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A B S T R A C T

Rockfall events represent a serious hazard for people, structures, and infrastructures. The phenomenon can
occur in several environments, natural and artificial. In surface mining operations, blasting, bench clean-up and
scaling can induce rock blocks detachment, compromising operators’ and operations’ safety. The installation
of passive mitigation measures coupled with a specific design of the pit geometry can mitigate this risk. The
bench height, width, and slope angle, the number of benches, together with the material characterizing the
slope, affect in different ways the kinematics of the possible detached blocks. In this paper, a large set of
configurations is studied and trajectory analyses are performed to evaluate the influence of each geometrical
or material variable. Results are analysed considering blocks kinematics both on the pit floor and at each
bench. The findings provide a useful a tool for a preliminary design of pit geometry and mitigation measures.
Design charts are proposed for different slope materials, reporting, as function of the total pit height, the
blocks stopping distance, their velocity at the pit floor, their passing height and velocity at each bench, for
each geometrical configuration. The obtained charts can be effectively implemented in a quantitative risk
assessment procedure for mining activities.
. Introduction

Rockfall phenomena are among the most dangerous landslide
vents, involving the detachment and the consequent rapid movements,
.e. bouncing/rolling/sliding, along a natural or artificial slope of
ndividual rock blocks or rocky fragments ranging from small frag-
ents to massive boulders of tens cubic meters.1 According to the

ntensity of the phenomena and to both exposure and characteristics
f the elements at risk, serious damages can occur on infrastructures,
tructures, people and, in working sites, workers and machinery,2 even
t a large-scale. In surface mining, rockfall events can also be affected
y unpredicted structural conditions ahead of mining and variations
n planned slope designs (and related geometries) upon optimization
f drill and blast operations, exposing workers, machinery, and site
quipment to unpredicted risks. Pre-mining activities, bench cleanup
nd scaling, and blast activities can further enhance block detachments
nd rockfall phenomena.3,4 In areas exposed to extreme meteorological
vents, natural weathering, freeze-thaw actions and intense rainfall
an further contribute to an inaccurate design of blasting or scaling
perations for both the intermediate and the final configurations.5,6

ockfall risk mitigation is a fundamental requirement for safe oper-
tions, reducing the risk of unexpected work interruptions and, thus,

∗ Corresponding author.
E-mail address: maddalena.marchelli@polito.it (M. Marchelli).

substantial economic losses.7 Several rockfall hazard8–10 and risk11–13

assessment methods have been proposed over the last few decades to
assess the level of the hazard, to quantify the severity of the damages
and to increase activities safety in resource exploitation. The instal-
lation of various mitigation solutions has significantly increased over
the last decade to respond to the risks posed by rockfalls14–20: drapery
meshes, waste rock and/or engineered embankments and net fences are
widely adopted in surface exploitation of various rock materials. Novel
monitoring procedures and technologies can also provide accurate data
on event magnitude and return period, allowing detailed catalogue of
events, their characteristics and possible triggering conditions, to be
collected.21–25

Besides protection and mitigation works, rockfall hazard in open
pit mines can be primarily controlled through bench design.7,26 The
geometry of the excavation is generally defined according to a detailed
geotechnical model, for which geostructural and hydrogeological fea-
tures of the rock mass in the pit area have been thoroughly investigated
through field and, possibly, laboratory tests. Stratification, schistosity
and discontinuity sets impose limits to the height, width and slope of
365-1609/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a
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the steps.5,27–29 As rockfall can originate during operations even in ap-
parently stable zones,6 a thorough understanding of rockfall kinematics
in terms of trajectories, velocities, rebounds and run-out distance is
indeed a priority in the decision-making processes for exploitation and
for the design of mitigation measures.30

Several experimental and numerical studies31–36 have been con-
ducted in open pit mining contexts to perform an effective design of
either (i) the slope configuration, i.e. the geometric arrangement of
the benches on the pit wall, to avoid rockfall propagation or (ii) the
protective mitigation measures for a given geometry. Single or multiple
benches slope geometries have been considered and a number of charts
(or design suggestions) has been proposed. Nevertheless, these studies
have considered the contribution of rockfall mitigation for a single
bench geometry, only.31,32,36 A tentative of including multiple benches
has been proposed,34,35 with the aim of defining the best geometry that
limits (but not to completely remove) the risk. In this last case, neglect-
ing rockfall trajectory analyses specific for a given open pit site,37–39

the literature does not provide rockfall parametric analyses evaluating
for each bench and at the pit floor the kinematic parameters of the
possible falling blocks during their motion. Section 1.1 provides the
main results of the above mentioned studies. Hence, coupled scenarios,
i.e. multiple benches with mitigation measures, are completely missing.

The present works aims at providing an useful tool for the effective
design, in reference to rockfall hazard, of both (i) pit slope and (ii) miti-
gation measures, considering single or multiple benches configurations.
To achieve such goal, several parametric rockfall trajectory analyses in
a hypothetical open pit are performed and analysed, considering differ-
ent possible geometries and slope outcropping materials. Blocks run-out
and kinematic parameters at each bench are investigated. Pit geome-
tries and materials typical of European rock exploitation (Fig. 1(a) and
(b)) and Australian coal mine environments are considered.

Several analyses were conducted. First, the configurations that min-
imize the number of blocks arriving at the pit floor were analysed
together with the parameters that mostly affect the results in terms of
arrival probability, distance, and velocity. Since avoiding or minimizing
the number of arriving blocks at the pit floor is not always achievable or
affordable, the kinematic characteristics of falling blocks at each bench
were investigated. To provide a tool for a preliminary design of both pit
geometry and mitigation measures, four design charts were produced
for each of the investigated slope materials, reporting the characteristic
values of the kinematic parameters of the blocks at each bench and
at the pit floor. These charts can also be implemented in quantitative
risk assessment methods tailored for open pit, as the one proposed by
Alejano et al.11 or Peila et al..13

Section 2 presents the proposed methodology, the input parameters
and the performed analyses, while Section 3 deals with results: a deep
analysis of blocks reach probability and their impacts at the pit floor
are provided in Section 3.1, while blocks kinematics at each bench are
addressed in Section 3.2. Section 3.3 presents the above mentioned
design charts with an example of use. Finally conclusions and future
perspectives are outlined in Section 4.

1.1. Previous studies

As previously stated, issues related to pit design optimization
against rockfall hazard have been tackled by few Authors. Even not
finalized for open pit design, only, it is worth mentioning the pioneer-
ing study conducted by Ritchie,31 whose work included the rolling
of hundreds of rocks off state-owned quarries and talus slopes across
Washington state (US). The paths and the distances of the falling blocks
were recorded and measured. The work led to the definition of an
empirical method for roadway ditch design, to prevent falling rocks
from reaching the travelled area of a road, proposing a set of practical
design criteria further collected in a chart. For the particular open pit
case, these results can be adopted for investigating blocks dynamic in a
single bench geometry. Nevertheless, the chart provides the geometry
2

Fig. 1. Sandstone quarry in Fiorenzuola, Italy (a), and aggregate quarry in Pedogna,
Italy (b). Courtesy of Prof. M. Coli.

of a catchment area for a 100% (total) retention of blocks, not con-
sidering variable retention levels for a cost/benefit design approach.
Moreover, the proposed catchment ditch solution was not feasible in
all the cases. Consequently, thanks to an extensive campaign of field
tests, Pierson et al.32 investigated how slope, catchment area and
rockfall properties affect the rockfall retention. The Authors developed
guidelines, including design charts, for partial retention of blocks with
also flat catchment area. Also in this case, the work was not specifically
targeted to open pit design but, as tests were performed in such context,
the results were used also for single bench design. Evans40 reached
similar results through real tests in mine benches. Call, in Ref. 27,
specifically focused on rockfall hazard in open-pit mines and in the
optimization of bench and catch-ditch design from a cost perspective
compatible with safety standard. Defining the excavation of a ditch as
not practical and substituting the ditch with a berm, Call proposed to
improve Ritchie’s criterion applied to mining, with a minimum bench
width 𝑏𝑤,𝑚𝑖𝑛 equal to:

𝑏𝑤,𝑚𝑖𝑛 = 1.2 + 0.2𝑏ℎ (m), (1)

where 𝑏ℎ is the bench height (in meters). The suitability of this formula
was confirmed by Ryan and Pryor,26 even though a reliability based
approach to evaluate bench slopes was then proposed where a variabil-
ity in geologic structure makes difficult to have a constant inter-ramp
slope angle. The approach considered different issues and was not only
targeted to rockfall hazard but required an amount of input data often
difficult to achieve.

The first study on rockfall hazard on multiple benches in open pit
mines was performed by Peila et al..34 The Authors investigated, with
their own 2D lumped-mass trajectory code, the specific configuration
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of four benches, 15 m high, 2.5 and 5 m wide. With a first attempt
to insert fragmentation, the Authors analysed 9 different combinations
of normal and tangential restitution coefficients and friction angle,
different bench-by-bench. Despite no design charts were developed,
interesting design tips were suggested: (i) reduced bench slope tends to
project rock blocks at a greater distance, with a prevailing horizontal
direction; (ii) for very steep bench inclination, a slight increase of bench
width does not vary the results; (iii) as a preliminary rockfall mitigation
measure, debris could be distributed on the bench.

Starting from all the above mentioned references, Alejano et al.35

erformed numerical trajectory analyses on synthetic 2D profiles, rep-
esentative of hard-rock quarries, investigating the influence of the
eometrical parameters in the falling block retention capacity at the pit
loor. A lumped-mass approach was adopted (RocFall code), performing
imulation for 2, 5 and 8 benches slopes, bench inclinations of 2:1, 3:1,
nd 4:1, and bench heights spanning up to 25 m, back-calculating the
atch-bench widths able to retain 75%, 90%, and 95% of the blocks.

unique set of input parameters that describe rock-slope interaction
as considered, with a slope roughness, i.e. a variability of the angle
t the point of the impact, of 0.1 in standard deviation. This set
as considered as representative of hard-rock quarry and results were
rganized in design charts. Nevertheless, to assess the sensitivity of
esults to different input data, parametric studies were performed for

series of particular cases, and the mean values for the restitution
oefficients and slope angle were proved to be the most significant
arameters.

More recently, Ferrari et al.36 conducted rockfall sensitivity analyses
on a 2D synthetic profile, representative of a rock cliff (or a single
bench configuration). A lumped-mass model was adopted and RocFall
code was used for the simulations. Height (from 5 m to 100 m) and
slope angle (from 50◦ to 85◦) were varied, together with restitution
oefficients, friction angle and slope roughness. The first impact loca-
ion and velocity were investigated. In a probabilistic framework, the
5𝑡ℎ and the 90𝑡ℎ percentiles for arrival and velocity, respectively, were

considered as representative. Thanks to the properties of the selected
trajectory model, the kinetic energy can be derived from the known
mass of the falling block. Fitting the obtained data applying a linear
regression through the origin, empirical equations were proposed for
the preliminary calculations of the first impact position and the kinetic
energy as function of the slope height, inclination and irregularity
of the rock face, subdivided in classes. On the basis of this study,
a qualitative rockfall hazard assessment procedure for highwall was
developed.10 From a known state of activity of the highwall, i.e. de-
scribing rockfall frequency, together with the expected rockfall energy,
a level of hazard could be defined. The knowledge of the first arrival is
instead used for locating workers, machinery and infrastructures over
the working areas at the toe of highwalls.

2. Methodology

An adequate design of catching benches in open pit mines is fun-
amental to prevent and/or minimize rocks detached in the upper
ortions of the pit slope from reaching working areas located at the
it floor, where workers and equipment are located. A balance be-
ween optimum design and production rate needs to be explored5,41

and, when necessary, the installation of protective measures should
be considered. Several parametric trajectory analyses were performed
within a probabilistic framework with the precise aim of evaluating (i)
which geometrical configurations can provide an acceptable level of
risk, i.e. blocks are unlikely to arrive on the pit floor, and (ii) which
performances are required to the protective measures installed on the
intermediate benches.

Starting from the indefinite slope assumption, which holds for wide
excavation sites, and following what proposed by Refs. 35, 36, trajec-
tory analyses on 2D synthetic profiles were performed. The heterogene-
ity of site conditions in term of materials was accounted thanks to a
3

Table 1
Considered layouts for the trajectory analyses.

Parameter Value

bench face height 𝑏ℎ (m) 10, 20, 30, 40
bench width 𝑏𝑤 (m) 3, 5, 7
bench face slope 𝛽 (◦) 50◦, 60◦, 70◦, 80◦

number of benches 𝑛𝑏 (–) 1, 2, 3, 4, 5, 6, 7, 8

selection of normal and tangential restitution coefficients (Section 2.2).
A lumped-mass approach was selected as the most suitable to compare
various profiles with different materials and geometries. In addition,
the adoption of a point-mass model, in which trajectories are not
affected by the block mass, allows scaling the results in terms of kinetic
energy according to the mass.36 A very large number of trajectory
analyses was performed to analyse all these variables: 384 different ge-
ometries with 12 different materials pairs, i.e. 4608 configurations. The
need of performing such a number of analyses, recording and managing
all the output quantities, underlies the choice to develop a specific
trajectory code on Matlab (R2021b) environment, mimicking RocFall
software (RocScience Suite).42 The code was validated by comparing
the results on a sample slope with those obtained from RocFall 2019,42

as detailed in Appendix A.
To encompass the uncertainties associated with the rockfall

phenomenon,43 as suggested by the Eurocodes,44,45 trajectory analyses
are performed in a probabilistic framework: at each bench, blocks
passing height and velocity are recorded together with the stopping
distance and the impact velocity at the pit floor. This approach pro-
motes the design of protective measure. Following Eurocode 0,44 the
tructural works have to be designed through a partial safety factors
esign approach, where the effect of actions, i.e. the kinematic param-
ters of the blocks, are expressed through reference, or characteristic,
alues (determined from the probability distributions). Considering the
uggestions provided by the Italian Standards for rockfall protective
easures UNI 11211-4,46 widely adopted in Europe, and coherent with
urocode 7,45 the 95𝑡ℎ percentile of the distributions can be chosen

as characteristic value. Design values of the variables are obtained by
multiplying the characteristic values times the partial safety factors.

2.1. Slope geometry

Different layouts were considered for the 2D synthetic profiles
were performed, trying to encompass the great majority of the cases.
In open pit with several benches, a bench height 𝑏ℎ usually ranges
between 10 m and 20 m.5 In particular contexts, e.g. in Australia,
benches with a height spanning from 20 to 40–50 m with few steps
can be observed. Referring to bench width 𝑏𝑤, the most adopted size
is 7 m, although smaller values can be found in transitory or final
dismantling configurations.34 Bench face angle, which is controlled by
the intersecting joints and faults, typically spans from 50◦ to 80–85◦.5,7

To account for a large set of configurations, the analysis was con-
ducted considering (i) the possible number of benches ranges from 1
to 8, (ii) three bench widths (3, 5 and 7 m), (iii) four bench heights
(10 to 40 m) and (iv) four bench face slopes (from 50◦ to 80◦). Table 1
summarizes the studied configurations.

Assuming a 2D regular profile, it should be noted that the present
work does not tackle with the backbreak along the top of the bench
issue, i.e. the horizontal distance between a planned and a real bench
crest.47

2.2. Slope material

With the leading idea to create charts for the preliminary design
of both open pit geometry and mitigation/protection works, for each
possible extraction site, different materials were considered. As stated

in Section 1, the parameters governing the interaction between a
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Table 2
Values of the input parameters related to the block-open pit interaction. The subscript
𝑚 accounts for the mean value of the parameters. It is worth mentioning that the
maximum 𝑅𝑛 and 𝑅𝑡 is set to 1.0 in the Monte-Carlo sampling process.

Parameter Value

𝑅𝑛,𝑚 (–) 0.3, 0.4, 0.5
𝑅𝑡,𝑚 (–) 0.35, 0.55, 0.75, 0.85
𝜙𝑚 (◦) 30◦

𝜎𝑛 (–) 0.03
𝜎𝑡 (–) 0.03
𝜎𝜙 (◦) 1◦

Roughness (◦) ±1◦

block and the terrain along which it moves are the normal restitution
coefficient 𝑅𝑛, the tangential restitution coefficient 𝑅𝑡, and the friction
angle 𝜙. While the first and the second stand for block energy loss
during bouncing, the friction angle accounts for energy dissipation of
the block during its roto-translational motion along the path. Although
all these parameters are influenced by the shape and the geomechanical
characteristics of both the block and the terrain, together with the
velocity and orientation of the block at the impact,48 in a lumped-
mass model the value of the parameters is mainly material-dependent.
As often adopted, a unique friction angle 𝜙 = 30◦ was assumed.36

ollowing these considerations, hereafter, the Authors use the term
aterial to indicate a couple of 𝑅𝑛 and 𝑅𝑡 values.

Considering the ranges suggested in the literature for rocky out-
crops, 𝑅𝑛 generally spans from 0.30 to 0.50 and 𝑅𝑡 from 0.65 to
0.9,16,33,49–54 taking specifically into account simulations performed
with lumped-mass 2D model.42,55 For specific cases, Refs. 16, 36 found
that 𝑅𝑡 can reach 0.35.

To account for a large set of materials, the analysis was conducted
considering that (i) the normal restitution coefficient 𝑅𝑛 ranges from
0.3 to 0.5, (ii) the tangential restitution coefficient 𝑅𝑡 ranges from 0.35
to 0.85 and (iii) a unique friction angle 𝜙 = 30◦ is assumed. As further
detailed in the following section, in a probabilistic framework these
represent the mean values of material parameters identified with 𝑚
subscript. For a simplified and conservative assumption, and for having
an overview of general validity, an homogeneous material was assumed
for the whole profile, neglecting thus the presence of debris on the
benches or particular situations that can be developed in future studies.

2.3. Trajectory analyses

As in a probabilistic approach, the performed trajectory analyses
consist in a set of throws, i.e. simulations, from the individuated
source area, in which the input parameters related to the material
are randomly selected in a predefined range. Random sampling ap-
proaches should be based on theoretical knowledge for all the prob-
abilistic parameters. In the case of the restitution coefficients, Gaus-
sian and uniform distribution represent the most adopted distribu-
tions, even though currently there is no evidence that the values in a
range have equal probabilities or conform to other types of probability
distribution.43,56,57 In the present work, a Gaussian distribution was
assigned, as already performed by Alejano et al.,35 Ferrari et al.,36 and
Frattini et al..58 The mean values correspond to 𝑅𝑛,𝑚, 𝑅𝑡,𝑚, and 𝜙𝑚,
while the standard deviations are 𝜎𝑛, 𝜎𝑡, and 𝜎𝜙, respectively.

Table 2 reports the values adopted in the simulations, resulting in
3 × 4 = 12 combinations of 𝑅𝑛,𝑚, and 𝑅𝑡,𝑚. Since it was intended to
epresent widely different materials, a narrow Gaussian distribution is
ssumed, i.e. low values of 𝜎𝑛 and 𝜎𝑡, following the findings of Chau

et al.,52 who experienced standard deviations from 1% to 15%, but
generally less than 5%, and of Asteriou et al..48

To account for a possible slight variability in the local surface
angle of segments of the slope, a slope roughness was considered,
i.e. allowing a variation of ±1◦ to the angle at the point of the impact.
4

m

Fig. 2. Scheme of a considered synthetic profile used for the trajectory analyses. The
sketch reports a 8 steps configurations. Blue cross represents the source area, while red
and the purple dashed lines the vertical and the horizontal collectors, respectively.

As the number of simulations for each configuration should be suffi-
ciently large to guarantee the statistical significance of the results, 6000
throws were performed in each of the considered configurations. Even
though rockfalls may start anywhere along the slope, their occurrence
is more common from the upper part of the benches.35 Hence, the
detachments of blocks from the top of the pit was considered, with
a non-null, but low, initial velocity (i.e. 1 m/s) to mimic the trigger
conditions related to external agents. A number of collectors, or not-
physical sections in which the kinematic parameters of the blocks are
recorded, were considered according to a potential suitable location of
mitigation measures. In particular, 1 to 8 vertical sections on the steps
represent the possible locations for the installation of passive measures,
while a horizontal section at the pit bottom was considered to record
the run-out distances of the blocks, together with their velocity at the
impact (Fig. 2). Under lumped-mass assumption, blocks velocity was
considered to implicitly account for kinetic energy, as, known the mass
𝑚𝑏 of the possible impacting blocks, energy can be derived as 𝐸 =
1
2𝑚𝑏𝑣2. Thus, in the vertical sections, the height of the trajectory, ℎ, and
he velocity of the blocks, 𝑣𝑣, were recorded. In the horizontal section,
he run-out distance, 𝑑, and the impact velocity, 𝑣ℎ, were measured.

. Results and discussion

This section details the results of the propagation analyses. First,
he probability of reach and blocks kinematics at the pit floor were in-
estigated, individuating the geometrical parameters and the materials,
.e. the couples 𝑅𝑛,𝑚 and 𝑅𝑡,𝑚, which minimize the numbers of arriving
rajectories and the distance, together with the velocity. The velocity
f the falling blocks impacting on the pit floor is indeed fundamental
o evaluate the kinetic energy and, thus, the degree of damages on
orkers and infrastructures. Second, since a specific geometry cannot
e implemented, protective measures can be required to prevent blocks
mpacting on the floor, or on the working benches. For this reason, the
nowledge of passing height and velocity at each bench was evaluated
nd trends analysed.

Following Eurocode 0 design principles, the 95𝑡ℎ percentiles of the
istributions of the output quantities are considered as the charac-
eristic values of the output variables. The results, grouped for each
aterial, were presented, for each layout, in terms of:
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Fig. 3. Values of 𝑑95 for different couples of 𝑅𝑛,𝑚 and 𝑅𝑡,𝑚, grouped for different values of 𝛽. Details of the plots are reported in the text.
• run-out distance of the blocks on the pit floor, 𝑑95;
• velocity of the blocks when impacting on the horizontal pit floor,
𝑣ℎ,95;

• passing height of the blocks recorded on each vertical section, ℎ95;
• velocity of the blocks recorded on each vertical section, 𝑣𝑣,95.

3.1. Rockfall hazard on pit floor

Fig. 3 displays the run-out distance of the blocks on the pit floor,
𝑑95, for the four extreme value pairs of 𝑅𝑛,𝑚 and 𝑅𝑡,𝑚, i.e. with minimum
and maximum values of both parameters. Each material condition is
reported in the row of the plot; the graphs are grouped for 𝛽 values
(columns of the plot). In the 𝑥-axis, the total height of the pit 𝐻𝑡𝑜𝑡 is
indicated. Different colours and line types are used to indicate 𝑏ℎ and 𝑏𝑤
values, respectively, as displayed in the legend. The number of benches
is thus univocally determined according to 𝐻𝑡𝑜𝑡 and 𝑏ℎ. Coloured bullets
indicate geometrical configurations for which blocks arrive only in the
case of a single bench (𝑛𝑏=1).

It could be noticed that for very low values of 𝑅𝑡,𝑚 (first and
third rows), the blocks tend not reach the pit floor (in particular with
multiple benches) and the range of 𝑑95 values remains below 7 or 10 m,
increasing 𝑅𝑛,𝑚. Despite being in the same range and with the similar
trend, the bench height 𝑏ℎ has the effect of slightly increasing 𝑑95; a
similar effect is noted if the bench width 𝑏𝑤 reduces. The number of
benches 𝑛𝑏 does not influence the output. It is worth mentioning that
for a bench inclination 𝛽 = 80◦, blocks arrive on the floor if 𝑏ℎ = 40 m
and 𝑏𝑤 = 3 m, only. Neglecting 𝑛𝑏 = 1, for which unavoidably blocks
arrive on the floor, the linear fit the results leads to almost a constant
value 𝑑95 ∼ 4 m (Fig. 3, dotted line).

For high values of 𝑅𝑡,𝑚, regardless of 𝑅𝑛,𝑚 (second and fourth
rows), for almost all the geometrical configurations the blocks reach
the pit floor, with distances that are positively affected by 𝐻𝑡𝑜𝑡 or, as
a consequence, by the total number of benches 𝑛𝑏. For a given 𝛽, a
fitting is with a straight line through the origin (Fig. 3, dotted line),
5

irrespective of 𝑏ℎ and 𝑏𝑤, is possible and highlighted. The slope of the
linear fit is similar for 𝛽 = 50–60◦, while it decreases for higher 𝛽,
especially for 𝛽 = 80◦. The value of the slope has also a great variability
according to 𝑅𝑛,𝑚. It is interesting to observe that for 𝑅𝑛,𝑚 = 0.5 and
𝛽 = 50◦–60◦ the slope of the fit line is almost equal to one, i.e. 𝑑95
tends to 𝐻𝑡𝑜𝑡, while it reduces to almost 0.3𝐻𝑡𝑜𝑡 for 𝛽 = 80◦.

All these aspects can be explained in terms of trajectories. In case of
low tangential restitution coefficient, the falling blocks, once reaching
each bench tread, dissipate a great amount of their kinetic energy
and continue their motion to the following bench with a trajectory
pattern quite similar to the one with which they started their initial
fall (Fig. 4.a). In this case, the influence of the number of benches
is negligible, as in all the benches similar trajectories occur, even
though some blocks stop on some intermediate benches. The higher
the bench, the higher the acquired velocity at the impact and, thus,
the outgoing velocity and the final value of 𝑑95. Increasing 𝑏𝑤, some of
the trajectories stop on the first bench. On the contrary, for high 𝑅𝑡,𝑚,
once impacting a bench, the velocity vector of the blocks acquires a
tangential component higher than the normal one, and the resulting
parabolic motion cannot directly reach the following bench, but the
one beyond (Fig. 4.b). The increment in 𝛽 causes the parabolic motion
to prevail on the sliding/rolling one, resulting in an almost vertical
impact on bench tread and, thus, in trajectories similar to those for
low 𝑅𝑡,𝑚 values, but with less energy dissipation. The study reveals that
low 𝑅𝑡,𝑚 values and 𝛽 = 80◦ allow obtaining zero (or negligible) block
probability of reach for several configurations in terms of 𝑏ℎ and 𝑏𝑤.
It should be noticed that the high 𝑑95 values obtained in this study are
the result that the pit floor is completely free of obstacles and debris.
Nevertheless, the knowledge of 𝑑95 rather than recording the arrival (or
not) of the block on the pit floor can provide important information on
the level of hazard.

To better analyse the influence of the parameters on both arrival
probabilities on the pit floor and 𝑑95 values, all the results related to
the 4608 configurations are statistically organized and summarized into
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Fig. 4. Results of the trajectory analyses for 𝑏ℎ = 20 m, 𝑏𝑤 = 3 m, 𝑛𝑏 = 8, 𝛽 = 60◦, for (a) 𝑅𝑛,𝑚 = 0.30 & 𝑅𝑡,𝑚 = 0.35 and (b) 𝑅𝑛,𝑚 = 0.30 & 𝑅𝑡,𝑚 = 0.85. Red stars indicate blocks
stopping points.
Table 3
Maximum values for 𝑑95 and 𝑣ℎ,95 recorded at the pit floor for all the configurations.

𝑅𝑛,𝑚, 𝑅𝑡,𝑚 𝑑95,𝑚𝑎𝑥 Geometry of 𝑑95,𝑚𝑎𝑥 𝑣ℎ,95,𝑚𝑎𝑥 Geometry of 𝑣ℎ,95,𝑚𝑎𝑥
(–) (m) 𝑏ℎ 𝑏𝑤 𝛽 𝑛𝑏 (m/s) 𝑏ℎ 𝑏𝑤 𝛽 𝑛𝑏
0.3 , 0.35 7.8 40 7 60◦ 3 26.5 40 3 80◦ 2
0.3 , 0.55 13.0 40 5 60◦ 6 29.5 40 3 70◦ 2
0.3 , 0.75 93.0 40 3 50◦ 8 51.1 40 3 60◦ 8
0.3 , 0.85 165.4 40 5 60◦ 8 65.8 40 3 60◦ 8
0.4 , 0.35 9.3 40 3 60◦ 1 26.5 40 3 80◦ 2
0.4 , 0.55 17.8 40 3 50◦ 4 30.2 40 3 70◦ 2
0.4 , 0.75 148.3 40 3 60◦ 8 58.5 40 3 70◦ 7
0.4 , 0.85 243.7 40 3 50◦ 8 66.7 40 3 60◦ 8
0.5 , 0.35 12.0 40 5 60◦ 1 26.5 40 5 80◦ 2
0.5 , 0.55 40.4 40 3 70◦ 8 42.9 40 3 70◦ 5
0.5 , 0.75 212.6 40 5 60◦ 8 65.4 40 3 70◦ 8
0.5 , 0.85 336.6 40 5 50◦ 8 67.6 40 5 60◦ 8
pivot plots. Fig. 5 displays the percentage of arrivals on the pit floor
with respect to the blocks detached, i.e. the arrival or reach probability,
subdivided for 𝛽 and further subdivided in the 𝑥-axis according to 𝑅𝑡,𝑚,
which is found to be the relevant parameter. The pivot plots report
the data also for the remaining four parameters, i.e. 𝑅𝑛,𝑚, 𝑏ℎ, 𝑏𝑤, and
𝑛𝑏 (Fig. 5.a to d, respectively). In each case, the configurations of the
slope are grouped according to the parameters of the 𝑥-axis, the mean
percentage value is considered.

For a given tangential restitution coefficient, the graph of Fig. 5.a
reveals that the increase of 𝑅𝑛,𝑚 has the effect of increasing the number
of arrivals. This trend is less evident if 𝑅𝑡,𝑚 increases, as the majority of
the blocks arrive on the pit floor. The graph highlights an interesting
situation: for 𝑅𝑡,𝑚 ≥ 0.55, the increase of 𝑅𝑛,𝑚 involves higher percent-
ages of arrival, while the case 𝑅𝑡,𝑚 = 0.35, for all 𝑅𝑛,𝑚, displays a higher
percentage of arrival than for 𝑅𝑡,𝑚 = 0.55. This trend is more evident
in several 𝑅𝑛,𝑚 and 𝛽 configurations: for 𝛽 = 50◦ for 𝑅𝑛,𝑚 ≥ 0.4 and for
𝛽 = 60◦ for 𝑅𝑛,𝑚 ≤ 0.4.

Analysing in detail the cases with 𝑅𝑡,𝑚 = 0.35, it results that there are
few configurations in which the blocks reach the pit floor, whereas in
such scenarios, almost the totality of the throws arrives. Besides, since
in the pivot plots the mean value is reported, the resulting figure is low.
In 𝑅𝑡,𝑚 = 0.55 it results that there are more configurations in which the
blocks reach the pit floor, but with a lower arrival probability. That
is why, in general, the bars in the pivot plots of Fig. 5 are shorter or
equal to the ones related to 𝑅𝑡,𝑚 = 0.35. Analysing the trajectories, for
𝑏ℎ = 40 m, 𝑏𝑤 ≤ 5 m, and 50◦ ≥ 𝛽 ≤ 60◦, in case on 𝑅𝑡,𝑚 = 0.55,
a significant percentage of blocks stops at the second bench (see also
Fig. 5.b and c): after the first step, bouncing becomes the prevailing
motion, instead of sliding as in 𝑅𝑡,𝑚 = 0.35, and, thus, energy dissipates
more rapidly.

Both 𝑏ℎ and 𝑏𝑤 (Fig. 5.b and .c) influence the results: the decrease
of 𝑏 and the increase of 𝑏 has the effect of reducing the number
6
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of arrivals. Finally, neglecting 𝑛𝑏 = 1, for which blocks unavoidably
arrive on the pit floor, negligible influence can be observed changing
𝑛𝑏 (Fig. 5.d), except for 𝑅𝑡,𝑚 = 0.55 and 𝑛𝑏 = 2, for which, as observed
before, some configurations involve a significant percentage of stopping
blocks on the second bench. In the four subplots, the influence of 𝛽 is
negligible except for 𝛽 = 80◦ (for which a reduced number of arrivals
is displayed), while for 𝛽 = 50◦–70◦ the results are comparable.

With a similar approach, Fig. 6 reports the pivot charts of the
mean (bars) and the maximum (points) values of 𝑑95. The 𝑦-axis is in
logarithmic scale for sake of readability. As in the previous case, the
𝑥-axis relates to 𝑅𝑡,𝑚 and the pivot plots divide the data also for the
remaining four parameters, i.e. 𝑅𝑛,𝑚, 𝑏ℎ, 𝑏𝑤, and 𝑛𝑏. As observed in
Fig. 3, and particularly in the fitting lines equations, for 𝑅𝑡,𝑚 = 0.35, the
influence of 𝑅𝑛,𝑚 is almost negligible. Observing Fig. 6.a, the increase
of 𝑅𝑛,𝑚 results in an increase of 𝑑95. A similar conclusion can be drawn
observing Fig. 6.d where the results are grouped with respect to 𝑛𝑏. A
positive correlation can be observed for 𝑏ℎ (Fig. 6.b), while the effect
of 𝑏𝑤 on the values of 𝑑95 is negligible (Fig. 6.c). The bench angle does
not affect the results, except for 𝛽 = 80◦, as observed in the previous
analyses.

Table 3 reports, for each material, the maximum values of 𝑑95
together with the correspondent slope geometrical configurations. Con-
firming the previous observations, all the maximum values are reached
with 𝑏ℎ equal to 40 m, the great majority with 𝑏𝑤 equal to 3 m and
𝛽 ∼ 50◦–60◦. No evident trends are observable for 𝑛𝑏, for 𝑅𝑡,𝑚 ≤ 0.55.

Fig. 7 displays the velocity of the blocks when impacting on the
horizontal pit floor 𝑣ℎ,95 for the four extreme value pairs of 𝑅𝑛,𝑚 and
𝑅𝑡,𝑚, i.e. with minimum and maximum values of both parameters. Each
material condition is reported in the row of the plot. The graphs are
grouped for 𝛽 values (columns of the plot), and on the 𝑥-axis the total
height of the pit 𝐻𝑡𝑜𝑡 is indicated. It is worth mentioning that the
velocity refers to the first impact of the block on the pit floor. For



International Journal of Rock Mechanics and Mining Sciences 170 (2023) 105551M. Marchelli et al.
Fig. 5. Pivot charts of the number of arrival at the pit floor grouped according to the value for the tangential restitution coefficient 𝑅𝑡,𝑚 and an additional variable (𝑅𝑛,𝑚, 𝑏ℎ, 𝑏𝑤,
and 𝑛𝑏), as explained in the text and further divided by 𝛽.
𝑅𝑡,𝑚 = 0.35, 𝑣ℎ,95 spans from 10 to 20 m/s for all the configurations
for which the blocks arrive. For 𝑅𝑡,𝑚 = 0.85, values up to 60 m/s are
observed increasing the number of benches. Referring to the velocity,
a trend similar to that of Fig. 3 related to the distance is observed,
7

except for the influence of bench angle 𝛽, which seems to be negligible.
While blocks reach lower distances on the pit floor for decreasing 𝛽, the
right tail of the distribution of the velocity, i.e. 𝑣ℎ,95, does not change as
it reflects the velocity in the first impact on the floor. This behaviour
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Fig. 6. Pivot charts of 𝑑95 at the pit floor: bar display the mean values, while points the maximum values, grouped according to the value for the tangential restitution coefficient
𝑅𝑡,𝑚 as explained in the text and further divided by 𝛽.
confirms the fact that the slope angle affects the way the blocks are
projected out of the face, while the falling height, thus the potential
energy of the boulder, affects the velocity, i.e. the kinetic energy.
8

The linear fitting of the plots allows to appreciate an almost hor-
izontal trend of 𝑣ℎ,95 for 𝑅𝑡,𝑚 = 0.35, regardless of 𝑅𝑛,𝑚, while a
slope equal to 0.15 and an intercept at around 13 m/s is found for
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Fig. 7. Values of 𝑣ℎ,95 for different couples of 𝑅𝑛,𝑚 and 𝑅𝑡,𝑚, grouped for different values of 𝛽.
𝑅𝑡,𝑚 = 0.85, independently from the bench angle. Table 3, reports the
maximum values of 𝑣ℎ,95 for each materials couples. The worst (in terms
of velocity) configuration presupposes a bench height of 40 m and a
bench width of 3 m. Different number of benches are noted, as there
are configurations for which blocks do not arrive on the pit floor.

Distance and velocity can be fitted with a line having equation

𝑋 = 𝑚𝐻𝑡𝑜𝑡 + 𝑐, (2)

where 𝑋 is the observed parameter, 𝑚 is the slope of the fitting line and
𝑐 is its intercept, i.e. the value at 𝐻𝑡𝑜𝑡 = 0. Table 4 reports the values of
𝑚 and 𝑐 for all the studied configurations. Some consideration can be
done:

• for 𝑅𝑡,𝑚 ≤ 0.55, the equations

𝑑95 ∼ 0.1𝐻𝑡𝑜𝑡 + 4.45, (3)

and

𝑣ℎ,95 ∼ 0.2𝐻𝑡𝑜𝑡 + 18.67, (4)

allow a rough and conservative estimation of 𝑑95 and 𝑣ℎ,95, even
though for 𝛽 = 80◦ slightly different results can be displayed.
It should be noted that these equations do not allow to define
whether the blocks arrive, or not, on the pit floor.

• for 𝑅𝑡,𝑚 > 0.55, 𝑚 and 𝑐 varies according to 𝑅𝑛,𝑚 and, for a given
𝑅𝑛,𝑚, the case of 𝛽 = 80◦ shows different values, generally with a
lower slope 𝑚 and higher intercept 𝑐.

3.2. Mitigation measures

With the leading idea that controlling the geometry is not always
possible or affordable, the kinematic parameters of the blocks along the
bench edges were recorded in terms of characteristic values, i.e. ℎ95 and
𝑣 . Fig. 8 displays ℎ and 𝑣 , grouped with respect to the bench
9

𝑣,95 95 𝑣,95
slope 𝛽. The way the results are presented is similar to what proposed
for pit floor in Section 3.1. For sake of simplicity, two extreme cases are
reported, only. The first two rows of Fig. 8 refer to 𝑅𝑛,𝑚 = 0.3, 𝑅𝑡,𝑚 =
0.35, the last two to 𝑅𝑛,𝑚 = 0.5, 𝑅𝑡,𝑚 = 0.85. The results display that 𝑅𝑡,𝑚
is the most influencing parameter.

For low 𝑅𝑡,𝑚, as observed in Fig. 4, the trajectories are similar for
each bench. For this reason, a specific range of values can be found,
almost irrespective of the number of benches 𝑛𝑏, except in those cases
in which the blocks stop at the first bench. For a given 𝛽, the increase
of 𝑏𝑤 and the decrease of 𝑏ℎ promote the stop of the block at the first
bench. This trend is further enhanced for large bench angles. Saw-tooth
like curves refer to the fact that the position of the vertical recording
section is fixed irrespective of the position of the bouncing of the bench.
The obtained range of values of trajectory height ℎ95 spans from 0 m,
i.e. pure translational motion, up to 3 m high. The range for block
velocity 𝑣𝑣,95 is between 2 m/s and 8.5 m/s. Despite the observed saw-
tooth behaviours, an angular coefficient equal to 0 (horizontal line) for
the linear fitting equation of ℎ95 is generally observed for 𝑅𝑡,𝑚 = 0.35,
while for 𝑣𝑣,95 its average value is around 0.01. On the contrary, for
𝑅𝑡,𝑚 = 0.85, the values are affected by the height and the number of
benches. The influence of 𝛽 is negligible, for both height and velocity,
ss noted for the velocity at the pit floor.

3.3. Design charts

In order to provide a useful tool for the designers, the obtained
results are organized in charts: for each material, four separate charts
are realized for 𝑑95, 𝑣ℎ,95, ℎ95 and 𝑣𝑣,95, displaying the output values
for each geometrical configuration. As for a given 𝐻𝑡𝑜𝑡, different 𝑏ℎ
values are possible by varying 𝑛𝑏, a different marker is adopted: circle,
triangle, diamond and square for 10, 20, 30, 40 m high benches,
respectively. The number of steps should be calculated according to
𝑏ℎ. On the 𝑥-axis, 𝛽 values are provided, subdivided each for the
possible 𝑏 . According to the marker shape and position, a geometrical
𝑤
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Fig. 8. Values of ℎ95 and 𝑣𝑣,95 for different couples of 𝑅𝑛,𝑚 and 𝑅𝑡,𝑚, grouped for different values of 𝛽.
configuration is unequivocally determined. The markers are filled and
their colour represents the output value. The colour bar associated
to each plot defines the scale of the outputs. No-filled markers in
𝑣ℎ,95 represents the geometrical configurations for which blocks do not
arrive on the pit. No-filled markers for 𝑑95 only, represents the case in
which translational motion on the pit floor prevails. This information
is particularly useful in those cases in which the geometry of the open
pit is designed not to have blocks impacting on the pit floor. Values of
𝑣𝑣,95 and ℎ95 can be used for a preliminary design of passive mitigation
measures. Similarly as to the pit floor, 𝑣𝑣,95 chart allows to define, for
each configuration, at which bench the blocks stop. As an example,
Figs. 9 and 10 display the design charts for 𝑅𝑛,𝑚 = 0.30 and 𝑅𝑡,𝑚 = 0.85.
Even though already displayed in Fig. 3, this chart allows to better
appreciate that for 𝑏ℎ=10 m and 𝑏𝑤=7 m, except for 𝑛𝑏=1, no blocks
arrive on the pit floor. In addition, 𝑑95 decreases for decreasing 𝛽.
Considering together the charts of 𝑣𝑣,95 and ℎ95, it could be noted that
for low values of 𝛽 and 𝑏ℎ the translational motion prevails, as ℎ95 = 0
is displayed, with a 𝑣𝑣,95 around 5 m/s.

The supplementary material reports all the charts for the all inves-
tigated materials.

An example of use is thus provided. It is assumed that a mining
site has a material which can be classified (from a rockfall problem)
with 𝑅𝑛,𝑚 = 0.30 and 𝑅𝑡,𝑚 = 0.85. To optimize productivity, the
geometrical constraints are represented by 𝑏ℎ ≥ 20 m and 𝑏𝑤 equal
to 7 m. Meanwhile, the geomechanical investigations highlight that
a bench slope higher than 80◦ is not affordable for the stability. The
maximum exploitable height 𝐻𝑡𝑜𝑡 is 60 m, i.e. 𝑛𝑏= 6 m with 𝑏ℎ = 10
m or 𝑛𝑏= 3 m with 𝑏ℎ = 20 m. With these limitation, Figs. 9 and 10
show that for all 𝛽 values, considering ℎ𝑏 = 10 m, no blocks arrive
on the pit and at each bench, except for the first bench that serves as
collector of the falling blocks. Another use of the proposed charts is
for the preliminary design of passive mitigation measures. Assuming
that 𝑏 = 20 m, 𝑏 = 7 m and 𝛽 = 70◦ have been selected for
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exploitation reasons, it could be noted that a 𝑣𝑣,95 from 5 m/s to 8 m/s
can be reached in case of the detachment from the first bench and
arrival on the second, third and fourth benches, with an increasing
height up to 2.5 m. Supposing a rock block volume of 0.5 m3 with
a density of 2700 kg/m3, it results a kinetic energy up to 43 kJ. It is
worth mentioning that the presence of debris on the horizontal sections
of the benches might considerably decrease both the run-out and the
kinematic parameters of the eventually detached blocks and, in this
case, dedicated analyses should be performed.

4. Conclusions

Rockfall represents an hazard both in mountainous region and in
open pit mine contexts. In the latter case, the detachment and the
fall of rock blocks constitutes a threat for workers and machinery
and, consequently, both exploitation geometry and mitigation measures
should be properly designed. To achieve such goals the knowledge
of the characteristics and the kinematic parameters of the possible
detached blocks is required. These lasts also depend on the material of
the pit and the geometrical configuration, i.e. width, height, face angle,
and number of benches. To tackle the problem, several parametric
analyses of rockfall propagation in a hypothetical open pit context
have been performed in the present work, through the use of synthetic
two-dimensional profiles. The variation of all the above mentioned
geometrical parameters has been investigated. In particular, a large
number of trajectory analyses has been realized through a lumped-mass
approach. This type of model, being independent from the mass of the
released block, allows to properly scale the results according to the
initial volume of the block. Thus, it can be tailored to each specific
case. Different materials, considered representative of the possible
scenarios, have been considered. In the framework of the Eurocodes,
results are reported in terms of characteristic values, chosen as the 95th
percentiles of their distributions. The reported outputs are:
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Fig. 9. Design charts of 𝑑95 and 𝑣ℎ,95 values for 𝑅𝑛,𝑚 = 0.30 and 𝑅𝑡,𝑚 = 0.85.
• run-out distance of the blocks on the pit floor;
• velocity of the blocks when impacting on the pit floor;
• passing height of the blocks recorded on each vertical section;
• velocity of the blocks recorded on each vertical section.

Aiming at providing a tool useful for a preliminary design of both pit ge-
ometry and mitigation measures, the results have been firstly analysed,
grouped for materials, identified thanks to the normal and tangential
restitution coefficients. Interesting findings have been observed:

• the tangential restitution coefficient seems to be the parameter
that most affect the results. For values smaller than ≤ 0.55, the
parameters related to the pit floor can be fitted by a horizontal
line. For larger values, the linear fit increases its slope as function
of the normal restitution coefficient for a bench angle smaller
than 70◦, while for steep slope (𝛽 = 80◦) this trend is less evident
and lower values of all the outputs are obtained;
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• predictably, increasing bench width and/or increasing bench
height, both run-out and kinematic parameters decrease;

• for all the materials, given bench height and width, very steep
faces (80◦) allows obtaining the lower blocks probabilities of
reach on the pit floor. In case of low values of the restitution
coefficients, no or negligible blocks arrive.

The results are reported in form of charts that can be used for the
design of both pit geometry and passive mitigation measures. For each
material, the output quantities are plotted as a function of the pit total
height, for different geometrical configurations. The graph allows also
individuating those configurations in which the blocks do not arrive
either at the pit floor or at a specific bench.

The main limitations of this work relate with the disregard of the
backbreak issue and the assumption of a unique material for the slope.
Referring to the former, which generally tends to occur along pre-
existing joints and blast-induced fractures, hazard assessment should
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Fig. 10. Design charts of ℎ95 and 𝑣𝑣,95 values for 𝑅𝑛,𝑚 = 0.30 and 𝑅𝑡,𝑚 = 0.85.
consider that the real bench geometry could differ from the ideal
designed one. To overcome this limitation in the design phase, as pro-
posed by Alejano et al.,35 the estimated minimum recommended bench
width could be increased by a value representing the average expected
backbreak, about 0.5 m for pre-split benches, 1 m for carefully blasted
good-quality rock masses, and 2 m for less carefully blasted average-
quality rock masses. With regard to the second aspect, future works can
consider different materials in the same working site, with particular
reference to the presence of debris on the benches. Different statistical
distributions for the material parameters can also be investigated.

It should be also stressed that our charts technique provides average
values for well-managed quarries, while, given the variable nature of
rock masses, there may be more complex cases in which site-specific
studies must be performed. Nevertheless, for the preliminary open pit
design, for a quantitative rockfall risk assessment and for the eventual
design of protective measures, the provided charts and equations can
be considered an effective tool.
12
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Table 4
Regression coefficients for 𝑑95 and 𝑣ℎ,95 recorded at the pit floor for all the
configurations.
𝑅𝑡,𝑚 𝑅𝑛,𝑚 𝛽 𝑑95 𝑣ℎ,95

𝑚 𝑐 𝑚 𝑐

0.35 0.3 50 0.007 4.05 0.013 16.42
0.35 0.3 60 0.007 4.05 0.014 18.22
0.35 0.3 70 0.003 4.03 0.018 19.38
0.35 0.3 80 0.000 3.71 0.000 26.09
0.35 0.4 50 0.007 4.97 0.013 15.77
0.35 0.4 60 0.007 4.94 0.017 17.09
0.35 0.4 70 0.006 4.52 0.016 19.48
0.35 0.4 80 0.001 3.91 0.015 22.46
0.35 0.5 50 0.015 4.31 0.023 13.22
0.35 0.5 60 0.016 4.42 0.028 14.60
0.35 0.5 70 0.012 5.08 0.021 18.09
0.35 0.5 80 −0.002 5.35 0.006 23.27

0.55 0.3 50 0.010 4.55 0.016 14.52
0.55 0.3 60 0.020 4.05 0.026 15.24
0.55 0.3 70 0.011 4.94 0.015 18.71
0.55 0.3 80 0.001 4.37 0.005 22.83
0.55 0.4 50 0.030 4.00 0.027 12.30
0.55 0.4 60 0.037 5.02 0.031 14.18
0.55 0.4 70 0.024 5.17 0.031 16.76
0.55 0.4 80 0.001 5.68 0.007 22.57
0.55 0.5 50 0.062 5.37 0.036 11.95
0.55 0.5 60 0.065 6.43 0.047 13.64
0.55 0.5 70 0.082 3.00 0.066 14.08
0.55 0.5 80 0.012 6.66 0.022 21.31

0.75 0.3 50 0.166 0.76 0.081 12.74
0.75 0.3 60 0.151 1.18 0.072 16.21
0.75 0.3 70 0.122 0.51 0.073 16.24
0.75 0.3 80 0.024 4.20 0.028 22.20
0.75 0.4 50 0.389 −3.02 0.111 13.47
0.75 0.4 60 0.353 −4.57 0.116 13.80
0.75 0.4 70 0.263 −3.64 0.115 13.60
0.75 0.4 80 0.070 2.83 0.058 19.88
0.75 0.5 50 0.559 −1.57 0.134 12.90
0.75 0.5 60 0.574 −7.27 0.145 13.04
0.75 0.5 70 0.417 −5.07 0.145 12.84
0.75 0.5 80 0.138 1.28 0.101 15.36

0.85 0.3 50 0.457 0.00 0.137 13.37
0.85 0.3 60 0.412 0.00 0.143 12.54
0.85 0.3 70 0.282 0.00 0.137 12.31
0.85 0.3 80 0.082 0.00 0.071 18.13
0.85 0.4 50 0.644 0.00 0.144 14.41
0.85 0.4 60 0.651 0.00 0.165 12.28
0.85 0.4 70 0.484 0.00 0.162 12.05
0.85 0.4 80 0.165 0.00 0.117 13.81
0.85 0.5 50 0.934 0.00 0.155 14.87
0.85 0.5 60 0.938 0.00 0.176 13.20
0.85 0.5 70 0.760 0.00 0.171 12.52
0.85 0.5 80 0.279 0.00 0.142 12.52

ppendix A. Code validation

The trajectory code written by the Authors implements the well-
nown equations of the motion under the lumped-mass model assump-
ion. As detailed in the theoretical documents of RocFall software,42

hree types of motions are considered: free fall, bouncing, and transla-
ion (sliding). The approach does not account for the block shape and
he mass serves to compute the energy, only. The block is considered
oint-like and the slope profile is discretized into segments.

The projectile algorithm is used to compute blocks motion in air:
hrough this algorithm the location of intersection between the flying
rajectory of the rock and a slope segment is found. Once the inter-
ection point is found, the post-impact impact velocity (in terms of
agnitude and direction) is calculated according to the pre-impact

elocity and the coefficients of restitution. If, after the impact, the
locks fulfil specific requirements, defined below, the process begins
gain, with the search for next intersection point. Otherwise, the blocks
tart to slide or stop. Sliding velocity along the path is regulated by the
13
Fig. A.11. Comparison between the results obtained with RocFall v017 and the code
developed by the Authors in terms of the velocity of the block.

ratio between the inclination of the slope segment 𝜃 and the friction
angle 𝜙: if 𝜃 = 𝜙, the velocity does not change until the end of the
segment; if 𝜃 > 𝜙, block velocity increases; if 𝜃 < 𝜙, the velocity
decreases and a stopping distance, assuming a segment infinitely long,
is calculated. This distance is compared with the remaining length on
the segment: if the stopping distance is greater than the distance to
the end of the segment, then the block will slide off of the end of
the segment, otherwise it stops before the end. Velocity increase or
decrease is proportional to the distance between the block and the end
of the segment, the block in-going velocity direction, and it is a function
of 𝜃 and 𝜙 values, as detailed in Ref. 42

As mentioned before, velocity threshold values and/or particular
conditions have to be set to determine: (i) the transition between
bouncing and sliding (and vice-versa), (ii) when bouncing blocks are
considered stopped. With reference to the former, the Authors con-
sidered that a threshold value on the modulus of the velocity, only,
is not able to catch the case in which blocks are sliding with high
velocity along the slope. Thus, the Authors assumed that transition
from bouncing to sliding occurs (i) if the velocity in modulus is under
a threshold value defined equal to 1 m/s and (ii) if the component
normal to the slope is smaller than a threshold value set equal to
0.05 m/s. Referring to the second problem, a block stops when its
velocity reaches a threshold velocity value, in modulus, of 0.01 m/s.
Some other refinements are inserted to avoid numerical instabilities,
e.g. infinite vertical rebound on an horizontal segment.

To validate the code, a comparison with RocFall v017 was made,
both in deterministic and probabilistic frameworks, i.e. with determin-
istic values for the input parameters in the first case and randomly
selected with a Monte-Carlo sampling method in the second. The
geometric configuration 𝑏ℎ = 20 m, 𝑏𝑤 = 3 m, 𝛽 = 80◦ and 𝑛𝑏 = 8
is taken as an example. The restitution coefficients 𝑅𝑛,𝑚 and 𝑅𝑡,𝑚 are
set equal to 0.4 and 0.65, respectively. The friction angle is set to 30◦.
In the deterministic analysis, no standard deviation is assigned to the
input parameters. Fig. A.11 reports the value of the velocity 𝑣 along
the slope profile obtained in the analyses with the Authors code and
RocFall. Both the values of 𝑣 and the stopping distance are in a very
good agreement, as displayed in Fig. A.12.a which allows to compare
quantitatively the obtained trajectories.

The same configuration is considered for performing probabilistic
trajectory analyses, associating the standard deviations to the input
parameters as in Table 2. Table A.5 reports the obtained outputs in
terms of 𝑣95, ℎ95, 𝑑95, and number of impacts. A good accordance among
the results emerges, as also highlighted in Fig. A.12.b, displaying the
obtained trajectories.
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Fig. A.12. Comparison between the results obtained with RocFall v017 and the code
developed by the Authors for the deterministic (a) and the probabilistic (b) analyses.

Table A.5
Comparison between the results obtained with RocFall v017 and the code developed
by the Authors in terms of 𝑣𝑣,95, ℎ95, 𝑣ℎ,95, and 𝑑95 (herein expressed as ℎ95 at the pit
bottom), and number of impact 𝑛𝑖𝑚𝑝𝑎𝑐𝑡.

RocFall Adopted code

Bench ℎ95 (m) 𝑣95 (m/s) 𝑛𝑖𝑚𝑝𝑎𝑐𝑡 ℎ95 (m) 𝑣95 (m/s) 𝑛𝑖𝑚𝑝𝑎𝑐𝑡
1 2.10 0.2 11 2.10 0.2 11
2 6.56 1.18 9 6.57 1.18 9
3 3.13 0.12 2 3.13 0.13 3
4 2.98 0.14 2 3.00 0.15 2
5 2.71 0.1 1 2.72 0.1 2
6 0.52 0.04 1 0.51 0.01 2
7 5.76 1.46 1 5.76 1.47 1
Pit floor 2.36 0.4 3 2.38 0.4 3

It should be noticed that very few blocks arrive on the pit floor.
In the present work, the analyses for which less than the 1% of blocks
arrives at the location of the collectors were not considered. This choice
agrees (i) with the assumption that a very low acceptable residual risk
value can be accepted and (ii) with the probabilistic design approach
for which it is assumed that in the distribution of the effects of the
actions a very low percentile exceeds the characteristic value of the
resistance.

Appendix B. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ijrmms.2023.105551.
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