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ABSTRACT: Rockfall protection systems are essential for safeguarding infrastructure and human activities in
mountainous regions, where falling rock masses pose persistent hazards that can cause severe damages. Struc-
tural mitigation measures, such as energy-dissipating barriers, are commonly installed near roads, buildings, and
industrial facilities to reduce impact forces. These systems function by either absorbing the kinetic energy of
falling blocks through deformation or resisting impact via mass and frictional dissipation. Two main energy dis-
sipation strategies characterize these systems. Flexible barriers, such as net fences, absorb energy through large
deformations and are widely used for their adaptability and effectiveness across varying block sizes. However,
they require sufficient clearance between the barrier and protected infrastructure, which limits their application in
narrow corridors. To overcome this constraint, rigid systems, such as L-shaped reinforced concrete walls, have
been developed. For high-impact energies, a cushion layer of granular material is often added to the upslope
face of the wall. However, this solution requires a large footprint, which is not always feasible, and in steep
areas, the added weight can even lead to overall slope instability. Therefore, for expected impact energies up to
approximately 800 kJ, a rigid system alone can represent an effective and economical solution. These structures
rely on mass and bending resistance to dissipate energy without requiring buffer space, making them suitable for
constrained environments. Nevertheless, their long-term reliability under diverse impact conditions remains an
open question. This study introduces a time-integrated reliability analysis of rigid rockfall protection systems,
focusing on performance under variable loading over extended periods. The approach incorporates the fre-
quency-magnitude distribution of rockfall events, acknowledging that smaller blocks occur more frequently than
larger ones. Variability in block mass, impact velocity, and kinetic energy is modelled within a probabilistic
framework that accounts for uncertainties in material properties and structural response. The analysis is applied
to a real-world slope with documented rockfall activity, evaluating the reliability of a concrete wall system under
cumulative low-energy impacts and rare high-energy events. Using limit state functions, failure probabilities and
critical performance thresholds are estimated. Results emphasize the importance of integrating temporal and
probabilistic dimensions into design, showing that rigid barriers, while effective in constrained spaces, exhibit
reliability sensitivity to impact frequency, energy dissipation capacity, and degradation over time.

1 INTRODUCTION motion of released blocks typically occurs in succes-

sive phases, alternating between free-fall through the

Rockfalls are highly energetic gravitational phenom-
ena characterised by the detachment and downslope
movement of single or aggregated rock masses
(Hungr et al. 2014). These events represent one of
the most hazardous processes in mountainous
regions, posing significant risks to infrastructure,
transportation corridors, and human safety. Their
occurrence is often triggered by natural factors such
as weathering, freeze-thaw cycles, seismic activity, or
intense rainfall, which reduce slope stability and pro-
mote block detachment (Delonca et al. 2014). The
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air and interactions with the slope surface. Each
impact modifies the block’s trajectory and dissipates
part of its kinetic energy, while the type of motion,
e.g. rolling, sliding, or bouncing, depends on slope
geometry, surface roughness, and soil conditions. The
path traced by a reference point on the falling block
is referred to as its trajectory (Li and Lan 2015). Pre-
dicting rockfall trajectories is inherently challenging
due to the randomness of block-slope interactions
and the uncertainties associated with natural pro-
cesses. Variability in block shape, size, and material

This chapter has been made available under a Creative Commons [Attribution-Non Commercial-No Derivatives
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Figure 1. Photo of a rockfall event occurred in Cogne,
Italy, on 16 September 2016 after heavy rains. Source: Cat-
asto Dissesti RAVA, F-16-09-2016-00-v-Cm-x.

properties, combined with heterogeneous slope condi-
tions, introduces stochastic behaviour that cannot be
captured by deterministic models alone. For this
reason, modern rockfall propagation analyses rely on
physics-based models coupled with probabilistic
approaches, where input parameters are sampled
from probability distributions to generate a set of
possible trajectories (Leine et al. 2014).

The occurrence of rockfalls can cause severe
damage, particularly when such phenomena affect
highly urbanized areas. While human settlements
have traditionally been established in relatively safe
zones, transportation infrastructures, such as roads
and railways, often traverse regions exposed to rock-
fall hazards. This spatial overlap between critical
infrastructure and unstable slopes significantly
increases the potential for accidents, service disrup-
tions, and economic losses. When a rock block inter-
acts with a roadway, several outcomes are possible:
the block may collide with a vehicle, stop on the
way, or damage the pavement, compromising driver
safety and traffic continuity. Figure 1 shows a 0.5 m®
block stopped on the road after a rockfall event.
Since rockfall triggering factors are strongly influ-
enced by weather conditions, climate change is
expected to increase both the frequency and severity
of these events, potentially affecting previously safe
settlements as well. According to the U.S. Geo-
logical Survey (USGS), landslides, including rock-
falls, cause approximately 25 to 50 fatalities
annually worldwide. Rockfalls are also among the
leading causes of death in specific high-risk environ-
ments, such as high-altitude mountaineering, where
an average of 22.2 fatalities per year have been
reported in the Swiss Alps by Benedikt (2024),
coastal environment and in quarry operations. Fur-
thermore, Corominas and colleagues compiled
a historical catalogue of rockfalls in Spain, docu-
menting 1,118 events over more than two centuries,
which resulted in 1,550 deaths and approximately

2,184 injuries with a distinct increase in the last 20
years especially on road infrastructures (Corominas
et al. 2025).

Rockfall risk mitigation can be achieved through
different techniques, depending on factors such as
the type of mass, slope characteristics, extent of the
phenomenon, and other constraints, such as accessi-
bility of specific areas and associated costs (Mahesh-
wari et al. 2023). Slopes can be engineered by means
of preventive or protective mitigation measures. Pre-
ventive measures aim to stabilise the slope itself and
prevent rock detachment by bolting or anchoring
individual blocks, or by installing mesh and drapery
systems. These solutions are generally feasible when
the number of potentially unstable blocks is limited
and their positions are well identified. Although
bolts combined with meshes effectively reduce risk,
their application becomes economically unfeasible
when the release area is extensive. Protective mitiga-
tion measures, on the other hand, consist of systems
designed to intercept and arrest falling rock masses.
Their design derives from the outputs of the trajec-
tory analysis, which provides the heights and the vel-
ocity of the blocks the the site of the measure as
probability  distributions. These solutions are
installed near the element to be protected and can
stop blocks with energies up to several hundred
megajoules. They are typically grouped into three
categories: (i) rockfall sheds or tunnels, which are
reinforced concrete structures with a buffer layer of
soil or other material on top to absorb impact
energy; (ii) rockfall embankments, which are geo-
technical structures composed of compacted soil
layers that dissipate kinetic energy through their
large mass; and (iii) net fences or flexible barriers,
which are lightweight steel structures equipped with
engineered components, such as net and brakes, that
dissipate the energy of impacting blocks. These sys-
tems can arrest blocks with energies up to 12.5 MJ,
equivalent to the kinetic energy of a 26-ton block
travelling at 30 m/s (approximately 108 km/h). The
deceleration imposed by the barrier results in large
displacements, which can reach up to 8 meters.

Although flexible barriers are widely used due to
their adaptability and effectiveness in intercepting
a range of block sizes, their performance depends on
the availability of sufficient working space between the
system and the protected infrastructure. Barriers
installed along roads can effectively stop falling rocks;
however, their deformation may pose a risk to road
users by encroaching into the traffic lane. This spatial
requirement represents a significant limitation, particu-
larly in narrow corridors or near roadways. To over-
come this constraint, rigid protection systems, such as
L-shaped reinforced concrete walls, have been devel-
oped. If the upslope space is enough and the slope
overall stability is not compromised a cushion layer
can be designed to absorb some of the impacting
energy and redistribute the stresses on the wall. Never-
theless, in steep mountain areas with narrow roads, this
kind of systems is not achievable and a L-shape
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Figure 2. Sketch of the concrete wall to protect the road
infrastructure from falling rocks: (a) geometry, (b) the max-
imum displacement during impact.

reinforced concrete wall alone can represent
a profitable solution when the expected impacted ener-
gies are limited. These structures rely on their substan-
tial mass and capacity to resist the momentum of
falling blocks, dissipating energy through bending
deformation and friction during impact, without requir-
ing a buffer zone. While these systems offer clear spa-
tial advantages, their long-term reliability under
varying impact conditions remains an open question.
The present paper introduces a reliability-based assess-
ment of the safety of such protective measures, provid-
ing an estimate of the probability of failure, a key
metric for quantifying residual risk.

2 IMPACT OF A BLOCK AGAINST
A CANTILEVER WALL

Let us consider a concrete wall vertically
installed close to the eclement at risk, say the
road, as depicted in Figure 2.a. The wall has
a height H,, and a thickness ¢. For sake of sim-
plicity, wall is considered long enough to protect
the entire portion of road affected by the phe-
nomenon. The wall has reinforcement bars in the
upslope side to resist the bending generated by
the impacting block. Considering the upslope
reinforcement, the vertical reinforcement ratio
q = 4/t is defined, where A4 is the area of verti-
cal reinforcement along one metre of wall. The
classical RC properties are introduced: f. and E.
are compressive strength and Young’s modulus of
concrete, f, and E; are yield strength and Young’s
modulus of steel, respectively. The density of the
concrete, p,, is set at 2500 kg/m®. The impacting
block exerts a force on the cantilever, whose dir-
ection depends on the trajectory and is rarely per-
fectly horizontal. For simplicity, the impact is
assumed to occur horizontally, as shown in
Figure 2b. Using well-established structural
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Figure 3. Sketch of the response curve.

engineering approaches, the compliance curve of
the wall subjected to a horizontal force at the
impact height, H;, can be derived. Starting from
the moment-curvature relationship of a concrete
cross-section, idealised as a bilinear curve, the
expected bilinear force-displacement response is
shown in Figure 3. Up to the yielding point (Y),
corresponding to the onset of plasticity at the
base of the cantilever, the response is elastic and
characterised by an effective stiffness k., which
relates the displacement A to the applied horizon-
tal force at H;. After yielding, a plastic hinge
forms, resulting in a limited hardening phase, as
the system is statically determinate and offers no
plastic reserve beyond the cross-section level.
The ultimate point (U) defines the system’s final
capacity, with a force F, similar to the yielding
force but associated with a larger displacement
A,, reflecting the system’s ductility. The area
under the curve represents the strain energy
stored in the system. An elastic—plastic response,
illustrated by the dashed blue curve in Figure 3,
neglects hardening in the post-yield phase, pro-
viding a conservative estimate of the energy.

A mass m with a velocity v colliding against
a wall of mass M transfers its momentum to the
impactor in such a way the velocity of mass and
target are the same. When dealing with a body dif-
ferent from a point mass, the mass participating to
the motion, namely the generalised mass, may not be
the total mass of the body. In an elastic cantilever
subjected to an impact at the free end, the general-
ised mass, M¢, is 33/140~1/4 of the total mass M,
ie., M; = 1/4M. On the contrary, when the canti-
lever enters in the plastic stage, the generalised
mass, M?, is 1/3 of the total mass, i.e., M} = 1/3M.
In the present analysis, the coefficient of restitution
of the impacting mass is equal to zero. This hypoth-
esis holds as the impacted system is deformable and,
hence, the wall deforms during the collision up to
the maximum displacement. In the recovery phase,
the block is subjected to a restitution. This hypoth-
esis is conservative as it considers that all the energy
of the impacting block is transferred to the wall.
Similarly, a strip of wall of width equal to three
times the impacting block diameter, ¢, is considered,



ie.,, M = 3tH,,¢p. When the two masses enter in
contact, for momentum conservation, their velocity,
Vo, 18 equal to:

m
= V.
m+M§

(1)

Vo

The resulting kinetic energy, K, is equal to:

1 m 5

1 e\),2
K() :E (m -‘ng)VO :EWWIV .

(2)

The resulting kinetic energy is dissipated in the
system as strain energy up to the maximum displace-
ment, resulting in the maximum forces in the system.
The following vibration regime is not investigated
here. Similarly, concrete damping is not considered,
as well, for the impulsive nature of the phenomenon.

Depending on K, the system undergoes elastic or
elasto-plastic displacements. Case 1 refers to situ-
ations for which Ky < S, being S, the strain energy
associated to yielding, i.e., S, =1/ 2keAf, that cor-
respond to an elastic behavior of the wall. Case 2,
for which K > S, relates to plastic-dissipation.

2.1 Case 1: elastic response, Ky < S,

If the kinetic energy K is smaller than the maximum
elastic energy that can be stored in the system S, the
maximum displacement is smaller than A,. The kin-
etic energy is converted in strain energy and the fol-
lowing equality holds:

I m , 1
- = — kA, 3
2my e T2 3)

from which it results:

The system that lies in the elastic stage resists the
impact.

2.2 Case 2: elastic-plastic response, Ko > S,

In this case, the total kinetic energy can be parti-
tioned as:

Ko=S,+5,, (5)

where S, is the plastic strain energy. At the end of
the elastic phase, when the system reaches

a displacement A,, the residual kinetic energy is
equal to:

1 m ) 2
Ky — S, = 7 (m nyyE my- — keAy>, (6)

resulting in a velocity v, equal to:

2
= ” S (R P R
vy <m +M§> Vv (m +M§ 'y ( )

Being the generalized mass in the plastic phase,
Mlg’, different from the previous one, momentum
conservation provides the velocity, v,, of the system
of masses at the onset of plasticity, as:

v, = —2y, (8)

with a resulting kinetic energy K, equal to:

1(m'*ﬂ§>2 ( m

2
K, =~ ?
72 m+ Mg m+M§> v

_<mf3§>g} ©)

The kinetic energy is then dissipated through per-
manent deformation, resulting in a total displace-
ment equal to:

K,
koA,

A=A, + (10)

If A <A, the system resists the impact. If the
inequality does not hold, the protective wall fails.

3 INCLUDING ROCKFALL VARIABILITY
INTO THE CALCULATIONS

Rockfall is an extremely variable phenomenon. As
previously shown, the trajectories can vary due to
the topography and the randomness in the interaction
between block and slope. In addition, the size of the
released mass largely varies. Studies indicate that
smaller rock volumes are more prone to detachment
than larger blocks. Research on in-situ block size
distributions suggests that rock mass discontinuities

246



identify potentially unstable blocks, with volumes
following an exponential-like distribution (Moos
et al. 2022). De Biagi et al. (2017) formulated
a relationship between released block volumes and
their return period. The effects of the interaction
with the protective wall should include such variabil-
ity. Recently, the Authors have formulated a time
independent reliability-based framework for rockfall
net fences, which is at the base of the methodology
here described (De Biagi et al. 2020, Marchelli et al.
2021, Marchelli et al. 2020). In their approach, the
occurrence process is described through a Poisson
distribution, while the distribution of the fallen
masses follow a Pareto distribution.

The failure probability of the protective RC wall
is the result of two failure scenarios: (i) a failure due
to the inability of the system to intercept the blocks
since it is not enough tall, to which a probability p;,
is associated, (ii) a failure due to the inability of the
system to arrest the intercepted blocks since it is not
enough strong, p;. The total failure probability, p, is
the sum of the two terms:

P =Dh+ Pk (11)

Each failure mode is described through a state
function. The state function related to the excessive
height, Sy, is expressed as a function of the trajectory
height, 4, and diameter of the block, ¢, depending
upon the mass:

Sh:Hw_h_?-

; (12

The state function related to the excessive kinetic
energy is expressed as a function of expected dis-
placements at the free end of the wall as:

S = Ay — A, (13)

where A is a function of velocity and mass of the
impacting block, as described in Section 2. Follow-
ing the approach described in the previous works of
the Authors, it results:

pr=1- exp{—M {/Oxpfﬂ(mk =u) m(ﬂ)dﬂ} }a
(14)

with A the annual mean frequency of rockfall events
reaching the protection and 7 the duration of the ref-
erence period during which the risk is computed,
namely 1 year. The term f,, (1) is the probability of
having during the certain occurrence of an event
a mass equal to g, derived from the Pareto

247

distribution. Finally, the term pg,|(my = u) is the fail-
ure probability due to excessive height if the mass
has value equal to x, and it is computed as:

pal(me = p) = // S (my = p)dH,,dhdm,
Sp<0

(15)

where f(m; =) is the joint probability density
function of the mass (with characteristic value equal
to u), the height of the impacting bloc and the nom-
inal height of the wall.

In a similar manner, the failure related to exces-
sive kinetic energy can be written as:

pe=1- eXp{*M wa_/k\(mk = #)fm(ﬂ)dﬂ} }

(16)

Table 1. Results of the trajectory analyses.
Height Velocity
95th percentile 3.02m 14.0 m/s
99th percentile 3.75m 14.7 m/s

The term pg|(my = ) is the failure probability
due to excessive kinetic energy if the mass has value
equal to u, and it is computed as:

pul(my = p) = // Jx(my = w)dA,dmdv,
JJ Js<0

(17)
where fx(my = u) is the joint probability density
function of the mass (with characteristic value equal
to ), the ultimate displacement of the wall, and the
velocity of the block.

4 EXAMPLE
The proposed solution is adopted to protect
a mountain road from rockfall events. From

a geotechnical point of view, the site is characterised
by a moderate activity. The database of previous
events highlight an average frequency of events larger
than 0.2 m?, i.e. 540 kg mass, of about 1 event every
10 years (A = 0.1). The distribution of the already
fallen masses in the proximity of the road shows
a large-to-small volumes ratio with a moderate differ-
entiation, with a Pareto Type 1 shape distribution
coefficient equal to o = 1.50. The information on the
occurrence of past events allows to define the rela-
tionship between block volume and return period, as



reported in De Biagi et al. (2017). It results that
a volume of 0.2 m*> has return period of about 10
years, while the volume corresponding to return
periods of 100 and 300 years are 0.93 m® and
1.93 m?, respectively. The trajectory analyses were
performed using the classical rockfall softwares under
lumped-mass hypothesis. The resulting empirical
cumulative distributions of trajectories height and vel-
ocity at the location of the road can be described
thanks to their 95th and 99th percentiles. Table 1
reports the relevant percentiles of the distribution.

To protect the road, various wall configurations
were considered and their effectiveness, measured in
annual failure probability (i.e., 7 =1), was com-
pared. Figure 4 sketches the problem and the main
geometrical parameters. A Matlab script served to
implement the formulations presented in sections 2
and 3 for the different geometrical and mechanical
configurations. The analysis follows the approach
already adopted by the Authors in their study on net
fences (De Biagi et al. 2020, Marchelli et al. 2021,
Marchelli et al. 2020). Based on the input geometry,
the mechanical properties of the reinforced concrete
cross-section were computed according to the simpli-
fied formulations reported in Yong et al. (2022). In
a conservative approach, the energy failure calculations
account for the fact that the impact occurs at the same

L

Figure 4. Sketch of the structure analysed in the example:
a wall protecting a road from falling rocks.
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Figure 5. Failure probability for varying wall height
(t=0.60 m, f, = 40 MPa, g = 0.02).

height of the wall, i.e. the block centre of gravity of
the block is at a distance from the top of the wall equal
to 0.5¢, causing the largest effect on the system.
A preliminary analysis served to qualify the parameters
in the analysis and their effect on the failure probability
of the system. Figure 5 reports, with the black continu-
ous line, the annual failure probability of a 0.6 m thick
wall at different design heights, from 3 to 5 m. The
adopted concrete has compressive strength f. = 40
MPa. The vertical rebars, having yield strength
Jfy = 450 MPa, result in a reinforcement ratio equal to
0.02. The shaded areas represent the terms p;, (in pink)
and py (in light blue), which sum is p (the continuous
line). It is seen that the failure due to excessive height
(pr) is the relevant term in the total failure probability
and, as expected, this term largely reduces with taller
walls. Is. Interestingly, the failure probability associ-
ated with excessive kinetic energy is higher for shorter
walls rather than taller ones. This is due to several
reasons: the limited mass of the wall (M) and the max-
imum allowable displacement (A,) which is con-
strained by the small height of the wall, given that the
plastic rotation at the base remains equal across all
heights.
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Figure 6. Failure probability for varying wall thickness
(Hy, =4 m,f, =40 MPa, g = 0.02).

The second analysis referred to a wall with fixed
height H,, =4 m, with varying thickness, from 0.3 to
1.0 m. The remaining properties (concrete, and
reinforcement type and amount) were kept fixed as
the previous example. Figure 6 plots the total annual
failure probability, along with height and kinetic
energy components, as in the previous example. As
expected, the failure probability associated with
excessive height remains constant across all thick-
nesses, since this failure mechanism is governed
solely by the wall’s height. The failure probability
associated to excessive kinetic energy, on the con-
trary, reduces as the thickness increases, with larger
reductions observed for ¢ in the range 0.3 to 0.5 m.
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Figure 7. Annual failure probabilities for protective walls having different geometrical, material and reinforcement proper-

ties according to the parametric analysis described in the text.

This is explained by the fact that the total failure
probability curve (thick continuous line) has an hori-
zontal asymptote at the value of p, = 1.7 x 1073,
Therefore, even if the wall is thickened indefinitely,
the failure probability cannot be reduced below
1.7 x 1073, Thus, the design process involves sev-
eral decisions aimed at maximizing performance by
balancing the contributions of height and kinetic
energy.

Finally, the parametric analysis involving differ-
ent parameters was performed. The height H,, varied
from 3.0 to 5.0 meters, the thicknesses ¢ from 0.3 to
1.2 m, the vertical reinforcement ratios ¢ either 0.01
or 0.02, and the concrete strength f. either 30 or 40
MPa. Figure 7 reports the total annual failure prob-
ability of walls having different geometrical, mater-
ial and reinforcement properties. It is observed that
taller and thicker walls provide better protection,
resulting in lower failure probabilities. For a given
configuration of height and thickness, the most sig-
nificant variation is associated with the amount of
reinforcement, as indicated by continuous vs dashed
lines. In contrast, the concrete strength, red vs blue,
plays a very limited role in the overall performance.

In general, the selection of the most appropri-
ate solution must satisfy target requirements in
terms of failure probability. When dealing with
mitigation measures protecting road infrastructure,
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characterised by elements at risk with non-unitary
exposure, the target failure probability of the
structure should not coincide with the acceptable
risk along the road. Non-unitary exposure refers
to situations where the elements at risk (e.g.,
vehicles or pedestrians) are only intermittently
exposed to the hazard, such as vehicles travelling
through an avalanche-prone section of a road,
rather than being permanently located in the
hazard zone like a building. The Authors have
recently shown that the failure probability of the
protective measure serves as an input to the
residual risk calculation along the road, which is
further moderated by traffic volume and vehicle
speed (Marchelli et al. 2024).

5 CONCLUSIONS

Rockfall protection systems are essential for safe-
guarding infrastructure in mountainous regions
where falling rocks pose significant hazards. Struc-
tural mitigation measures, such as energy-
dissipating barriers, reduce impact forces by either
absorbing kinetic energy through deformation or
resisting impact via mass and friction. Flexible bar-
riers (e.g., net fences) dissipate energy through
large deformations but require substantial space,



limiting their use near roads. Rigid systems, such as
reinforced concrete walls, overcome spatial con-
straints by relying on mass and bending resistance.
This study presented a time-integrated reliability
analysis of rigid barriers, incorporating probabilis-
tic modelling of rockfall frequency, block size,
impact velocity, and material uncertainties to
address long-term reliability under variable
impacts. The approach extends previous work on
rockfall net fences to rigid systems. Using site-
specific data, failure probabilities were evaluated
over time, accounting for cumulative low-energy
impacts and rare high-energy events. Results
emphasise the importance of integrating temporal
and probabilistic considerations into design, dem-
onstrating that rigid barriers are effective in con-
strained environments but sensitive to assumptions
regarding impact frequency, energy dissipation cap-
acity, and structural degradation. It is expected that
reliability-based approaches would be included in
the future design practices of such structures as
they are able to ensure that the mitigation measures
remain effective throughout their service life.
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