic energy according to four main
functions, which are visualised in Figure 5.10.
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Figure 5.10 - Functions for calculating the energy dissipation during a block-tree impact.

Following Dorren, et al. (2005), the maximum amount of kinetic energy (Euissmax) that could
be absorbed and consequently dissipated by a tree impact is determined by the stem diameter
and the tree type following:
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Egissmax = FEratio " 38,7 - DBH?*3! (Eq. 5.21)

where, Ejissmax is the maximum amount of kinetic energy that can be dissipated by the tree |, FE azio
is the fracture energy ratio of the tree type and the stem diameter at breast height (DBH) in cm.
Rockyfor3D uses only two standard values for the FEqio, 0,95 for coniferous trees and 1,3 for
broadleaved trees. There is also an option to provide custom tree energy dissipation factor for
every single tree in the treefile.txt. To do so, the tree factors should be given after the x-coordinate,
y-coordinate and the DBH of each tree. Whether this maximum amount of energy is indeed dissi-
pated during the impact depends on the horizontal and the vertical position of the impact on the
tree stem, classified according to Figure 5.11.
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Figure 5.11 - Impact types based on the horizontal distance between the block centre and the tree axis.

The effect of the horizontal position (dEn.r) is determined by following the functions
(Dorren, et al., 2005):

P; CTA (Eq. 5.22)
Dist _ . 5.
tStper =0 5 DBH
i
dEy . = cos (Dist,PCT . E) for Dist;pcr < 0,543 (Eq. 5.23)

0,98+0,046
dEy,r = max [0 ]

' 10 (0ose-Distper) for Dist;pcr = 0,543

where, dEh,- is the maximum amount of energy that can be dissipated by the tree, related to the
horizontal position of the impact, P-CTA is the horizontal distance between the tree canter point
and the impact point projected on the normal line from the tree canter to the fall direction before
impact and the DBH in m.

The effect of the vertical position, or impact height, is calculated with the three following
equations. Firstly, the theoretical height of the tree (Hy-.) is calculated on the basis of the DBH:

Hipee = 1,22 - DBH%® (Eq. 5.24)

Then, the percentage of maximum amount of energy that can be dissipated by the tree (dEver),
related to the vertical position of the impact (Z;) is calculated following:
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1 1

dEyers = 1.2 - 1 + ¢1569+0,02:DBH

7 (Eq. 5.25)

18'04.(Htree

L+e )+0,02-DBH-2,35

The percentage of maximum amount of energy that can be dissipated by the tree, related to
the impact angle (aimp) of the block with respect to the vertical standing tree (dE. imp) is calculated
following Jonsson (2007):

. . min[aimp; 70]
dE =min|1;(1,03 -sin| 1,46 - ———-1+ 0,73 (Eq. 5.26)

180°

Ximp

Finally, the total amount of energy dissipated during the tree impact (Euisstree) is calculated:

Egisstree = Edissmax * AEvert * AEpor * dEaimp (Eq. 5.27)

Calculation of the Fall Direction

The fall direction of the simulated block is initially determined by the aspect of the source
cell. Then, the direction of the falling block changes due to rebounds on the slope surface or im-
pacts against trees. The deviation angle after a rebound on the slope surface is determined by the
topography, the fall direction of the block before the rebound and the velocity of the falling block.

During each rebound, the model deviates the block from its original direction before re-
bounds towards the direction of the aspect of the raster cell in which the rebound takes place, as
illustrated in Figure 5.12. The aspect represents the steepest slope direction in each neighbouring
cell and is calculated following Zevenbergen, et al. (1987).

fall direction before rebound

sloge aspect
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/77w fall directions
/1y after rebound

i “Lrob.
A /7
& /
e /;/
7 £ { e
# {44
¥ 0° deviation e y

Figure 5.12 - Principle of the fall direction calculation after rebound on the slope surface.

deviation .~
60° .

How much the block deviates from its fall direction before the rebound towards the slope as-
pect in the raster cell is finally determined by a random number and the velocity of the block. The
random number determines whether the block deviates from its original direction within angular
intervals of 5° ranging from 0° up to 55°. All these cases have predefined accompanying proba-
bilities of occurrence, which are determined by the velocity of the block before the rebound as
presented in Table 5.6. These values are based on statistical analysis of rockfall trajectories and
velocities observed during rockfall experiments presented in Dorren, et al. (2006). If the block
moves upslope during the simulation, the deviation ranges described here are allowed for both
directions lateral to the direction before rebound. If the block enters a small depression in the
digital elevation model, the direction before and after rebound remains unchanged.
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Table 5.6 - Rebound deviation angle probabilities for three velocity classes.

Efl‘gztéf)“ 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 40-45 45-50 50-55
V<10m/s 49 15 9 6 5 4 3 3 3 2 2
10<V<15m/s 53 15 8 6 4 4 3 3 2 2 2
V>15m/2 46 16 10 7 5 4 4 3 3 2 0

If on its trajectory the simulated block encounters a tree, the trajectory of the block can be
deviated laterally up to 76° from its initial fall direction due to de impact according to the obser-
vations made during the experiments described in Dorren, et al. (2005). This accounts for the
incoming and outgoing direction in a circle with a radius of 5 m around the impacted tree. Close
to the tree stem, this deviation between the fall direction before and after the impact can be even
180°. The deviation of the block after a tree impact depends on the position of the block centre
with respect to the tree stem axis at the time of impact. On that basis, the three main impact types,
shown in Figure 5.11, have been defined. Based on these three types, the probabilities given in
Table 5.7, in combination with a uniformly distributed random number, are used to calculate the
deviation.

Table 5.7 - Probabilities for deviation in the fall direction due to a tree impact.
Probabilities (%)

HEEE e 0 - 22,5 ° deviation 22,5° - 67,5° deviation 67,5° - 76° deviation
Frontal 44 50 6
Lateral 11 84 5
Scratch 72 24 4

5.4.3 Output Data

All outputs of Rockyfor3D are therefore given in raster format, having the same extent,
cellsize and format as the input rasters. Each time a simulated block surpasses or rebounds in a
given raster cell, the maxima of different variables simulated in that cell are recorded in separate
rasters in the concerning cell. The output raster files created by Rockyfor3D are:

(1) E_50.asc, E_90.asc, E_95.asc, E_98.asc, E_99.asc: these rasters represent respectively the me-
dian, the 90th, 95th, 98th and 99th percentile of the simulated kinetic energy per cell. The
output is given in integers and corresponds to the following energy class limits: 3, 6,9, 12, 15,
18, 21, 24, 27, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 200, 250, 300, 500, 750,
1000, 1500, 2000, 3000, 5000, 8000, 10000, 15000, 20000, 50000, 99999, in K]. In these ras-
ters, the value 99999 represents all values larger than 50000 kJ.

(2) Ph_50.asc, Ph_90.asc, Ph_95.asc, Ph_98.asc, Ph_99.asc: these rasters represent respectively the
median, the 90th, 95th, 98th and 99th percentile of the simulated passing heights of the centre
of gravity of the block, measured in normal direction to the slope surface per cell. The output
is given in integers and corresponds to the following height class limits: 0.5, 1, 2, 3, 4, 5, 10, 20,
99 in m. In these rasters, 99 represents all values larger than 20 m.

(3) Nr_passages.asc: the number of blocks passed through each cell.

(4) Nr_sourcecells.asc: this map shows, for each cell, the number of different source cells from
which the blocks arrived.

(5) Reach_probability.asc: this map shows whether it is probable, higher values in the map, or im-
probable, lowest values higher than zero in the map, that a rock arrives in a given cell.

Nr_passages - 100

ReaChprobability = (%) (Eq.5.28)

Nr_sourcecells - Nr_simulations_from_source_cells
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(6) Propag_probability.asc: this map can be used for the calculation of the spatial occurrence prob-

ability, which is needed in risk analyses.

Nr, -100
priee (%) (Eq. 5.29)

ns

Propagprobability = TOtalNrsimulatio

(7) Nr_deposited.asc: the number of blocks stopped in each cell.

(8) Rvol_deposit.asc: the maximum block volume in cubic meters stopped in each cell.

(9) EL_angles.asc: a raster with the minimum recalculated energy line angles per cell. The energy
line angle is the slope angle of a virtual direct line between the stopping location and the source
location of a fallen block.

(10) Traj_time.asc: minimum time needed to reach a raster cell from the defined source areas in

seconds.

(11) V_max.asc: the absolute maximum simulated velocity per raster cell in m/s. This data should

be used with caution as there is no further information on the statistical distribution of the
block velocities; the output was added on request.

In case of a “with-forest” simulation, the following two rasters are additionally created:

(12) Tree_impact_heights.asc: maximum tree impact height per raster cell in m.
(13) Nr_tree_impacts.asc: number of tree impacts per raster cell.

All the output raster maps are in ESRI ASCII Grid raster format and can be directly opened
and visualised in most GIS software. In order to digitize an intensity or hazard map in a given
study area on the basis of the output data of Rockyfor3D, the output rasters Reach_probability.asc
and Nr_deposited.asc are most useful for delineating realistic rockfall runout zones.

After each simulation, Rockyfor3D creates a log file, called “Rockyfor3D_vx_x_logfile_dd-
mm-yyyy_HHhMM.txt”, which contains the information shown in Figure 5.13.

8 Rockyfor3D_v6_0_logfile_9-11-2023_20h43 - Notepad

File Edit Format View Help
Rockyfor3D vb6.8 - Simulations completed on Thu Nov 9 28:43:13 2823
Simulation started on Thu Nov 9 28:43:13 2823

simulation settings:
- defined nr. of simulations = 18@
- "fix" / "cliff area weighted” nr. of simulations per source cell
- nr. of simulated falling rocks (total nr. simulations) = 1088
- rock volume variation = +/- @
- additional initial fallheight = ©.000080 m
- Simulation without forest and with nets

Overall simulated block wolumes:
- min = @.100688 m3
- mean = ©.100800 m3
- max = @.160088 m3

Statistics on Enmergy Line Angles recalculated from simulated trajectories:
EL_angle[®] frequency[-] frequency[¥%]
24.08 1.60 a.e4

Output rasters (for explanation see the manual):

REMARKS

Ln 26, Col 8 100%  Windows (CRLF) UTF-28

Figure 5.13 - Logfile output of Rockyfor3D.
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5.1 Rocfall2

RocFall2 is a two-dimensional statistical analysis program designed to assist in the assess-
ment of slopes susceptible to rockfalls. The model is used to evaluate the kinematic behaviour of
individual rock blocks moving along a slope profile, allowing the estimation of parameters such
as energy, velocity, and bounce height envelopes for the entire profile, as well as the location of
the endpoints. In addition, the program provides statistical distribution of these variables.
Rocfall2 supports lumped mass, hybrid, and rigid body approaches.

The first essential setting for initiating the setup of the event under consideration is the
analysis method, i.e.,, weather to perform a lumped mass, hybrid, or rigid body analysis. Other
general settings like probability, and scaling functions can be changed in the GUI. Project settings
should always be set at the start of the modelling, since some of the settings determine the avail-
ability of the next modelling options.

Following, the slope profile has to be added to the file, in Rocfall2, a slope may consist of
any number of segments that cannot intersect each other for being considered valid. The first and
last segments must not be located below any slope segment, this means that the initial and termi-
nal segments cannot form an overhang sector at the limits of the slope. However, overhang zones
are permitted elsewhere on the slope. It is important to remark that slopes having an excessive
number of vertices lead to complex geometries and high computational costs during the analysis,
especially if it is a rigid body simulation.

The following step is to define the materials that form the slope, these can be defined in the
Slope Material Library by the user or can be selected from the set of predefined materials. The
available parameters to define a new material depend on the analysis method previously selected,
lumped mass or rigid body. For the rigid body method, the following slope materials can be de-
fined, for each of them it is also possible to add statistical distributions with their respective
parameters:

- normal and tangential restitution coefficients

- dynamic and rolling friction

- forest/vegetation damping

- slope roughness

- advanced friction parameters

To account for the presence of forest, the model has the option to define two forest damping
coefficients, the mean effective height of the trees and the drag coefficient. The effective height
represents the vertical dimension of an obstacle, it represents the portion of the tree or vegetation
that effectively interacts with and dissipates the energy of the moving block. Complimentary, the
drag coefficient defines the intensity of resistive force opposing the motion of the simulated block,
a higher drag coefficient corresponds to greater resistance and energy dissipation, resulting in
reduced velocities and shorter runout distances.

In Rocfall2 source areas are simulated through seeders, these elements can be punctual or
linear and are characterized by the mass velocity and shape of the falling blocks, these character-
istics can be specified as an exact number or possess one of the available statistical distribution
types. When using the line seeders, a uniform distribution along the length of the line, i.e,, there is
an equal probability that the rock will start falling from any point along the length of the seeder.
Along with the rock type selected, seeder properties include the initial horizontal, vertical and or
rotational velocities to be set as a fixed number or having a statistical distribution.
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Another important feature is the Rock Type Library, it is used to define and store the prop-
erties of the blocks that will be simulated. For rigid body analysis, these properties include mass
density and shape of the block.

A barrier in Rocfall2 can be simulated as a line segment that can be placed on the slope in
order to stop falling blocks or absorb part of the energy as they move downslope. When adding
barriers, the user can enter a custom one by defining their energy absorption capacity, and elon-
gation, or use the ones available in the Barrier Properties Library. Another useful line segment
element are the data collectors, they are elements that gather information about the rocks that
pass through them, without affecting their dynamics. Data collectors, and also barriers, record the
velocity, kinetic energy, vertical impact location, and horizontal location of all the passing or im-
pacted blocks. Data collectors are used when the user requires to determine information about a
certain location but do not want to alter the paths the rocks take as they travel down the hill.

Once the analysis is completed, the information gathered in barriers and data collectors can
be visualized in graphs and raw data. In addition the trajectories of all the simulated blocks, end
points locations, and kinematic parameter along the slope can be also be perceived as output.
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Chapter 6

Rockfall Stabilization and Protection Measures

Rockfall hazard mitigation strategies can be classified in stabilization and protection works.
These measures are not mutually exclusive, but rather complementary to each other in order to
achieve a higher level of safety. Stabilization techniques act at the source, preventing rock detach-
ment either by reducing the driving forces or increasing the resistance. Protective measures, by
contrast, are designed to intercept blocks that are already in motion before they reach the ele-
ments at risk. The most common measures are classified in the following chart.

Rockfall Hazard
Mitigation Strategies

Stabilization Measures ‘ Protection Measures
—— Reinforcement L - Nets
- Anchoring - Embankments
- Shotcrete - Ditches
- Drainage - Mesh
' - Sheds
- Tunnels
— Remaval
Resloping
Scaling

6.1 Stabilization Measures

These measures include scaling and trimming to remove loose or irregular blocks and ob-
tain more stable slope geometries. Further methods include improving drainage to reduce water
pressures, applying shotcrete to limit weathering and erosion, and mechanically securing unsta-
ble masses through rock bolts, dowels and anchors.

Anchoring

This category includes different reinforcing systems that add strength to the rock mass by
increasing the tensile strength and the shear resistance along the discontinuities. The most com-
mon systems used are dowels, rock bolts, and rock anchors, illustrated in Figure 6.1.
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Rock bolts and anchors are generally short low capacity reinforcement consisting of a steel
tube or bar fixed into the rock and tensioned to a determined load. Most of the anchor types are
fully bonded along their free length using grout or resin to protect them against corrosion. Dowels
are steel reinforcing bars cemented into boreholes, opposing to bolts and anchors, these are not
subjected to any pretensioning forces. This system increase the shearing capacity of the rock mass
across potential failure surfaces, for the reinforcement to be effective the bolt or anchor must be
fixed beyond the assumed failure surface.

The reinforcement force is usually designed busing limit equilibrium approaches. The main
advantage of using tensioned bars is that they develop their full capacity immediately after instal-
lation. A further advantage of these systems is that a known anchor force is applied and the
tension on the bar can be verified at any time, and re-tensioned if necessary.

Dowels

Bolt

Anchors

Figure 6.1 - Typical applications or rock anchoring.

Shotcrete

A technique that consists in spraying concrete on the rock wall to stabilize small volumes of
rock. The sprayed concrete contribute to attach small blocks in place by means of its bond to the
adjacent stable parts of the rock. The result is a smooth surface ranging between 8 to 10 cm thick
of a rock-concrete structure on the surface of the slope. There is no transfer of load from the rock
mass to the concrete layer, therefore, it acts as a reinforcement and not as a support. Shotcrete in
combination with steel wire mesh and rock bolts can be used to give structural support to the
rock wall, if necessary.

Prior to spraying the concrete, the face should be scaled and trimmed to remove blocks that
are at their limit of detachment. Initially, dry rock surface are preferred in the sprayed concrete
practice, although the use of additives and control of the nozzle water can give successful applica-
tions even on wet surfaces. Alteration filling products should be removed from the discontinuities
openings, by means of air or water jet before the concrete spraying to ensure a good bond between
the concrete and the rock. To prevent the development of water pressure behind the wall surface,
drainage measures should be designed along the sprayed area.

Re-sloping and Scaling

Re-sloping involves the geometric stabilization of the slope, which include the removal of
loose weathered superficial material together with the re-shaping the slope profile. By creating
benches and reducing the local slope angle, the driving forces of the unstable material are de-
creased, preventing collapse under gravity and, therefore, reducing the risk of a rockfall event.
This intervention also improves long-term stability of the slope material by limiting erosion and
surface degradation process. Re-sloping operations often require the use of large construction
machinery; consequently, the slope must be accessible and provided with adequate working plat-
forms and access roads or at least have the adequate site conditions for creating them.
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Scaling is the process of removing medium-large unstable blocks using small hand tools.
The objective is to induce a controlled detachment of the block, or a portion of it, before it can fail
spontaneously. This operation is typically performed by trained personnel working directly on
the rock face and is suited for localized instabilities that cannot be efficiently treated by large-
scale geometric modifications. Prior to scaling, the potential runout zone of the detached material
should be evaluated and, if necessary, temporarily protected to ensure the safety of workers, in-
frastructure, and people. Figure 6.2 illustrates many of the available removal options for slope
surface stabilization.

Weathered
rock

- 1. Resloping of unstable weathered material
in upper part of slope

.
’E-!—“‘,.m
=
R
T, Access bench at top of cut
>
Fresh rack =

S
2. Removal of rock overhang by
- trim blasting

- 3. Remaoval of trees with roots
- growing in cracks

- 4. Hand scaling of loose blocks
-~ in shattered rock

Figure 6.2 - Removal methods for slope stabilization (Wyllie, et al, 2005).

6.2 Protection Measures

These structures are designed to intersect, deflect and stop the falling blocks to safeguard
infrastructure and human life. Their design depends on the kinetic energy of the falling blocks as
well as the bouncing height they can reach.

Embankments and Ditches

Avariety of barriers types can be constructed, either to enhance the performance of ditches,
or to form catchment zones at the base of the slope. The required type of barrier and its dimen-
sions depend on the energy of the falling blocks, the available space, and the availability of
construction materials.

A fundamental requirement for embankments is flexibility upon impact; they must be able
to absorb kinetic energy through deformation. These systems are designed for high impact energy
capacity and are constructed with materials capable of withstanding the impact of sharp and an-
gular blocks without suffering significant damage or loss in their functionality. These barriers are
particularly useful at the toe of flatter slopes where falling rock rolls and spins down the face but
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does not bounce significantly. Their effectiveness generally require the addition of a ditch or
catchment area behind the barrier to accumulate the stopped blocks.

Gabions and concrete blocks are effective protection barriers for rolling falling blocks, the
advantage of gabions are their sustainability, the ease of construction on irregular bases, and their
capacity to sustain considerable impacts. On the other hand, barriers constructed with pre-casted
concrete are also widely used even though concrete blocks are in some way less resilient than
gabions, they have the advantages of wide availability and rapid installation process, flexibility
must be provided by allowing movement at the joints between the blocks.

Reinforced-soil barriers, are constructed alternating geotextiles and soil layers, in this way,
it is possible to construct an embankment; the face subjected to impact can be additionally pro-
tected from damage with elements like gabions or rubber tires. The capacity of this type of
barriers depends on their mass in relation to the impact energy, the shear resistance along each
contact layer, and the material deformation capacity. A disadvantage of these barriers is that a
considerable amount of space is required for both, the barrier itself and the catchment area be-
hind it.

Catch Fences

A widely used system on steep slopes where the available space is reduced are the rockfall
catch fences or nets, named also as dynamic barrier. It is a flexible system, able to withstand high
impact levels due to their construction without rigid components. The system consists of a de-
formable mesh arranged in modules attached to lateral posts with a concrete foundation, the
upperpart of the barrier is fixed to the slope using anchored cables that can be supplemented with
sink breakers to improve energy dissipation.

The moment in which the block impacts the net, there is a deformation activating energy
absorption components over an extended time of collision, which dissipates the kinetic energy of
the block. Regular inspection and maintenance are essential to ensure the mesh and energy ab-
sorption components remain functional, particularly after significant rockfall events.

Draped Mesh

A draped wire mesh is hung on the slope face and is particularly effective on highly steep
slopes for containing falling blocks close to the slope face, thereby preventing high bounce levels.
The upper edge of the mesh should be placed to contain the rockfall release area, ensuring that
unstable blocks are contained in the mesh from the moment of detachment. The mesh is not an-
chored at intermediate points or at the base, allowing blocks follow a controlled path down the
slope. At the base, a ditch is required to collect the fallen material; since the mesh absorbs the
energy of the falling blocks, the required dimensions for the ditch at the base are considerably
reduced in comparison with unprotected slopes.

Sheds and Tunnels

In corridors subjected to extreme rockfall hazard, where other measures can be ineffective,
the construction of a rock shed or even relocation of highways may be justified. A shed is a rigid
protective structure placed over a road or railway to shield it from falling blocks, the shed upper
surface is covered with a layer of energy absorbing material, typically sand or gravel. These struc-
tures are constructed in reinforced concrete or steel, designed to resist the wort-case scenario of
an impact on the edge of the roof, while also ensuring the stability of the foundations and columns.

A critical feature of sheds is the weight and energy absorption capacity of the cushioning
layer that should both absorb energy by compression, and disperse the punctual impact energy
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so that the energy transmitted to the structure occurs over a large area. Furthermore, the cushion
material should remain intact after the impact so it does not need to be replaced. In locations
where neither rock sheds are practical, it may be necessary to relocate the corridor or to drive a
tunnel to bypass the hazard zone.

Figure 6.3 illustrates the above described protection measures.

Embankment

Ditch or Dynamic
barrier

trench

Anchored
hanging
mesh

Rock-shed

Figure 6.3 - Protection measures.
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Chapter 7

Case Study: Venaus (TO)

The presented case study forms part of a project concerning the safety measures imple-
mented at the Enel hydroelectric power plant in Venaus (TO). The objective of the project is to
identify and design the most suitable rockfall protection systems to safeguard the existing build-
ings and infrastructure located at the base of the slope.

7.1 Description of the Case Study

In April 2025, the slope behind the hydroelectric plant was affected by a rockfall event that
reached the company’s facilities, causing structural damage of varying severity. Two blocks, each
with an approximate volume of 4 m3, propagated downslope and impacted one of the plant’s
building. Figure 7.1 represents the trajectories of the fallen blocks. This event highlighted both
the deteriorated condition of the slope and the vulnerability of the hydroelectric complex and
downstream structures.

Figure 7.1 - Trajectory representation of the rockfall event on April 2025.
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Following the rockfall event, the slope was considered unsafe, and the company imple-
mented an urgent installation of rockfall stabilization mesh along the wall from which the
detachment had occurred. Subsequently, the company also evaluated the installation of a series
of rockfall barriers downstream of the rock walls to protect both, the hydroelectric plant and the
adjacent electrical distribution substation.

For these purposes, the company commissioned GEODES S.r.l. to carry out an assessment of
slope stability and the residual susceptibility to further block detachments, and the design and
engineering of protective measures in order to prevent additional damage.

7.1.1 Geographical Setting

The study area is located in the Municipality of Venaus, in the Province of Turin, in the
western sector of the Piedmont Region, close to the French-Italian border. Placed at the middle
portion of the Cenischia Valley, a tributary valley of the larger Susa Valley, it has an elevation
ranging approximately from 620 to 850 m a.s.l. This sector of the Alps is characterized by a sharp
transition from the high mountain environment of the Mont Cenis Massif to the more open and
populated Susa Valley floor. The Cenischia Valley itself is deeply incised, with strong lateral
confinement, producing steep, highly dissected slopes particularly on the orographic right side
where the study site is located.

Upstream the hydroelectric power plant affected by the collapse, the slope exhibits an av-
erage inclination of about 40°, although locally it features steeps rock walls reaching maximum
inclinations of up to 89°. The rock face from which the rockfall originated, which extends for more
than 150 m with an approximate SW-NE orientation and lies between 780 and 820 m a.s.l, is
characterized by rugged morphology and surfaces exhibiting inclinations exceeding 70°.
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Figure 7.2 - Geographical context of the study area.
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7.1.2 Geological Setting

According to the official geological cartography provided by the Servizio Geologico d’Italia,
the area of interest, situated along the right orographic slope of the Cenischia Valley, is docu-
mented in the Geological Sheet No. 153-Bardonecchia and No. 154-Susa at a scale 1:50.000
(Figure 7.4). From consultation of the official cartography, it is evident that the study area lies
entirely within the Ambin Complex, which forms part of the pre-Triassic basement of the Ambin
tectonostratigraphic unit.

The Ambin Complex mainly consists of albitic-chloritic garnet gneisses and leucocratic
jadeite-bearing gneisses. These rocks are of magmatic, volcanic, and/or volcanoclastic origin and
belong to the same magmatic complex. Among these rocks, metapelites are present, including
chlorite-bearing quartz-mica schists, rare boudins of glaucophanic schists, and, in smaller
amounts, quartz-rich mica schists with occasional layers of metaconglomerates, quartzites, and
carbonates. Ortho- and para-derivatives do not extend laterally and have highly variable thick-
nesses, likely due to original heterogeneity (Elettri, et al,, 2025). Specifically, where the study area
is located, the following units have been recognized:

- Quartz-mica schists, quartzites, and marbles (AZM): para-derivatives characterized by
quartz-mica schists laterally passing into quartzite beds, ranging from decimetre to meter
scale. These are interbedded with layers of similar thickness composed of schists contain-
ing glaucophane, light mica, chlorite, and carbonates.

- Eye-gneisses with albite and chlorite (AZD): light green in colour, mainly composed of
quartz, albite, white mica, and chlorite, with subordinate relic cloritoid, late biotite, and
carbonates. This lithotype represents the dominant component of the Ambin complex.

Above the bedrock, there are several Quaternary deposits, predominantly of detrital nature.

Wi

!

Figure 7.3 - Extract from Geological Sheets No. 153-Bardonecchia and 154-Susa at a scale of 1:50.000
of the CARG from the Servizio Geologico d’Italia, framed in yellow, the study area.
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COPERTURA PLIOCENICO (?) - QUATERNARIA
UNITA'IN FORMAZIONE NON DISTINTE IN BASE AL BACINO DI PERTINENZA

Unita ubiquitarie
Coltre eluvio-colluviale e coltre detritico-colluviale a spese essenzialmente di substrato
particolarmente degradabile (UID,,).
Sedimenti ghiaiosi clast supported, localmente con tessitura open work, ad elementi generalmente
b2 spigolosi, costituiti da litotipi del substrato locale, di dimensioni da medie a piccole o di grandi
dimensioni (detrili di falda) (UIDa3); diamicton matrix supported con matrice limoso-sabbiosa, non
addensata, e scheletro, in proporzioni molto variabili, formato da ciottoli e massi angolosi
| eterometrici, derivati dalla rielaborazione di altre formazioni superficiali o di substrato (accumuli
uip gravitativi) (UID44); diamicton a matrice sabbiosa, non addensato, con intercalazioni di sabbie
! ghiaiose (depositi di origine mista) (UID); calcari concrezionari massivi e/o stratificati (travertini)
' (UIDyy).
Depositi alluvionali recenti ed attuali: ghiaie e ghiaie ciottolose sabbioso-ghiaiose (20% di matrice)
clast supported, mal stratificate, passanti a sabbie ghiaiose con stratificazione planare; limi sabbiosi,
localmente con livelii torbosi verso I'alto, debolmente stratificati, delle aree di esondazione fluviale
(depositi fluviali) (UIDy) (PLEISTOCENE SUP. - ATTUALE).

Pleistocene sup. - Attuale

UNITA' COMPLETAMENTE FORMATE DISTINTE IN BASE AL BACINO DI PERTINENZA

BACINI TRIBUTARI
Depositi dei bacini tributari
Diamicton massivi, da matrix supported a clast supported, con passate ghiaioso-sabbiose (25% di
ghiaie), poco addensati; diamicton massivi matrix supported con sabbie limose (60% di matrice),
addensati, con ciottoli sfaccettati, levigati e striati (till indifferenziati) (UGT); diamicton poco
addensati, a clasti angolosi e subangolosi (#i/f di ablazione) (UGTcs); “morenico scheletrico sparso”
(UGTa); diamicton mal stratificati, matrix supported, con sabbie ghiaiose (30% di ghiaie), localmente
con ghiaie sabbiose matrix supported (65% di ghiaie) e intercalazioni di bancate metriche di sabbie
UGT e ciottoli sparsi a stratificazione piano-parallela, a luoghi mal stratificata e in alcuni casi cementata
(depositi fluvioglaciali e fluviali) (UGTy); alternanze da decimetriche a metriche di sabbie limose e
ghiaie sabbiose (depositi glaciolacustri) (UGTgz); (PLEISTOCENE SUP. - OLOCENE).

UNITA' DI MARGINE CONTINENTALE

UNITA' TETTONOSTRATIGRAFICA DELL'AMBIN (AM)
Basamento pretriassico

Complesso d'Ambin
AZA ; Metaconglomerati a ciottoli di quarzo, passanti a quarziti conglomeratiche a matrice carbonalica

|
AZM (AZA).

O | 4z Micascisti quarzosi, quarziti e micascisti a glaucofane, mica chiara, clorite e carbonati (AZM).

= Gneiss leucocrati massicci a giadeite (Ponte di Venaus) (AZC).

S AZD Gneiss occhiadini ad albite e clorite (AZD).

S -

S |

p‘,‘: Complesso di Clarea
Micascisli polimetamorfici filladici e gneiss minuti albitizzati con diffuse associazioni preservate in
facies scisti blu di eta eo-alpina (CLR).

| CLR

Figure 7.4 - Extract of references from Geological Sheets No. 153-Bardonecchia and 154-Susa
ata scale of 1:50.000 of the CARG from the Servizio Geologico d’Italia.

7.2 Site Investigation

Following the event, on 8 April 2025, a detailed aerial photogrammetric survey of the slope
behind the power plant was carried out in order to obtain an updated topographical base of the
site immediately upstream of the hydroelectric power plant. In addition, the survey allowed the
identification of potential detachment zones, unstable blocks and deposit areas.

On 9 April, a detailed geological-geomechanical survey was conducted, with the aim of: (i)
characterizing the degree of fracturing of the rock mass and the nature of the discontinuities pre-
sent on its walls, on the detachment zone and along to the accessible areas; (ii) estimate the
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minimum volume, size and shape of potentially unstable blocks; and (iii) identify the discontinu-
ity sets and the geometric conditions that favour instabilities. The inaccessible portions of the
slope were instead examined through visual inspection and drone conducted survey.

To support this thesis analysis, a further site investigation was conducted on December 5.
These site measurements were aimed to assess the characteristics of the forest and its compo-
nents, and determine the macro-roughness of the different slope areas, in order to carry out an
accurate three dimensional rockfall runout analysis.

7.2.1 Aerial Photogrammetric Survey

The drone conducted survey was performed and the acquired data confirmed that the slope
is characterized by an abundant amount of debris, consisting of clasts of varying composition and
size, distributed all along the slope and concentrated below the rock walls. In addition to the rock
debris, the slope is covered by a forest with medium to high density. The hydroelectric power
plant and the distribution centre, along with their facilities and offices, are located immediately
at the base of the slope, below large portions of rock outcrops on the slope (Figure 7.5).

Figure 7.5 - Panoramic view of the right slope of the Val Cenischia (Google Earth).

The rock walls were identified and categorized to facilitate their recognition and character-
ization (Figure 7.6). The aerial images evidenced locally unstable blocks, which could be subjected
to further rockfall events affecting the downstream sectors of the slope. The drone flight also re-
vealed the presence of already existing stabilization interventions on a portion of intensely
fractured rock mass located at an elevation between 755 and 765 m a.s.l,, consisting of adhered
mesh fixed with steel cables, in addition to those installed after the event.
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Figure 7.6 - Delineation of rock walls, highlighting unstable blocks and existing
stabilization structures identified through aerial imagery.
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7.2.2 Geological-Geomechanical Survey

The geological field investigation consisted of three complete geomechanical surveys,
which allowed for the structural characterization of the exposed bedrock, and by a block-metric
survey of the blocks located along the slope in terms of dimensions and shape, useful for the sub-
sequent stability analysis.

Along the entire slope, several outcrops of the bedrock were identified, mainly composed of
mica schists characterized by a very prevalent millimetre-thick schistosity, dipping towards NW
at a moderate angle, between 22° and 50°. Within these schists, micaceous minerals, particularly
light-coloured mica, and green-coloured minerals, likely chlorite, were recognized. Additionally,
the bedrock is characterized by the presence of quartz veins of variable length and up to 5 cm
thickness, subparallel to the schistosity.

Figure 7.7 - Geomechanical survey photos; (a) schiststocity, (b) and (c) quartz veins.

The rock mass is intensely fractured, with portions of blocks overhanging the slope. The
terrain at the base of the rock walls is covered by a layer of detrital deposits of indeterminate
thickness, consisting of angular clasts and blocks with a wide range of sizes, from centimetres up
to multi-metre blocks. It can be stated that these detrital bodies are of different ages, as some are
vegetated and embedded in the fine sandy-silty matrix below the surface, characteristic of collu-
vial-detrital deposits, while others lack herbaceous vegetation and exhibit clean, brightly
coloured surfaces, likely dating back to the landslide event of April.

Block-metric Survey

Blocks deposited along the slope were characterized in terms of volume through a dedi-
cated block survey. The results obtained from this survey were subsequently used in the global
stability analysis of the slope, as an indication for the definition of rock volumes susceptible to
collapse from the rock walls present on the slope. The measurements from the block survey are
reported in Table 7.1.
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Table 7.1 - Block dimensions recorded along the slope.
Height Width Length  Volume

b (em)  (m)  (m)  (m3)
1 90 210 75 1,418
2 154 60 90 0,832
3 28 18 7 0,004
4 80 20 40 0,064
5 30 25 10 0,008
6 150 100 40 0,600
7 20 25 15 0,008
8 45 23 8 0,008
9 150 100 20 0,300

10 50 40 10 0,020

11 150 70 30 0,315

12 250 70 80 1,400

13 110 130 15 0,215

14 45 30 20 0,027

15 300 180 60 3,240

16 500 150 450 33,750

Based on the measurements carried out on site, the average block volume is approximately
0,564 m3. In the calculation of the mean volume, block No. 16 was excluded, as it does not repre-
sent a block susceptible to collapse. Instead, it corresponds to a large isolated unstable block
identified during field investigations. If detached, this block is expected to undergo fragmentation
due to the highly fractured nature of the site rock mass; therefore, it was not included in the sta-
tistical evaluation of blocks susceptible to collapse.

Geomechanical Survey

The geomechanical surveys were carried out in accordance with the International Society
for Rock Mechanics (IRSM) data collection guidelines (1978), enabling for discontinuity charac-
terization on the basis of the following parameters:

(a) orientation (dip and dip direction)
(b) persistence

(c) mean spacing

(d) aperture

(e) roughness

(f) infilling

(g) weathering

(h) water condition

(i) mean block size

G) GSl

In addition, sclerometer tests were performed on the main discontinuity sets observed on
site. The geostructural data was obtained at three survey stations, locations of which are shown
in Figure 7.8, with the aim of defining the geometry and characteristics of the discontinuities af-
fecting the rock mass along the slope from different positions. The survey data and analysis is
reported in Appendix L.
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Figure 7.8 - Geo-Structural stations location.

Following the acquisition of these measurements, the orientation data were analysed using
Dips 7.018 from the Rockscience Inc., with a Schmidt equal-angle stereonet method on the lower
hemisphere.

The structural station St1 is characterized by schistosity planes dipping toward WNW with
an average inclination angle ranging between 24° and 50°, and a large-scale undulating trend. The
rock mass (Figure 7.9) consists of grey quartzic mica-schists with lenticular quartz veins ranging
from centimetre to multi-centimetre scale, subparallel to the schistosity. The mass is intensely
fractured, and a total of n.6 discontinuity families have been identified in addition to the schistos-
ity. The joints observed show fillings ranging from absent to soft, of a sandy-silty nature, with a
thickness of less than 5 mm, and generally a weak degree of surface weathering. Along the wall, a
fault plane is also present, where kinematic indicators, consisting of movement striations and cal-
cite steps have been observed, allowing the classification of the fault kinematics as a normal fault.
The minimum volume of blocks found on site is approximately 0,225 dms3, the maximum is
1,912 m3, while the average volume is around 24,375 dm3. The rock mass is characterized by a
GSI of 55-60.
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Figure 7.9 - Rock outcrop on survey
station St1.
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Figure 7.10 - Sterographic representation St1.

The structural station St2 is characterized by schistosity planes dipping toward NW, with
an average inclination ranging between 30° and 45°, and exhibiting a large-scale undulating pat-
tern. The rock mass (Figure 7.11) located at the base of the slope from which the collapse
landslide occurred in April 2025, consists of grey quartzic mica-schists with lenticular quartz
veins ranging from centimetre to multi-centimetre scale, subparallel to the schistosity. The mass
is intensely fractured, and five families of discontinuities have been identified in addition to the
schistosity. The observed joints exhibit fillings varying from absent to soft, of a sandy-silty com-
position, generally less than 5 mm thick, and display a surface weathering ranging from absent to
weak. The minimum volume of blocks is approximately 0,900 dm3, the maximum is 0,300 m3,
while the average volume is 24,750 dm3. The rock mass is characterized with a GSI of 55-60.
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Figure 7.11 - Rock outcrop on survey
station St2.
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Figure 7.12 - Sterographic representation St2.

The structural station St3 is characterized by schistosity planes dipping toward WNW, with
a medium-to-high average inclination ranging between 30° and 50°, and exhibiting a large-scale
undulating pattern. The rock mass (Figure 7.13) consists of grey quartzic mica-schists with len-
ticular quartz veins ranging from centimetre to multi-centimetre scale, subparallel to the
schistosity. The mass is intensely fractured, and six families of discontinuities have been identified
in addition to the schistosity. The observed joints exhibit fillings varying from absent to soft, of a
sandy-silty composition, generally less than 5 mm thick, and display a surface weathering ranging
from absent to weak. The minimum volume of blocks found on site is approximately 1,000 dms3,
the maximum is 130,000 dm3, while the average volume is around 15,000 dm3. The rock mass in
this station is characterized with a GSI value of 50-55.
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Figure 7.13 - Rock outcrop on survey
station St3.
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Figure 7.14 - Sterographic representation St3.

7.2.3 Forest Survey

In order to perform a complete 3D analysis, the characteristics of the vegetation on the site
are required. A total of six survey areas were inspected on site, recording the number of trees,
species and stem diameter. The survey areas, shown in Figure 7.15, were selected based on their
accessibility, following existing trails along the slope. All of these areas are located below the rock
walls; therefore, it can be affirmed that the forest characteristics influencing the analysis were
correctly measured and taken into consideration. The raw data obtained from the forest survey
are presented in Appendix IL.
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Figure 7.15 - Location of the surveyed zones.

A probabilistic analysis was subsequently carried out to obtain the mean value and stand-
ard deviation of the diameter data, as well as the tree density. Survey results are shown in
Table 7.2.

Table 7.2 - Forest survey results.

Zone Area Count Density DBH (cm)
m? Ha No. (trees/Ha) mean  std.dev
a 120 0,012 37 3083 19 7
b 89 0,009 30 3371 16 10
c 81 0,008 40 4938 9 4
d 56 0,006 40 7143 16 7
e 310 0,031 75 2419 12 5
f 308 0,031 46 1494 21 12

The forest survey revealed a significant variability in tree density and stem diameter across
the six zones, while the percentage of coniferous species is null for this side of the valley. Zones ¢
and d exhibit the highest tree densities but relatively smaller mean diameters, indicating a dense
stand of younger or smaller trees. Conversely, zones a and f have lower densities but larger mean
diameters, suggesting the presence of fewer, more mature trees.

Considering that this survey was conducted nine months after the rockfall event, it is pos-
sible that the trees measured over a narrow long area, like zone d, might not be fully
representative of the portion of slope below the rock wall No. 2, from where the mass of rock
detached and partially deposited immediately below it. Figure 7.16 and Figure 7.17 are evidence
that the area below the detachment zone has a lower tree density with respect to the others.
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Figure 7.17 - Aerial view of the zone below rock wall No.2.
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7.3 Release Area Characterization

After concluding all the required surveys, the office-based analysis is performed. First, the
information needed to determine each one of the parameters required for the definition of the
Susceptibility Index to Failure (SIF), described in Section 3.3.1, is compiled.

The base for the analysis is the selection of the Digital Terrain Model (DTM) to be used. In
this study case, the DTM was extracted from the Italian Ministry of Environment geoportal (SIM -
Sistema Informativo Multimediale), with a spatial resolution of 1 x 1 m and referenced in the co-
ordinate system ESPG:32632 (WGS 84/UTM zone 32N).

Subsequently, using a dedicated tool from the Geospatial Data Abstraction Library (GDAL)
utility in QGIS, a XYZ ASClII file is generated from the DTM raster, containing the coordinates of the
centre of each pixel. Following this file is imported into QGIS as a vector layer, generating a point
for each DTM cell.

The resulting point cloud is clipped using the delimitation polygons of the rock walls, yield-
ing a set of points corresponding exclusively to the potential detachment areas. These points can
then be directly selected, either wholly or partially for each rock wall and attributed with the cor-
responding factors required for the computation of the SIF.

Each factor is then carefully evaluated and its corresponding class assigned in accordance
with Table 3.2. The report of the weighting values attributed to each factor for the different rock
walls is presented in Table 7.3, forming the input data for the subsequent computation of the SIF
value.

Table 7.3 - Weighting values assigned to each factor at the rock walls.

Rock wall
Factor, f 1 2 3 4 5 6 7 8
pixel pixel pixel pixel pixel pixel pixel pixel
S 1
F1' [Slope angle based based based based based based based based
F2 Rock_rTlass structural 3,0 20 ) i 30
conditions *
F3 |Conditionof 05 | 05 : : 2,0
discontinuities *
F4 |Stability conditions 1,5 1,5 1,5 1,5 1,5 1,5 1,5 1,5
F5 Fracturing level of the 0,5/2,0 10 i 10 10 10
rock mass **
F6 |Lithology sensitivity 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5
p7 |Bxpected rockfall 1,0 1,0 1,0 1,0 1,0 1,0 1,0 1,0
events
F8 [(Water 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
F9 |Seismicity 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
F10 Unstable F)locks and/or 20 20 20 20 20 20 20 20
overhanging sectors
F11 |Aggravating conditions | 0,0/0,5 | 0,0/0,5 0,0 0,0 0,0 0,0 0,0 0,0
F12 |Lateral or foot erosion 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
F13 |Stabilization works 0,0 -0,5/0,0 0,0 0,0 0,0 0,0 0,0 -0,5/0,0
F14 |Freeze-thaw cycles 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
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The slope angle factor (F1) was assigned using a range-based classification code imple-
mented in the attribute calculator in QGIS, reported in Appendix III. Previously, a slope analysis
was derived from the DTM and, for each point within the detachment area, the local inclination
angle was assigned and classified according to the ranges defined on Table 3.2.

The weighting factors of the rock mass structural conditions (F2) were assigned with basis
on the geomechanical surveys for the investigated walls, following ], values. The assignation of
this factor is only for the rock faces that underwent detailed site characterization, as indicated in
Table 3.2.

The discontinuity condition factor (F3) was determined using the detailed data obtained
from the geostructural surveys, including roughness, persistence, opening, infilling and wall al-
teration.

The stability conditions (F4) was assigned on the basis of field evidence and geomorpho-
logical indicators of instability, such as open fractures, detached blocks, fresh scar surfaces, and
local rockfall accumulations. This features are at a greater or lesser extent present in every zone
of the considered detachment areas, hence a potentially unstable class was considered.

The fracturing level of the rock mass (F5) was evaluated by integrating geostructural survey
data from the neighbouring rock outcrops with visual comparison of exposed rock faces consid-
ering GSI values.

For the lithology sensitivity factor (F6), a medium-to-good rock quality was assigned to the
entire rock mass on the slope, considering the rock formation, in terms of mineral composition,
as a relatively homogeneous lithological setting without weak or highly altered sectors.

As for the expected rockfall events factor (F7), an occasional frequency corresponding to
approximately three events per year was adopted. This estimate takes into account the detach-
ment of April 2025 and an additional reported event in the subsequent months, as well as
qualitative evidence collected during field surveys.

Hydrological conditions (F8) of the site were defined assessing data from the Agenzia Re-
gionale per la Protezione Ambientale (ARPA) (Regional Agency for Environmental Protection),
monitoring network, which indicate an average rainfall intensity of approximately 6,2 mm/h dur-
ing precipitation events, with peak values reaching about 100 mm in rare annual occurrences.
Furthermore, no moisture was observed along discontinuities during the surveys, and no rivers
or streams intersect the analysed area.

The seismicity factor (F9) was selected according to data from the Istituto Nazionale di Geof-
isica e Vulcanologia (INGV) (National Institute of Geophysics and Volcanology), which classifies
the area as having low seismic activity, with peak ground acceleration values lower than 0,15 g.

Unstable blocks and overhanging sectors (F10) were identified at several locations along
the slope through the analysis of aerial imagery acquired during the drone survey, complemented
with field verification.

The only aggravating condition (F11) considered is a possible fault crossing rock walls
No. 1 and 2. Given its uncertain nature, a low criticality level was assigned to the points surround-
ing the fault, considering that this sector might be more fractured or altered locally than the
surrounding mass.
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No evidence of lateral or foot erosion (F12) was observed during the field surveys. In par-
ticular, the absence of active streams at the slope toe and the lack of undercutting processes justify
the attribution of a null weight to this factor.

Regarding the stabilization works (F13), two areas with anchored mesh systems were iden-
tified, as shown in Figure 7.6. This structures are considered to have a partially effective effect to
the susceptibility of detachment; therefore, a reduced negative value was attributed to the corre-
sponding sectors.

Finally, the annual thermal and hydrological conditions of the site does not favour the oc-
currence of freeze-thaw cycles. Temperatures rarely fall below freezing and there are no frequent
alternating periods of below-zero and above-zero temperatures throughout the year. Conse-
quently, factor (F14) is considered null for the analysed area.

After each column of the attribute table of the point cloud is filled with the assigned
weighting factors, the SIF index is computed directly on the attribute table using the field calcula-
tor with the codes presented in Appendix III. The Susceptibility Index to Failure as a new attribute
value can be rasterized to create a colour map indicating different levels of susceptibility to de-
tachment, (Figure 7.18). Raster resolution was set to 2 x 2 m to optimize subsequent software
simulations.

Susceptibility Index §&
to Failure (SIF) [

[1<=0,32

[Jo0,32-036
[10,36-0,39
=3 0,39-0,42
[ 0,42 - 0,45
[ 0,45 - 0,49
B > 0,49

o

Figure 7.18 - SIF analysis result.

From the SIF map, it can be stated that the rock walls with the highest level of susceptibility
to detachment are walls No. 1, 2, 3, and 5, with wall No. 5 exhibiting the highest SIF value of 0,52.
This outcome can be related to the steeper inclination of wall No. 5 and its high degree of fractur-
ing, which results in a higher level of hazard potential.
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The result is directly comparable with the rockfall event of April 2025, which affected the
Venaus hydroelectric power plant at the base of the slope. The detachment originated from the
uppermost part of rock wall No. 2, for which a high mean value of SIF was obtained, with the
steeper upper sectors of the wall characterized by values ranging between 0,40 and 0,44.

The rest of the rock walls, No. 4, 6, 7, and 8, together with the lower portion of wall No. 3,
exhibit the lower values of SIF compared to the others. This corresponds to a lower level of sus-
ceptibility to detachment and, consequently, to a reduced hazard associated with the rockfall
phenomena.

From a numerical point of view, it is worth emphasizing that the relative homogeneity of
some parameter involved in the determination of the SIF index among the different walls implies
that the factors having the greatest influence on the differentiation on the level of susceptibility
are those that characterize each portion of the rock wall to their specific weight, such as the slope
inclination (F1) and the geostructural conditions (F2, F3, F5).

The definition of the SIF index therefore allowed for an objective quantification of the
hazard level, in terms of susceptibility to detachment, of the rock walls along the slope upstream
of the Enel hydroelectric power plant and the adjacent substation in Venaus. On the basis of these
data, it was possible to identify with greater precision the source areas of potential rockfall events,
which will subsequently be used in the computation of block trajectories in the 3D analyses, with
the aim of defining appropriate mitigation measures for the protection of the existing structures.

7.4 Numerical Analysis

The numerical analysis is structured into three main stages. First, the results of the SIF anal-
ysis, together with the other input parameters, are implemented in the QPROTO plugin to perform
a simplified three-dimensional runout analysis. Among other results, this step provides weighted
trajectory frequency map and enables the computation of the Source Affecting Index for the de-
tachment areas.

Subsequently, a detailed 3D probabilistic rockfall model is implemented using Rockyfor3D,
which accounts for the effects of forest cover and slope macro-roughness. This analysis allows for
the validation of the QPROTO results and more detailed information of the runout process.

Finally, in order to obtain the parameters required for the design of protection measures,
two-dimensional analysis are carried out in Rocfall2 along sections corresponding to a highest
trajectory frequency.

7.4.1 Three-dimensional Weighted Runout Analysis

The base of the analysis is a cloud of points identifying the detachment areas, this vector
file must have the attributes presented in Table 5.1. The values regarding ID, elevation and aspect
are obtained from raster analysis of the DTM and assigned as attribute to the vector file containing
the source points. The boulder mass is set to 8100 kg, regarding a 3 m3 rock block, to represent
blocks with sufficient energy to reach the base of the slope and analyse the invasion area. Further-
more, the visibility distance was set to 1000 m in order to extend the analysis to include the areas
containing the elements at risk.

The energy line angle was defined following Castelli, et al. (2021), this approach allows es-
timating energy angles for any slope inclination ranging between 30° and 60° approximating them
as isometric shapes, and rock volumes between 0.1 and 10 m3. The energy line charts derived
from the analysis are presented in Figure 7.19, (a) refers to slopes without forest cover while
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(b) is related to a forest of approximately 400 trees/Ha. Intermediate forest density can be asso-
ciated to interpolated values between the two sets of curves.

45
w, (°)

(a)

Figure 7.19 - Energy line angle estimation chart for (a) non-forested slope
and (b) densely forested slope (Castelli, et al,, 2021).

In order to assign a value of energy angle to each rock outcrop, a study of the slope mor-
phology below each homogeneous area was carried out based mainly on the average slope
inclination. A dense forest is considered based on previous survey and a block volume of 3 cubic
meters. Figure 7.20 exhibits the distribution of the homogeneous zones on the rock outcrops and
the assigned energy line angles.
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Figure 7.20 - Energy line angle association to each source point.

The last attribute required as input is the lateral dispersion angle, representing the aperture
of the cone for the analysis. This parameter is defined following Azzoni et al. (1995) that stated
that lateral dispersion usually corresponds to 20% of the slope length. From a set of sections
equally spaced transversal to the slope direction, displayed in Appendix IV, the slope length was
measured from the uppermost part to the base of the slope, resulting in an average slope length
of 344,24 m. The lateral dispersion angle («), assigned to each rock outcrop is computed as follow:
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344,24 - 20%
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@=tan 34424
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After defining all the input parameters as attributes of the source points, the analysis was
carried out, obtaining all the results listed in Table 5.2 in raster format. Among these outputs, the
present study focuses on the susceptibility, i.e. the weighted passing frequency, w_en, the maxi-
mum weighted kinetic energy, and e_max, the maximum computed kinetic energy, presented in
Figure 7.21 to Figure 7.23 respectively. These maps also show the delineation of the rock outcrops
and the boundaries of the critical area, where the elements at risk are located.

The susceptibility highlights a clear concentration of high-intensity values in the central and
southern parts of the slope, directly downslope of rock walls No. 2, 3 and 7. This area can be in-
terpreted as a deposit zone, where large volumes of rock blocks tends to accumulate. The spatial
correspondence between the highest susceptibility corridors and the delimited critical areas
demonstrates that a rockfall event is likely to intersect the elements at risk.

The weighted maximum kinetic energy map reveals that the highest energy levels are con-
centrated below rock walls No. 1, 2, 5 and 7. This parameter considers the energy that the blocks
possess during their runout, simulated by QPROTO as an equivalent sliding motion. The spatial
coincidence between the critical areas and energy values up to 2.500 k] indicates that a potential
rockfall event might reach the elements at risk with considerable impact energy, stressing the
need for protective measures designed to withstand impacts of high levels of energy. As for the
protective measures, these are installed a few to some tens of meters behind the boundaries of
the critical areas, where topographic conditions and normative space requirements allows their
installation, in this sectors, the energy levels are even higher.

The maximum computed kinetic energy is presented to enable comparison with a model
that reproduces the phases of motion with more accuracy. This non-weighted parameter also
highlights a considerable gap between the weighted kinetic energy of almost triple its value. The
results demonstrate that neglecting the Susceptibility Index to Failure may lead to an overestima-
tion of the potential hazard, as non-weighted parameters do not consider the detachment
propensity of each source area.
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Figure 7.22 - Maximum weighted kinetic energy, 3 m3 block.
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Figure 7.23 - Maximum kinetic energy, 3 m3 block.

Following the QPROTO analysis, in order to identify the most hazardous sectors within the
detachment areas, the next step is to apply the RADAR plugin with the output files from QPROTO.
The result, shown in Figure 7.24, reveals that the highest SAl values are associated with rock walls
No. 2, 4, and 6; which is consistent with the event of April 2025 regarding the rock wall No. 2. In
contrast, parts of rock outcrops No. 3, 5 and 8 exhibit a moderate level of impact on the critical
areas, while the remaining rock walls present values lower than 4%. This result evidence that
blocks detaching from the upper part of the slope are those that mostly affect the elements at risk,
likely due to the greater potential energy accumulated at higher elevations, which results in higher
velocities and impact energies along the runout paths.

The overall result indicates that 29,75% of the 4.951 source points do not affect the critical
areas. Furthermore, 28,05% of the source points have a SAI value ranging from 0% to 2%, mean-
ing that they can hit up to 2% of the elements at risk. A total of 30,52% of the source points range
between 2% and 6%. Finally, only 363 source points, representing 4.34% of the total, have a
Source Affecting Index greater than 8%, with only 1,07% exceeding the 10% threshold. The chart
on Figure 7.25 shows a frequency distribution of the SAI ranges.

These results highlight that the areas most susceptible to detachment are not necessarily
the most hazardous ones, blocks detaching from the weakest rock walls might not necessarily
reach the critical areas. This indicated that the morphological characteristics of the slope play a
fundamental role in controlling the rockfall hazard.
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Figure 7.25 - Frequency distribution of the SAI.

7.4.2 Three-dimensional Predictive Runout Analysis

A Rockyfor3D model will be implemented in order to obtain results that better reproduce
the runout trajectories of the falling blocks, with a more detailed representation of the different
phases of motion. The parameters required to run the analysis have already been described in
Section 5.4.1.
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Following an extensive analysis of geological maps, aerial photogrammetry and background
site-specific information, the different types of surface cover of the slope were identified and dis-
cretized for further parameter association. Figure 7.26 shows the terrain characterization of the
slope.

Terrrain discretization

I bedrock

I debries medium fine
I debries with bushes
I debries with forest cover
I anthropic

Figure 7.26 - Soil type discretization.

The parameters needed for the terrain characterization were initially obtained through a
comparison between photographs taken during the different surveys and examples from the soft-
ware manual presented in Appendix V, together with the forest data from Section 7.2.3.

Back Analysis

In order to adjust the initial characteristic parameters of the terrain, a back analysis is per-
formed considering the event of April 2025. For the input, the DTM with 2 x 2 m resolution was
used as a base for the analysis. An ellipsoidal shaped block having 4 m3 was considered and the
cells contained within the rock outcrops delimitations were characterized with a rock density
value of 2.700 kg/m3. A total of 4.951 cells are characterized as source points, therefore, with a
number of simulations per cell set to 1.000, a total of 4.951.000 trajectories were simulated.

From the data in Table 7.2, the surveyed areas were extrapolated based on satellite imagery
to define and delineate larger forest zones. The forest density result in zone d is considered to be
inconsistent with site observations. In order to address this, an average of the adjacent zones was
taken to characterize the number of trees per hectare on zone d.
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Figure 7.27 - Forest zones for Rockyfor3D analysis.

After several attempts of parameter characterization, a considerable block accumulation is
perceived on the electric distribution centre, whereas fewer blocks accumulate where the build-
ing was hit. This last event can be classified as a rare, corresponding to trajectories with a low
probability of occurrence. In any case, the accumulation and runout outputs serve as validation
for the back analysis. Table 7.4 summarizes the roughness and soil type derived from the back
analysis, while Figure 7.28 presents a map illustrating the most probable trajectories and stop-
ping points with block accumulations higher than 500 units, representing 0,01% of the total
number of simulations.

Table 7.4 - Roughness and soil type parameters obtained through back analysis.

Terrain Roughness .
o Soiltype
characterization rg70 rg20 rgl10
anthropic 0 0 0 1
bedrock 0 0 0,70 6
debris medium fine 0,05 0,10 0,20 4
debris with bushes 0,05 0,10 0,20 4
debris with forest 0,05 0,10 0,20 4
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Figure 7.28 - Propagation probability and stopping points (>500 units) from back analysis.

Predictive Runout Analysis

This set of analyses was performed in order to analyse the behaviour of rock blocks falling
along the slope. The main outputs are the preferred trajectories paths, the distribution of the stop-
ping points along the slope, and the associated kinetic energy and passing height. In particular,
two-dimensional sections will be derived from the main trajectories to perform 2D analyses for
the design of rockfall protection barriers.

For the main analysis of the actual conditions, the forest density on zone d was reduced by
30%, resulting in 2065 trees/Ha, to be cautious and account for the previous event damage, for
the same reason, the soil type characterized with medium fine debris below the event detachment
area increased its roughness. Two deterministic scenarios of block volumes were analysed, con-
sidering rock blocks having 1 and 3 m3, respectively.

Table 7.5 - Roughness and soil type parameters for the predictive analysis.

Terrain Roughness .
. Soiltype
characterization rg70 rg20 rgl0
anthropic 0 0 0 1
bedrock 0 0 0,70 6
debris medium fine 0,15 0,15 0,25 4
debris with bushes 0,05 0,10 0,20 4
debris with forest 0,05 0,10 0,20 4

The predictive analysis results are presented in terms of propagation probability, stopping
point distribution, and kinetic energy and passing heights classes at the 99t percentile, in order
to capture values approaching the maximum for each scenario.
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Figure 7.29 - Propagation probability; (a) 1 m3; (b) 3 m3.
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Figure 7.31 - Kinetic energy at the 99t percentile; (a) 1 m3; (b) 3 m3.
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Figure 7.32 - Passing height at the 99t percentile; (a) 1 m3; (b) 3 m3.
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Conclusions

In comparison with back analysis results, Figure 7.29 shows a consistent dispersion of the
most frequent runout paths, not changing the trend in the middle part of the analysing area for
neither of the scenarios considered. The main difference between the scenarios is that blocks hav-
ing larger volumes tend to arrive farther and extend the invasion area on the NE and SW of the
slope.

Likewise, in comparison with the back analysis results, Figure 7.30 exhibits a wider disper-
sion of blocks stopping points along the slope. Between scenarios, a small increase in deposit
zones before reaching the slope is presented with 1 m3 blocks. In any case, a predominant accu-
mulation area concentrates at the base of the slope. Consequently, blocks with volume ranging
between 1 and 4 m3 systematically reach the base of the slope, representing a potential hazard to
the exposed elements in this area. Therefore, reinforcing the need for protection measures along
the entire base of the slope.

In addition, the maximum values of propagation probability and spatial distribution of the
stopping points from Figure 7.29 and Figure 7.30 suggests that, although the overall runout is
comparable, slight differences occur at the southern extreme of the analysed area. In this sector,
longer and denser preferential paths are observed when larger volumes of blocks are involved,
whereas in the predictive runout analysis with smaller blocks (1 to 3 m3) show less runout con-
centration on this path.

Furthermore, the physical properties that characterize the runout, kinetic energy and pass-
ing heights, exhibited in Figure 7.31 and Figure 7.32, a clear correspondence between high energy
levels and elevated bounced heights, particularly pronounced downslope rock walls No. 5 and 7.
Rock walls No. 2 and 1 are also a source of blocks that achieve high levels of energy and passing
height along their runout paths. Meanwhile the areas where maximum kinetic energy values oc-
cur are spatially consistent for both scenarios. However, a clear increase to higher energy levels is
observed for larger blocks. In contrast, passing heights do not exhibit a significant step increase,
maintaining similar values across most areas and comparable maximum values in both scenarios.
This behaviour suggests a strong topographic control, where the highest values likely correspond
to free-fall trajectories originating from the upper parts of steep rock faces.

It is worth noting the similarities between the analyses conducted with Rockyfor3D and
QPROTO. Although magnitudes differ, the zones having the higher levels of energy spatially coin-
cide. This indicates that, even when using a simplified method, the general patterns of block
runout and energy concentration are reliably captured. This supports for a two-step approach,
first QPROTO can be used for identify areas at risk, while Rockyfor3D provides precise energy
data of the runout.

7.4.3 Two-dimensional Analysis

A further analysis is conducted on sections with the higher values of propagation probabil-
ity (Figure 7.33) in order to get more detailed information on kinetic energy and bouncing heights.
This analysis will also serve for the calculation and design of the retaining structures.

A new back analysis is required as restitution coefficients respond different in 2D and 3D
models due to the distinct representation of the block geometry and the associated degrees of
freedom, which affect energy dissipation and rebound behaviour during impacts. Furthermore,
variations between models numerical simulations and assumptions can have an influence on
these parameters.
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Figure 7.33 - Rocfall2 analysis sections.

The trajectory from the April 2025 event was derived from the conducted surveys and the
2D profile following that trajectory was derived from the DTM. The surveys also indicate that the
detachment occurred on the southern upper part of rock wall No. 2, and that the block that col-
lided with the building was estimated in about 4 m3. Table 7.6 exhibits the parameters that
characterize the slope cover material derived from a back analysis procedure, while Figure 7.34
shows the trajectories derived from the simulation with a close in of the building area on the
upper-right corner, depicting the several possibilities of blocks arriving to the roof of the building.

Table 7.6 - Terrain coefficients obtained from back analysis.

Effective
Rolling Friction| Forest
Height (m)

Forest
Drag (ke/s)

Mormal Tangential Dynamic

Material Name ICalar tution tution Eriction

Narmal MNarmal Narmal MNarmal
Mean: 0.46 Mean: 0.7 Mean: 0.31 Mean: 0.1
bedrock . Std Dev: 0.04 |5td Dev: 0.03 |Std Dew: 0.04 (Std Dev: 0.02
Rel. Min:0.12 Rel. Min: 0.02 Rel. Min: 0.12 Rel. Min: 0.06
Fel. Max:0.12 Rel. Max: 0.08Rel. Max: 0.12 Rel. Max: 0.06

Narmal MNarmal Naormal Narmal
Mean:0.35 Mean: 0.65 | Mean:0.35 Mean: 0.25
debries medium fine . 5td Dev: 0.04 |5td Dev: 0.04 |Std Dew: 0.04 |5td Dev: 0.02
Rel. Min: 0.12 Rel. Min: 0.12 Rel. Min: 0.12 Rel. Min: 0.06
Rel. Max: 0.12 Rel. Max: 0.12Rel. Max: 0.12 Rel. Max: 0.06

Narmal MNarmal Narmal MNarmal
Mean:0.35 Mean: 0.6 Mean: 0.35 Mean: 0.3
debries with bushes . 5td Dev: 0.04 |5td Dev: 0.04 |Std Dew: 0.04 |Std Dev: 0.03
Rel. Min:0.12 Rel. Min: 0.12 Rel. Min: 0.12 Rel. Min: 0.09
Fel. Max:0.12 Rel. Max: 0.12Rel. Max: 0.12 Rel. Max: 0.0%

MNormal Marmal MNormal MNarmal
Mean:0.35 Mean: 0.6 Mean: 0.35 Mean: 0.3
Std Dev: 0.04 |5td Dev: 0.04 |Std Dew: 0.04 [Std Dev: 0.03 35 250
Fel. Min:0.12 Rel. Min: 0.12 Rel. Min: 0.12 Rel. Min: 0.0%
Fel. Max:0.12 Rel. Max: 0.12Rel. Max: 0.12 Rel. Max: 0.0%

concrete Bl 01 03 055 0.1

debries with forest
cover .
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Figure 7.34 - Back analysis block trajectories (4m3).

The representative rock block for the predictive runout analysis was selected considering
the worst known case scenario, a 4 m3 rock block. Rockyfor3D results indicates that, in this case,
higher energy values are associated to bigger blocks (Figure 7.31). For the case under study, the
largest block registered corresponds to the event of April 2025 and was therefore adopted as the
reference scenario. The sources of detachment were set on the most vertical sectors on the slope
sectors characterized with rock outcrops.

The number of simulations was defined at 25 rock blocks per meter of source line in order
to get a homogeneous analysis in all sections. Table 7.7 lists the number of seeders placed per
section, their length, and the associated number of simulations for each model.
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Table 7.7 - Seeders and number of simulations associated.

Section Source No. of
# length (m) simulations
1 45,3 1133
2 21,2 530
51 3 20,5 513
total 87,0 2175
1 13,3 333
2 13,6 340
S2 3 18,2 455
4 18,7 468
total 63,8 1595
3 45,3 1133
S3 4 16,3 408
total 61,6 1540
1 15,5 388
2 12,5 312
3 32,3 808
S4 4 13,5 338
5 15,2 380
6 12,7 318
total 101,7 2542
1 20,8 520
2 20,3 508
$5 3 11 275
total 52,1 1303

In all the considered sections, collectors were placed at different quotes to gather data on
trajectories dynamics. For each section, the runout trajectories, the percentage of blocks stopped
along the slope, the translational velocity, and the passing height, reported at their 95t percentile,
were extracted for analysis.

Following, the runout trajectories and stopping points along the slope profile are presented
for each of the considered sections.
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Figure 7.36 - Section S1, stop points along the slope.
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Figure 7.38 - Section S2, stop points along the slope.
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Figure 7.40 - Section S3, stop points along the slope
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Figure 7.41 - Section S4, trajectories and collectors.

Analysing the trajectories on section S4, it can be depicted that vast majority of trajectories
exhibit very high bouncing heights arriving to the base of the slope, where 20 m collector elements
are placed as reference. Consequently, the design of a barrier high enough to intercept these
blocks would be technically impracticable, as it would require an excessively large structure.

Higher on the slope, below the upper detachment zone, the bouncing height of the trajecto-
ries originating from the upper sector are considerable lower. To analyse this portion of the slope,
an rigid barrier was placed at 735 m a.s.l. to intercept the blocks released from the upper detach-
ment area and to evaluate weather this configuration leads to a reduction in bouncing heights
downslope.

Figure 7.42 makes evident a considerable reduction in bouncing height downslope. Follow-
ing these results, two levels of barriers will be considered in this sector to intercept the falling
blocks.
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Figure 7.43 - Section S4 (b), stop points along the slope.
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Figure 7.45 - Section S5, stop points along the slope.
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Table 7.8 summarizes the collected data of the passing height and velocity at the 95t per-
centile for each section and elevation.

Table 7.8 - Collector data summary.

Section Elevation pg‘aczsri?fge Passing height Velocity

(ma.s.l) of blocks (%) at P95 (m) at P95 (m/s)

640 90,2 1,4 13,3

S1 645 90,9 1,3 12,6

650 91,1 1,9 16,4

635 81,4 3,4 16,6

S2 340 81,3 2,7 15,1

345 83,4 2,6 16,9

635 49,4 6,5 17,3

S3 640 49,8 4,3 16,5

645 64,7 4,2 21,1

S4 (b) 628 32,3 2,5 14,9

735 (b) 50,9 2,2 11,5

1065 75,7 1,6 12,9

S5 1228 79,6 1,7 10,6

1390 83,5 1,8 11,6

7.5 Protective Measures Project

For the project and design of the protection measures, the Italian Normative was consid-
ered, particularly UNI 11211-4-2018, Rockfall protective measures - Part 4: Definitive and
executive design. This normative indicates that the actions of the falling blocks on the defence
work must be determined by analyses of the dynamics of rockfall in order to determine its trajec-
tory, both from a planimetric and altimetric point of view, as well as the fall frequency, velocity,
and kinetic energy. It has to be verified that:

Era = Esq
hi = hg + fmin

where; Erq is the resistance of the selected barrier of design; Esqs acting kinetic energy of design; h;
is the barrier height declared by the manufacturer; hq is the required height of design; fui» is the
minimum clearance, equal to the block radius and in any case not less than 0,5 m.

The energy of design is calculated as:

1

Esy = <§'md'vd2)'YR (Eq. 7.1)

where my is the design mass of the blocks; vy is the design velocity of the rock block; and yz is a
safety coefficient depending on the phenomena consequences. The design mass of the block is
defined as:

mg = (Volp " ¥) " ¥Ym (Eq-72)

Ym = Yvoir1 " Yy (Eq.7.3)
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where:
Voly is the volume of design
y is the mass per unit volume of the involved material
¥m is an amplification coefficient composed by:
ywoir1, @ coefficient related to the precision of the volume of the block of design
yy, a coefficient related to the precision of the rock density (generally assumed equal
to 1,00)

The velocity of design of the blocks is defined as the velocity at the point of impact with the
structure affected by an amplification coefficient. It is calculated as:

Vg =Vt Vr (Eq. 7.4)
YF=Y1Tr Vpp (Eq. 7.5)

where:
v: corresponds to the 95t percentile of the velocities calculated in the trajectory analysis
yris a amplification coefficient defined with:
Yt a reliability coefficient related to the trajectories calculations
Yop, A coefficient related to the quality of the topographic discretization of the slope

The resistant energy of the barrier is obtained as the capacity declared by the manufacturer
(Ei) affected by a safety factor related to the quality verification (yz):
Era = Ei/vg (Eq.7.6)

Finally, the intersection height of design is defined as the height of the impact point of the
block’s centre of gravity with the structure affected by an amplification coefficient:

hg =he yr (Eq. 7.7)

where, h; is defined as the impact point of the block centre of gravity with the structure corre-
sponding to the 95t percentile of the heights obtained from the trajectory analysis; and yr is the
same amplification coefficient used for the velocity of design calculation. Table 7.9 lists the values
of the design coefficients for each case.

Table 7.9 - Design coefficients.

Coefficient  Value Specification
1,02 accurate rock face surveys
YvolF1 1,10 absence of surveys
1,02 restitution coefficients obtained from back analysis
Y1 1,10 restitution coefficients obtained only from bibliographic information
1,02 slopes discretized with high-precision topographic survey
¥Yop 1,10 slopes discretized with medium-low precision)
1,00 - 1,20 high level of risk for human life depending on the risk value
1,00 small economic consequences and damages easily serviceable
YR 1,05 relevant economic consequences, but damages easily serviceable
1,10 relevant economic consequences and damages difficult to repair
1,20 relevant economic consequences and extensive damages that cannot be repaired
1,20 verification done on the basis of Maximum Energy Level (MEL)
VE 1,00 verification done on the basis of Service Energy Level (SEL)

It was decided to follow the energy verification in the Maximum Energy Level case, Table
7.10 shows the coefficients selected for calculations according to the employed methodology.
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Table 7.10 - Selected design coefficients.

Coefficient YvoIF1 Yrr Yop YR YE
Case surveyed back analysis high-precision slight MEL
Value 1,02 1,02 1,02 1,05 1,20

The protection system was design using standard nominal energy classes commercially
available, specifically 1000, 2000, 3000, and 5000 kJ. Standard certified system heights often
range between 4 and 7 m for the mentioned energy levels. Table 7.11 reports the resistant energy
value for the selected energy classes for the design of the system and typical associated height
ranges.

Table 7.11 - Resistant energy for standard energy classes and associated height ranges.

Nominal energy (Ei)  Resistant energy (Ers)  Typical height ranges

(k]) (k]) (m)
1000 833,3 4-5
2000 1666,7 4-5
3000 2500,0 5-6
5000 4166,7 6-7

The barrier capacity was selected by verifying that its resistant energy value under the con-
sidered conditions exceeded the design impact energy, while its effective height was compatible
with the design passing height obtained from the analysis. Selected classes and heights are pre-
sented in Table 7.12.

Table 7.12 - Selected barrier classes and heights.
Selected

Section Barrier Elevation hd Edq Energy Class Selected height
(ma.s.l) (m) (kD (K]) (m)
a 645 2,3 999,4 2000 4
31 b 650 29 1683,7 3000 5
S2 c 645 3,7 1778,8 3000 5
S3 d 640 55 1704,3 3000 6
e 628 3,6 1396,8 2000 4
34 g 735 33 8279 2000 4
S5 f 640 2,8 836,6 2000 4

The planimetric position of the barrier system was conditioned by the topographic con-
strains. In addition, supplier-related constrains generally limit the maximum number of modules
to be installed in a single sequence to approximately 10, with each module typically measuring
between 8 and 12 meters in length. Adjacent sequences are recommended to be overlapped by
one full module to ensure continuity of interception and avoid unprotected gaps.

Figure 7.46 shows a proposed barrier system arrangement in accordance with the analysis
carried out on each section and the layout constrictions. The rendering in Figure 7.47 illustrates
the proposed rockfall protection layout, highlighting the location of the barriers to be installed
along the slope. The model allows for a visual assessment of their spatial arrangement and inter-
action with the landscape.
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Figure 7.47 - Rendering of the proposed rockfall barriers on the slope.
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Chapter 8

Final conclusions

The presented investigation has followed a comprehensive analysis of the rockfall phenom-
ena, integrating traditional geological and geomechanical survey techniques with a novel
approach for the characterization of release areas, and has scaled to multi dimension numerical
modelling of the phenomena.

The work began with several surveys on the area of interest that allowed for the identifica-
tion and systematic assessment of the parameters required for the Susceptibility Index to Failure
(SIF) on eight rock walls, considered rockfall release areas. Subsequently, a progressive modelling
sequence was applied, allowing for back analysis validation and comparison between different
approaches. First, a three-dimensional preliminary analysis based on the Cone Method enhanced
with the SIF enabled the identification of potentially affected areas and the computation of the
Source Affecting Index (SAI), evidencing the most hazardous areas of detachment. Then, detailed
3D simulations incorporating terrain roughness and forest cover provided spatially distributed
results in terms of propagation probability, kinetic energy, passing height, and deposition pat-
terns. Finally, targeted 2D analyses along the preferred trajectories provided the kinematic
parameters required for barrier design in accordance with technical standards.

Even tough in this case study the protection structures were ultimately installed all along
the base of the slope, the analysis demonstrated how detailed release area characterization and
analysis of source influence on elements at risk, through the Susceptibility Index to Failure (SIF)
and the Source Affecting Index (SAI) respectively, can improve the reliability of susceptibility /haz-
ard assessment and the effectiveness of mitigation and protective design.

It should be noted that a risk analysis was not carried out in this work. However, the prop-
agation analysis performed is a necessary prerequisite for conducting a risk analysis, as it
provides the fundamental information needed to understand how an event may spread and what
areas may be affected.

A significant opportunity for the future development of rockfall simulation software lies in
the transition of uniform release assumptions to a weighted detachment framework. Integrating
geomechanical susceptibility indexes, such as the SIF methodology employed in this thesis, di-
rectly into simulation models would allow for spatially varied detachment probabilities across
different sectors on the rock mass. This approach would lead to more advanced stochastic mod-
elling by weighting the frequency and location of the release areas, such developments are crucial
for generating more reliable time-independent hazard maps and for optimizing and prioritizing
the technical and economic efficiency of mitigation structures design and placement.
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Appendix I. Geomechanical Survey
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Scheda di Rilevamento Forestale

Appendix II. Forest Survey

DBH dev.std (cm)

% conifere

(g-a>6

o ‘?’\5

e -n )3
(‘l_)- 9 ))\@

& (42 199725 Tipologia di Zona
\Jg,mgg}ig [J Sorgente
Nr. Poligono | A & Transito
Pendenza (] Deposito
If” Area di indagine [ mx____m | m? !
ID Specie” | CBH™ (cm) D Specie | CBH {cm) iD Specie | CBH (cm)
Aa] WNC 00 o d =
L TE o 2 6% 7
N 12 [2 oA
_a 2 4 2 69 ~
4 ¥ 69 -~
94 J 6s _*
HO ] 6o 7
b 50 7 A 35
b 5t “ A ke
o T v ;’; o1
o 9% 7 cf 90
o 9 1 [ 8§ 15
C 65 - & 95
e 238 - &TJ ko
C 4¥F g 40
[4 44. - gl
< 46 . 7
= 43 -
< 26 -
c 30 .
L 28
€ 29 v
< 50 7
29
ol 44 7
Tot G NC Media Tot C NC Media Tot C NC Media
* conifera (C) o non conifera (NC)
** circonferenza misurata all’altezza del petto
ronchi / ettaro 8 % 8; 20 S\ (’\
DBH media {cm) [\(‘ he\ C
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Scheda di Rilevamento Forestale

Data G JAL] LS Tipologia di Zona
Localita Voma xS O Sorgente
Nr.Poligeno | 4 & Transito
Pendenza {J Deposito
Area di indagine ] mx____ m } m? i
1] Specie’ | CBH™ (cm) iD Specie | CBH (cm) D Specie | CBH (cm)
o Y2 ) 53
a 730 (f} %6
O K 4 g b5
» 205 ~ a 25
B 45 e, 42
b To a
b 34
< 25
€ 46
33
23
33
d 25
d 60
d €4
L5
Qe 20
e 5%
e %0
< 2L
LA
b4
46
£ 51
2 25
Tot C NC Media Tot € NC Media Tot C NC Media
* conifera (C) o non conifera (NC)
** circonferenza misurata all’altezza del petto
. (b-¢om ~ dBCT J30m
ronchi / ettaro ‘. b 470 m
DBH media (cm) ((9 . 205‘ ) g MW [::j g
DBH dev.std (cm) cx g

% co

nifere

(205 _ o) 4 m
(a- 4d) 6 m

(v wdﬁ) 2, M
(£-el) 9 m

o R g A 2Tm
3 @ 430m

124



Scheda di Rilevamento Forestale

Tipologia di Zona
[] Sorgente
& Transito
] Deposito
Area di indagine } ___  mx___ m I m? ]
D Specie” | CBH " (cm) iD Specie CBH (cm) ID Specie CBH (cm)
68 4 2o
@ 53 o A
a 25 o Ab
Y 59 ol A5
b A9 L A%
b 92 4 26
b 23 £ 45
b As e 28
b AS 2 28
b Ab L 20
o 05 & 74
b A ¢ 2%
b 40 20
b 2 ] E
b 42 ] 29
b 25 i
b A8
o A9
b A
£ 24
C A3
— 24
d L8
d 25
ol 2%
Tot c NC Media Tot ¢ NC Media Tot C NC Media

* conifera (C) o non conifera (NC)
** circonferenza misurata all’altezza del petto

ronchi / ettaro

DBH media (cm)

DBH dev.std (cm)

% conifere

a, 1 260m

b ¢ 2m
d ¢ A5 m
e ¢ AT M

L £ 5o om

(‘g,b)éfw\
(Eﬂc‘_> 5
(c- cé.) %
('Cwe) 6
(g.-z}fi{ A
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Scheda di Rilevamento Forestale

Data 05 (AL |28 Tipologia di Zona
Localita ENAVS {1 Sorgente
Nr. Poligono L{ & Transito
Pendenza [J Deposito
Area di indagine 1 mx___.m ] m? i
D Specie’ | CBH" (cm) iD Specie | CBH (cm) D Specie CBH (cm)
A c %
33 < &0
AW C [0}
5L c 55
LA & 50
37 & %0
48 C o
EE) ol 12
64 o 30
55 ol A2k
W a1 d /%)
a 29 Q 14
a 60 2 24
. 2 as
b 55 2 46
b Lo
b &4
b 24
b 20
b 2T
o 8
b 29
G 63
ey 25
- 2%
Tot C NC Media Tot NC Media Tot C NC Media

* conifera (C) o non conifera (NC)

** circonferenza misurata all’altezza del petto a. ¢ C{,@ o (30 — (_) © vwv,
ronchi / ettaro 2 ?j £ m (C - &’} ¢ t\/\
DBH media (cm) c ¢ ’QIIS';W\ (0‘— Q) N>
DBH dev.std (cm) ) .

% conifere d ¢ A0 M
0 ‘rﬁ A5 M
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Scheda di Rilevamento Forestale

Data 05 i,i 199 Tipologia di Zona
Localita \}Qm S‘ (J Sorgente
Nr. Poligono | @& B4 Transito
Pendenza I Deposito
Area di indagine l _ mx_____m I m? l
] Specie” | CBH" (cm) iD Specie CBH (cm) D Specie CBH {cm)
46 28 d 20
Q 60 29 2 32
Q. 5A 18 £ 4o
a 4q 2% 1 33
O 44 (AN 4 4%
a 50 AN Z 24
Q 6L 78 2 {5
q& 2% 5 AS
7 7 3
b 36 2 °4 33
b do 3 J 30
b 1 n : i 32
b 29 5 \| | R 43
b Hl 6 4 49
b G4 2 A 28
C 1L : , 4z
G 46 4 —i% 56
c 2/ » MY _@ 42
C 43 40 ] 5+
c 5 d €0 - 40
< g4 d 23 7 38
4% d 25 1 4o
40 q 30 9 5¢
%Z{ gf 5T . 2.8
24 d %6 ¢ 26
Tot C NC Media Tot NC Media Tot C NC Media
* conifera (C) o non conifera (NC) )
circonferenza misurata all’altezza del petto o }& /if—" - (& -»b) 4G mn
ronchi / ettaro 13 ‘; A '% m ( b - (’) + £l
DBH media {cm) / 2 X
DBH dev.std (cm) C éé—fi‘? /W\ (O{-— C'J)*/MM
% conifere a & A/ 50 m (Ol . @3 & wm
fofa= %AM‘?(}: oln \;&G aPhoun SN Am o §! AS mn Cﬁ ,;)j';w,

127



Scheda di Rilevamento Forestale

Data Dh| 3 )95 Tipologia di Zona
ocalita venouwss [ Sorgente
| Nr. Poligono 6 [ Transitc
| Pendenza [ Deposito

[ Foresta | Areadiindagine | ___mx____m | m? |

iD Specie” | CBH" (cm) D Specie | CBH (cm) D Specie | CBH {cm)

K3 @ I Go

a 21 ﬁ o
Q >3 35
o 19 @ o
a Ms a. TS,
b 45 g 54
5 g0 2 G?
b 33 3 ML
22 h 24
A4 h Gl
22 h 44
4L W L
& 65 Sin
- GS A 52
d 6 28 A 32
ol (;'a{ 24 "L; GL
d g >4 A 54
d g A> A 64
ol é 24 4 g2
2 PES 3T
¢ 6L 92
b 26 34
L 4o
L 35
sj. . 8?)
Tot | € | NC | Media Tot | € | NC | Media Tot NC | Media

* conifera (C) o non conifera {NC)

** circonferenza misurata all’altezza del petto a ¢ A5 (g_ _lo) 2,5 MA
ronchi / ettaro ‘b # 413 m (Okﬂ OD Bl
gz:;nediac:im)) e if,{(i M (C - @) 4 m

ev.std (cm
% conifere ig # 2(2 fon (Q‘—'j) b M
24 2-m (4- \1) 4 o
& AB N ) ¢ ™
Lgzm %-%
A



Appendix III. SIF Calculation Codes
Factor F1 (slope angle)

CASE WHEN "slope" < 15 THEN O

CASE WHEN "slope" >= 15 AND "slope" < 30 THEN 0.5
CASE WHEN "slope" >= 30 AND "slope" < 45 THEN 1
CASE WHEN "slope" >= 45 AND "slope" <= 70 THEN 2
CASE WHEN "slope" > 70 THEN 3

X(Pfi)

coalesce ("F1",0) +

coalesce ("F2",0) +

coalesce ("F3",0) +

coalesce ("F4",0) +

coalesce ("F5",0) +

coalesce ("Fo",0) +

coalesce ("F7",0) +

coalesce ("F8",0) +

coalesce ("F9",0) +

coalesce ("F10",0) +

coalesce ("F11",0) +

coalesce ("F12",0) +

coalesce ("F13",0) +

coalesce ("F14",0)

Xmin(Pfi)

CASE WHEN "F13"™ IS NOT NULL THEN -1 ELSE O END
Xmax(Pfi)

CASE WHEN "F1" IS NOT NULL THEN 3 ELSE 0 END +
CASE WHEN "F2" IS NOT NULL THEN 3 ELSE 0 END +
CASE WHEN "F3" IS NOT NULL THEN 3 ELSE 0 END +
CASE WHEN "F4" IS NOT NULL THEN 2 ELSE 0 END +
CASE WHEN "F5" IS NOT NULL THEN 3 ELSE 0 END +
CASE WHEN "Fo" IS NOT NULL THEN 2 ELSE 0 END +
CASE WHEN "F7" IS NOT NULL THEN 3 ELSE 0 END +
CASE WHEN "F8" IS NOT NULL THEN 2 ELSE 0 END +
CASE WHEN "FO" IS NOT NULL THEN 2 ELSE 0 END +
CASE WHEN "F10" IS NOT NULL THEN 2 ELSE O END +
CASE WHEN "F11" IS NOT NULL THEN 2 ELSE 0 END +
CASE WHEN "F12" IS NOT NULL THEN 1 ELSE 0 END +
CASE WHEN "F13"™ IS NOT NULL THEN 0 ELSE O END +
CASE WHEN "F14" IS NOT NULL THEN 1 ELSE 0 END
SIF
("S(Pfi)"-"Smin (Pfi)")/ ("Smax (Pfi)"-"Smin (Pfi)")
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Appendix IV. Sections Examined for the Estimation of the Lateral
Dispersion angle

S1

<

S6 S7 S8 s9 $10

S11 S12 S13 S14 S15

L?{?t:o\ ]‘96;‘ {D)et?
S16 S17 S18 S19 S20

S21 S22 S23 S24
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Appendix V. Examples of Roughness and Soiltype Values

Photo

rg70 rg20 rg10 soiltype
0 0 0.05 6
0 0.05 0.1 5
0.25 0.5 0.9 4
0.03 0.05 0.05 3
0.05 0.05 0.1 4
0.05 0.1 0.2 4
0.03 0.03 0.03 3
0 0 0.05 3
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0.25

0.15

100

0.15

0.35

100

0.15

0.1

100

ecorisQ.
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