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Rockfall fragmentation significantly influences the dynamics and hazard footprint of rockfall events, yet it
remains poorly represented in most trajectory models. This study presents RockFRAG, a novel probabilistic
lumped-mass trajectory model that explicitly incorporates fragmentation processes, block shape variability

Fragmentation and rock-mass condition within an experimentally calibrated framework. The fragmentation module accounts
Rock mass condition . . . . . .
Block shapes for the influence of impact energy, block geometry and structural features, using simplified but physically

informed representations of discontinuity orientation, rock-mass quality and block shape to describe their effect
on fragmentation likelihood and outcomes. Fragmentation onset is governed by a probabilistic energy-based
threshold corrected for shape and discontinuity orientation, while fragment-size distributions and post-impact
kinematics are derived from controlled laboratory tests.

As a first assessment, the model is compared against laboratory data, large-scale fragment travel dis-
tances, and shape-dependent runout from the Vallirana and Authume field experiments. These preliminary
comparisons show that the model captures fragmentation probability, fragment-size statistics and the combined
influence of shape and structural quality on runout, offering a robust and computationally efficient tool for
simulating fragmentation-driven rockfall dynamics and rockfall hazard analysis.

1. Introduction

Rockfall events represent a significant geohazard in mountainous
and engineered slopes, posing risks to infrastructure, human safety,
and environmental stability. The dynamics of rockfall phenomena
are governed by a complex interplay of geological, geometrical, and
mechanical factors. While considerable advancements have been made
in delineating detachment zones, physically based numerical modelling
of rockfall propagation, and implementing protective measures,'~>
the fragmentation of falling rock masses, particularly during impact,
remains a challenging and often oversimplified aspect in trajectory
modelling.*

Fragmentation during rockfall can occur through the breakage of
intact blocks or disaggregation along pre-existing discontinuities.”> This
process not only alters the number and size of blocks but also sig-
nificantly affects their post-impact kinematics, energy dissipation, and
hazard footprint, i.e. the spatial extent and intensity of the area af-
fected by a rockfall event.®” Despite its critical role, fragmentation is
frequently treated as a secondary effect, either as a binary event or
through empirical rules, limiting the predictive capability of current
rockfall models.

Several modelling frameworks, primarily based on lumped-mass
approaches, have attempted to incorporate fragmentation into rockfall
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simulations, each with varying degrees of physical realism and compu-
tational complexity, eventually reverting to spherical contact geometry
in non-fragmenting impacts to maintain analytical tractability.

The works of Matas et al.,>° who developed and refined the Rock-
GIS model, can be considered among the most influential. Initially,
RockGIS included a fragmentation module based on an arbitrary sur-
vival rate,'? defined as the percentage of blocks that remain intact
after impact. Subsequent developments introduced calibration using
field data from large-scale rockfall experiments and a parameter that
controls scale-variant behaviour.!! This addition acknowledges that
smaller blocks may exhibit greater resistance to breakage than larger
ones. In terms of fragment size distribution, the RockGIS framework
initially adopted a fractal model,'? assuming scale invariance in frag-
mentation behaviour.'? The model defines the number of initial blocks
per unit length, a geometrical factor describing the fractal proportion
between the original block and the generated fragments, and a frac-
tal dimension. Later refinements introduced scale-variant behaviour,
allowing the fragment size distribution to vary with block size and
impact conditions, thereby correcting the limitations of a simple power-
law model.!! Calibration of the geometrical factor used in the fractal
fragmentation model was performed using field-scale rockfall tests.
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List of abbreviation and symbols

A

COR,

COR,,

COR
COR,

QU

eq

my

My,

R

Base-10 logarithm of the minimum percentage
ratio between the fragment mass and the parent
block mass

Base-10 logarithm of the percentage ratio between
fragment mass and parent block mass at the
transition point between the two linear segments
of the bilinear distribution of the complementary
cumulative distribution of fragments mass
Base-10 logarithm of the complementary
cumulative probability 1 — F corresponding to the
transition point between the two linear segments
of the bilinear distribution of the complementary
cumulative distribution of fragments mass
Effective restitution coefficient accounting for
both rebound and fracture energy dissipation
during impact

Base restitution coefficient for spherical blocks
impacting a given surface perpendicularly
Normal coefficient of restitution

Tangential coefficient of restitution

Base-10 logarithm of the maximum percentage
ratio between the fragment mass and the parent
block mass

Equivalent sphere diameter for a given block
Orientation-dependent coefficient used to modify
the tensile strength of a moderately fractured rock
mass based on the inclination angle of the
discontinuity relative to the impacted surface
Coefficient to be applied to COR, to account for
the shape of the block

Coefficient to be applied to E,, to account for the
shape of the block

Energy dissipated during fragmentation,
associated with the creation of new fracture
surfaces

Normal component of the translational kinetic
energy at (before) the impact

Normal component of the translational kinetic
energy after the impact

Tangential component of the translational kinetic
energy before the impact

Tangential component of the translational kinetic
energy after the impact

Threshold kinetic energy for the normal
component of the translational kinetic energy
required to trigger fragmentation, considering the
shape and the rock mass condition of the block
Mass of the block. The subscript B is used, where
necessary, to indicate the parent block

Mass of a generic fragment. The subscript i may
be added to denote the ith fragment, i.e. m;
Minimum fragment mass threshold, defined as the
lower bound mass below which generated
fragments are discarded during the Monte Carlo
sampling of the fragment-size distribution
Number of fragments

Translational velocity before impact. Subscripts B
and f are used, where necessary, to indicate the
parent block and the fragment, respectively
Translational velocity after impact. Subscripts B
and f are used, where necessary, to indicate the
parent block and the fragment, respectively
Post-impact velocity vector of the fragment due to
normal impact
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v Normal component of the translational velocity
before impact. Subscripts B and f (e.g. vg,, Vs ,)
are used, where necessary, to indicate the parent
block and the fragment, respectively

vl Normal component of the translational velocity
before and after impact. Subscripts B and f (e.g.
Up s Us,) are used, where necessary, to indicate
the parent block and the fragment, respectively

v? Tangential component of the translational

velocity after impact. Subscripts B and f (e.g.

vgy» Vy,) are used, where necessary, to indicate

the parent block and the fragment, respectively

v, yield velocity

vV Volume of the block. The subscript B is used,
where necessary, to indicate the parent block

Vin Threshold fragment volume, defined as the

volume below which a fragment generated from a
moderately fractured rock mass is reclassified as

intact
Yps Secant Young’s modulus of the block material
Y, Secant Young’s modulus of the slope material
Y, Local deformation coefficient of the Hertzian

contact, function of the block material and the
slope material

a Angle between the normal and tangential
components of the post-impact velocity vector of
the fragment due to normal impact

€ Ratio between the tangential component of the
translational kinetic energy before the impact and
the threshold kinetic energy for the normal
component of the translational kinetic energy
required to trigger fragmentation

0 Angle of inclination of the joint plane with
respect to the impacted surface, used to assess
structural control on fragmentation

1 angle of inclination of the velocity vector at
impact with respect to the impacted surface

Ve Poisson ratio of the block material

Vg Poisson ratio of the slope material

o, Uniaxial compressive strength

o, Tensile strength

G, Effective tensile strength of the rock mass,

accounting for the presence and orientation of
discontinuities with respect to the impacted

surface
¢ Sliding friction angle
W Scaling factor used to normalise the effective

restitution coefficient COR, with respect to the
theoretical restitution coefficient COR, of an
elastic—perfectly plastic sphere

Finally, post-impact kinematics were treated in a simplified manner:
fragment velocities are assigned stochastically within a cone of ar-
bitrary aperture, and kinetic energy is distributed proportionally to
fragment mass. More recently, Gili et al.'® proposed a functional for-
mulation to describe fragmentation probability, incorporating multiple
parameters such as block volume, shape, mechanical resistance, and
internal structure, as well as impact energy, incidence angle, and con-
tact geometry. This approach represents a significant advancement over
earlier models. However, the mechanical treatment of discontinuities
within the rock mass remains empirical. Joint orientation, spacing, and
persistence are not explicitly modelled, limiting the ability to simulate
structurally controlled fragmentation. Similarly, substrate characteris-
tics, block configuration upon impact, and the five exponents used
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in the functional form are difficult to calibrate and may introduce
uncertainty in practical applications.

A different approach was proposed by Wang et al.,'*'° and later
extended by Frattini et al.,'” Dattola et al.,'® Lanfranconi et al.,'”
within the HY-Stone software.?’ These models define a fragmentation
threshold based on a Weibull-type energy criterion,?! requiring input
parameters such as Young’s modulus, Poisson’s ratio, UCS, block vol-
ume, and Weibull constants. While physically grounded, this model is
difficult to calibrate in heterogeneous rock masses and do not explicitly
account for the presence of discontinuities. Fragment size distributions
are typically modelled using power-law relationship, and post-impact
velocities are assigned proportionally to fragment mass, with ejection
directions stochastically distributed within a user-defined cone.

While computationally efficient, the post-impact approach proposed
in both codes does not capture the directional bias or energy par-
titioning observed in experimental studies. For instance, Marchelli
et al.??> demonstrated that, in controlled drop tests on spherical samples
containing one or multiple planar discontinuities at different posi-
tions within the specimen, fragment trajectories are strongly influenced
by discontinuity orientation and impact angle, with larger fragments
tending to follow the normal to the discontinuity plane and smaller
fragments exhibiting wider angular dispersion. Similarly, Zhao et al.??
used a 3D discrete element method to investigate the role of pre-
existing joints in rockfall fragmentation, showing that joint orientation
and spatial configuration significantly affect both the fragmentation
pattern, the rebound energy and the resulting fragment trajectories.
These findings challenge the validity of fixed-cone dispersion mod-
els and support the need for probabilistic trajectory frameworks that
incorporate structural and geometrical controls.

More recently, Guccione et al.?* proposed a stochastic fragmenta-
tion model developed within a lumped-mass rockfall trajectory frame-
work, derived from laboratory drop tests on homogeneous brittle
spheres. The model introduces a survival probability function based on
the statistical distribution of material properties, offering a physically
calibrated criterion for fragmentation. In cases where fragmentation
does not occur, the framework allows for the integration of a damage
accumulation module to account for the progressive weakening of the
block under multiple consecutive impacts. Fragment number and size
distributions are derived from experiments and reflect the variability
observed in brittle failure under dynamic loading. Accordingly, internal
discontinuities are not considered, as the stochastic fragmentation
model is calibrated exclusively on laboratory tests involving homoge-
neous spherical specimens. Referring to the post-impact kinematics, the
ratio between normal and tangential components of fragment velocity
is extracted from experimental data, allowing the estimation of launch
angle and direction. However, the model is restricted to collinear
impacts and spherical block geometry, which constrains its applicabil-
ity in field conditions where block shapes deviate significantly from
sphericity and impacts may occur under oblique configurations.

Referring to the fragment size distributions proposed by the afore-
mentioned models, field and laboratory data on intact brittle ma-
terials have consistently shown that fragment sizes often follow a
power-law distribution.>>-27 However, Carmona et al.?® and Wittel
et al.>° observed that this scaling applies primarily to smaller frag-
ments, while larger ones may conform to Weibull-type distributions,
with local maxima linked to meridian crack formation. Despite pro-
viding qualitative insight into the governing processes, rather than
direct quantitative field-scale characterisation of natural jointed rock
masses, recent experimental studies conducted under controlled labora-
tory conditions suggest that impact-induced fragmentation mechanisms
also depend on joint spacing, orientation, block geometry, and impact
configuration.?230,31

In contrast to lumped-mass models that attempt to simulate frag-
mentation, several hybrid,>>33 rigid-body>*-*° and 3D complex-shaped
discrete element trajectory models?? primarily focus on the influence
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of block shape and rotational dynamics but, in their standard formu-
lations, do not simulate fragmentation. Three-dimensional numerical
approaches including discontinuous deformation analysis (DDA) com-
bined with detailed discontinuity characterisation, have also been used
to investigate rockfall failure mechanisms and block kinematics.*14> A
few recent studies have attempted explicit fragmentation at detailed
scale: Wu et al.** modelled breakage using the code 3DEC for blocks
with prescribed geometry and joint sets, demonstrating feasibility but
also reporting high hardware requirements and relatively complex pre-
processing and parameter setting. Similarly, Zhang et al.** employed
a three-dimensional particle-flow code (PFC) approach in which the
rock is represented as an assembly of bonded particles and pre-existing
joints with assigned properties, and bonds fail when computed tensile
or shear stresses exceed their specified maxima, thereby allowing crack
initiation and coalescence to emerge. While these methods provide
rich physics, they require precise knowledge of block shape and joint
locations and are computationally expensive, which confines their use
to site-specific studies. For regional hazard assessment or problems
with substantial epistemic and aleatory uncertainty,*® as commonly
encountered in rockfall processes, such detailed models are generally
impractical.

Taken together, these approaches reveal a clear gap in current mod-
elling capabilities: no existing framework simultaneously accounts for
fragmentation, block shape variability, and the mechanical influence
of discontinuities. Beyond these modelling strategies, it is important to
emphasise that the rockfall processes are inherently probabilistic, as
their dynamics are governed by both aleatory and epistemic sources
of uncertainty. Aleatory uncertainty reflects the intrinsic variability of
the phenomenon, including source location, block geometry, discon-
tinuity arrangement, impact orientation and fragmentation outcome,
which leads to significant dispersion of trajectories, impact energies
and fragment-size distributions even under apparently identical release
conditions. Epistemic uncertainty, by contrast, is related to incomplete
knowledge of rock-mass structure, block-slope interaction parame-
ters and initial conditions, which cannot be fully constrained from
field surveys or experimental observations. As highlighted by Li and
Lan*® and recent hazard frameworks,*® deterministic simulations are
therefore insufficient to represent the range of physically plausible out-
comes. Within this context, probabilistic trajectory modelling based on
stochastic sampling techniques (e.g. Monte-Carlo) provides a consistent
framework to propagate uncertainty through block propagation and
impact fragmentation.

On this basis, the present study introduces a new probabilistic
lumped-mass trajectory model, RockFRAG, integrating impact-induced
fragmentation and first-order effects of block shape and rock-mass
discontinuities unified framework. Its developments is informed by
an extensive bibliographic research and by an extensive series of
drop tests performed on spherical specimens containing predefined
discontinuities,?> as well as on prismatic and angular samples,*° pro-
viding experimental evidence on impact behaviour, fracture propaga-
tion, and fragmentation efficiency across different shapes and structural
configurations. The proposed model incorporates:

- a fragmentation module informed by experimental drop tests on
differentially jointed spherical samples and irregularly shaped
samples;

« probabilistic treatment of block shape and rock mass quality,
reflecting natural variability;

+ a trajectory engine that simulates fragment motion based on post-
impact velocity vectors derived from controlled tests, ensuring a
physically consistent representation of fragment kinematics.

To contextualise the proposed approach, Table A.17 in Appendix A
compares three existing lumped-mass models (RockGIS, HY-Stone, and
NURock) with RockFRAG, highlighting their main attributes and limi-
tations. The proposed framework is presented in three parts: Section 2
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describes the probabilistic lumped-mass trajectory model, including a
preliminary treatment of block shape and discontinuities. Section 3
details the fragmentation simulation module, informed by experimental
data. Section 4 demonstrates the model’s application to a real-world
scenario, highlighting its predictive capabilities and limitations. Finally,
conclusions and future perspectives are outlined in Section 5.

2. Rockfall propagation model framework

The rockfall propagation model presented in this study builds upon
a lumped-mass framework implemented in MATLAB.#’ The core equa-
tions of the lumped-mass module are conceptually similar to those used
in RocFall*® and to the approach described in Marchelli et al.,*° both
designed to simulate the motion of intact blocks without accounting for
shape variability or fragmentation. To ensure robustness and reliabil-
ity, the lumped-mass module, excluding fragmentation, has been val-
idated using the same methodological principles adopted in Marchelli
et al.,*? without replicating the previously published code. However,
the present work introduces a newly developed fragmentation mod-
ule, while the underlying lumped-mass trajectory approach and its
validation follow established methodological principles. Within this
approach, as an initial step towards more comprehensive modelling,
this module provides a preliminary, physically grounded representation
of block shape variability and the presence of discontinuities.

2.1. Model scope, assumption and limitation

The proposed framework adopts a probabilistic lumped-mass tra-
jectory approach, in which rockfall blocks are treated as point masses
for trajectory computation, and neither rotational dynamics nor explicit
contact geometry are resolved. Block shape and rock-mass structure
are therefore not introduced in a geometric or deterministic sense,
but are accounted for statistically as effective descriptors influencing
fragmentation propensity and fragment-size distributions, rather than
trajectory kinematics. This choice reflects the intended application to
scenarios characterised by large source areas and substantial epistemic
uncertainty. The model currently operates in two dimensions (2D)
to balance physical fidelity and computational tractability for Monte
Carlo analyses. This choice enables large parametric studies and uncer-
tainty propagation but does not explicitly resolve lateral dispersion or
rotational dynamics; a three-dimensional (3D) extension is planned to
address these aspects as discussed in the following.

Block geometry is represented through standardised shape classes
(e.g., sphere, cube, slab, prism) that are used parametrically in the
impact and fragmentation submodels. This approach captures first-
order shape effects on contact mechanics and breakage propensity
while avoiding the pre-processing burden associated with fully resolved
polyhedral geometries. It is also consistent with the shapes investigated
in the laboratory tests from which several of the model’s empirical
formulations were derived.*°

Rock-mass structure, and hence the presence of discontinuities or
joints, is not represented by means of an explicit discontinuity network.
Instead, it is represented probabilistically through structural descriptors
controlling fragmentation and detachment behaviour. This choice re-
flects both the lumped-mass formulation and the intended application
of the model to spatially extensive and heterogeneous source areas.
Rock-mass classification systems such as Rock Mass rating (RMR),
Geological Strength Index (GSI), Q-system®’->* are primarily intended
to assess rock-slope stability and overall rock-mass quality, and are
not specifically designed to describe rockfall propagation or impact
fragmentation processes.”>>® Accordingly, rock-mass quality is not
introduced in the proposed framework through classification indices
as direct input parameters, but is accounted for implicitly through the
structural descriptors that underpin these classifications, namely frac-
ture intensity, joint spacing and block geometry, which control block
detachment mechanisms and the volume and geometry of potentially
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fragmentable blocks.” Three structural classes (intact, moderately frac-
tured, highly fractured), detailed in Section 2.2, are thus adopted to
represent ranges of rock-mass conditions in a probabilistic sense, while
direct mapping to GSI or RMR remains approximate and is used only
for qualitative interpretation (see Section 2.2).

Detailed modelling of crack initiation, propagation, mixed-mode
fracture, and explicit discontinuity interaction lies beyond the scope
of this work. The adopted assumptions and parameterisations are in-
formed by controlled experiments®?>°° and a synthesis of relevant
literature, providing empirical grounding while recognising limits to
transferability outside the investigated domains. According to the ref-
erences and evidence reported in the above-mentioned studies, frag-
mentation is assumed to be governed primarily by tensile cracking
induced by impact-generated stress waves; in jointed blocks, mixed
shear-tensile failure modes may occur when discontinuities are inclined
with respect to the impact surface, but the onset of breakage remains
controlled by the development of tensile stresses.

When fragmentation occurs, the model relies on an energy-based
threshold, that depends on tensile strength, which is treated as scale-
independent in the present formulation. This assumption is motivated
by two complementary considerations. First, rockfall impacts are high-
rate dynamic events: typical impact velocities of 5-25 ms~! asso-
ciated with millisecond-scale contact durations correspond to strain
rates on the order of 10°-10*s~1. Under such conditions, the ten-
sile strength of rock and other quasi-brittle materials exhibits a pro-
nounced rate-dependent increase.”®>° Differently from the static load-
ing conditions,®*-%% numerical investigations of dynamic fracture fur-
ther indicate that, above a critical strain rate, classical static size effects
based on weakest-link statistics may be significantly reduced or even
reversed.®* In this regime, crack propagation is governed primarily by
inertial effects and the activation of multiple interacting fracture planes
rather than by the single most critical flaw.®> Consequently, assuming
a size-independent failure stress is physically better justified under
dynamic impact loading than in a quasi-static framework. Second, for
blocks belonging to the moderately or highly fractured classes, impact-
induced failure is predominantly controlled by the orientation, spacing,
and persistence of pre-existing discontinuities rather than by the intrin-
sic tensile strength of the intact matrix.??*4% This structural control
is explicitly accounted for through the reduction of tensile strength in
the energy-threshold equation (Eq. (2) in Section 4.1), which may reach
up to 60% relative to intact values. In such scenarios, any residual size
dependence associated with intact-matrix strength becomes secondary
to the dominant discontinuity-driven failure mechanism. Thus, since
experimental and numerical studies report conflicting trends®*-%2 and
indicate that the direction and magnitude of size effects in quasi-brittle
materials are not intrinsic material properties but emergent features of
the governing failure mechanisms, the present model does not explicitly
incorporate size-effect laws as formalised in fracture mechanics. Con-
sequently, a potential bias in the estimation of the energy threshold for
fragmentation cannot be excluded, which may lead to either an over-
or under-prediction of fragmentation likelihood. The introduction of
explicit size-effect scaling is therefore recognised as a possible extension
of the proposed framework.

After a breakage event, each fragment is propagated as a new
block. In the absence of robust data on post-fracture texture and
anisotropy,®”-°® fragments inherit the parent shape and material prop-
erties as a default assumption. This is a modelling simplification that
requires careful qualification depending on the rock-mass class consid-
ered. For intact blocks, the assumption is supported by the observation
done for angular blocks without pervasive discontinuities, in which
fragment shapes tend to resemble those of the parent,*? and by dynamic
fragmentation studies which consistently report that fragments retain
the microstructural features of the parent rock, including fracture den-
sity, orientation sets and textural anisotropy,®®~’! The well-documented
fractal nature of fragment-size distributions in brittle materials further
reinforces the expectation that fragments maintain the same fracture
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density class as the parent block.”>73 For moderately fractured blocks,
i.e. blocks containing a limited number of visible discontinuities, frag-
mentation preferentially occurs along those joint planes.!®22 Pieces
produced by separation along a single joint surface are bounded by
that surface and, if their volume is smaller than the characteristic in-situ
block volume defined by the discontinuity network, they are unlikely to
contain further persistent discontinuities.”* Treating such fragments as
still moderately fractured would overestimate the probability of subse-
quent fragmentation. To address this, the present framework introduces
a user-defined threshold volume V};: fragments generated from a mod-
erately fractured parent whose volume falls below V}; are reclassified
as intact for all subsequent impacts and fragmentation assessments. The
default value is set to null (reclassification disabled), when no site-
specific joint-spacing data are available. For highly fractured blocks,
no analogous volume threshold is introduced (Table 2). In this class,
the volumetric joint count indicates a very high fracture density. At
this fracture density, any fragment of practically relevant size still
intersects multiple discontinuity planes or is itself bounded by several
joint surfaces during fragmentation.>”# In this context, impact-induced
breakage in foliated and anisotropic rocks often preserves the spacing
and persistence of foliation-parallel fractures, and field observations
on schistose and orthogneiss blocks indicate that fragments inherit the
structural fabric and the pre-existing damage network,%®7> providing
additional support for the parent-inheritance assumption across all
three structural classes. Accordingly, the inheritance of the highly
fractured condition by all generated fragments is retained, which is
conservative for hazard assessment purposes.

The fragment-size distribution is calibrated from laboratory drop
tests, including configurations with pre-existing discontinuities. These
data support empirical distributions (and their energy dependence)
suitable for dynamic impacts. Because laboratory campaigns cannot
reliably probe scale effects at field block sizes, the resulting distribu-
tions have a bounded domain of applicability; extrapolations beyond
tested ranges should be treated with caution and, where feasible,
bracketed via sensitivity analyses. For intact brittle materials, numer-
ical results by Ma et al.®” confirm that fragment mass distributions
generally follow a power law, widely recognised as characteristic of
fully developed fragmentation. Near the damage-fragmentation tran-
sition, however, distributions can become bilinear, reflecting a shift
from tension-dominated breakup at low velocities to shear-influenced
cracking at higher velocities, which produces finer fragments. In the
same framework, the power-law exponent (and the associated fractal
dimension) increases with impact velocity, and systematic variations
of fragment shape descriptors (e.g., elongation and convexity) are ob-
served. Above a threshold, the fragment mass distributions collapse into
a unified power-law relationship with a nearly constant exponent, and
the distributions of shape descriptors stabilise, indicating that fragment
shapes cease their evolution as impact energy further increases. These
observations are broadly consistent with the trends captured by the
present model, as discussed in Section 3.2.

Beyond the assumptions related to material properties and frag-
mentation mechanisms, the dimensionality of the numerical framework
introduces additional constraints that merit discussion. A further limi-
tation arises from the two-dimensional nature of the model. Fragmen-
tation is a key mechanism driving lateral dispersion of rockfall trajec-
tories; however, in a 2D framework all kinetic energy released during
impact-induced breakage is constrained within the modelled profile. In
physical three-dimensional conditions, a portion of this energy would
be redistributed into out-of-plane motion of the fragments, contributing
to lateral spreading and reducing the energy available for downslope
propagation. As a result, the 2D formulation may lead to a mild over-
estimation of longitudinal runout distances for fragmental rockfalls.
The model should therefore be interpreted as a physically informed,
probabilistic tool that captures the dominant factors of fragmentation-
driven propagation, suitable for reproducing first-order runout statistics
along the dominant fall direction, with future developments focused on
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3D extension, explicit lateral dispersion, and expanded experimental
calibration.

Finally, it is worth recalling that as a lumped-mass scheme, sev-
eral physical effects are embedded in a reduced set of interaction
parameters. In particular, the slope-block interaction (e.g., normal and
tangential coefficients of restitution) requires site-specific calibration
or justified priors. Calibration should, where possible, be performed
against non-fragmenting rebounds, and uncertainty in these parameters
ought to be accounted for hazard metrics.

Aware of these limitations, using the currently available datasets,”®
which remain particularly scarce with respect to post-impact fragment
trajectories and kinematics at field scale, the present study provides a
first, pragmatic validation of fragmentation likelihood, fragment-size
statistics and runout envelopes. Field-scale tests are intrinsically the
most informative for capturing realistic post-impact behaviour, as they
integrate complex interactions between block geometry, rock-mass
structure, impact configuration and three-dimensional terrain effects;
however, such experiments are logistically demanding, costly, and
rarely instrumented in sufficient detail to allow exhaustive validation.
Within this context, controlled laboratory and large-scale experimental
campaigns constitute an essential complementary source of data. Al-
though simplified, they enable systematic control of impact velocity,
orientation, block shape and structural configuration, allowing repro-
ducible calibration of fragmentation thresholds, fragment-size distribu-
tions and post-impact velocity partitioning. The present work therefore
adopts a combined validation strategy, in which controlled experiments
are used to constrain key model components, while available field
observations are employed to assess consistency at the scale relevant
for hazard analysis.

In summary, the proposed framework enables two-dimensional
lumped-mass simulations of intact and fragmenting rockfalls, incor-
porating block-shape effects and rock-mass structural condition in a
probabilistic manner to predict fragmentation likelihood, fragment-size
distributions and runout envelopes for hazard assessment. The frame-
work does not resolve block rotation or detailed contact geometry;
three-dimensional effects and lateral dispersion are neglected in the
present study and could be addressed in future developments, while
deterministic effects of individual discontinuity sets on block motion
are not considered.

2.2. Simulation workflow and initial condition

The simulation workflow begins with the definition of the slope
topographic profile and the release conditions of the potentially de-
tachable block, including its initial position and velocity. The block is
then characterised in terms of volume Vj, geometry, material density
p, intact rock mechanical properties (tensile strength o,), rock-mass
mechanical properties (secant Young’s modulus Y and Poisson’s ratio
v), and structural condition. Block-slope surface interaction during
impacts is described through the normal and tangential coefficients
of restitution (COR,, COR,), defined as the ratio between the post-
impact (after) velocity v* and the pre-impact (before) velocity v* along
the normal (subscript n) and tangential (subscript ) directions with
respect to the local slope surface at the contact point, as detailed in Sec-
tion 2.3. For motion phases involving contact with the slope, the slope
surface-block friction coefficient (tan ¢) represents the primary param-
eter governing sliding kinematics. These interaction parameters are
employed consistently in both fragmentation and non-fragmentation
cases to estimate rebound behaviour and the associated energy par-
titioning, and are assigned based on the types of substrate present
in the slope profile. They are described using Gaussian distributions,
as commonly adopted in rockfall trajectory modelling for block vol-
umes and block-slope interaction parameters.*®77 All block-, slope-
and fragmentation-related input parameters required by the model are
summarised Table 1, together with their physical meaning.
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Input parameters of the fragmentation module. Parameters treated probabilistically are defined by their mean value and standard

deviation used for Monte Carlo sampling.

Category Symbol Description Statistical definition
Vg Volume of the parent block (m?*) Mean py,, Std. dev. oy,
Block geometry and structure Shape Block shape class (sphere, cube, Categorical input

slab, prism)

Rock mass condition

Structural condition (intact,

Categorical input

moderately fractured, highly

fractured)
) Density (kgm~3) Mean 4,, Std. dev. o,
. o, Tensile strength of intact block Mean 4, , Std. dev. o,
Block material material (MPa) ' '
Yy Young’s modulus of block Mean uy,, Std. dev. oy,
material (MPa)
Vg Poisson’s ratio of block material Mean p,, , Std. dev. o,
)
Block release conditions X5 Yo Initial block position (m) Deterministic
Uy 05 Uyo Initial block velocity (ms™') Mean p, , Std. dev. o, ,
Mean u, , Std. dev. o,
Mini fi t Det inisti
Block fragments threshold & Mirimumn frsgment mass cterminisic
Vin Threshold fragment volume (m?) Deterministic
. Y, Young’s modulus of slope Mean uy , Std. dev.
Slope material s matergial v P Hy, V. oy,
Vg Poisson’s ratio of slope material Mean y, , Std. dev. o,
(O]
Block-slope interaction parameters CORy i\g:::a:aﬁit;t?t)ion coefficient Mean sicog,,, Std. dev. ocor,,
COR, Tangential restitution coefficient Mean cop,, Std. dev. ocop,

)

With specific reference to the rock mass structural condition, three
classes are identified based on fracture intensity and structural integrity
as stated in Section 2.1: (i) intact rock, characterised by the absence
of visible discontinuities and behaving as a homogeneous brittle ma-
terial; (ii) moderately fractured rock mass, where a limited number of
discontinuities are present, influencing strength and fragmentation be-
haviour without causing pervasive weakness; and (iii) highly fractured
rock mass, defined by a high fracture density or foliation, resulting
in markedly reduced tensile strength and a strong predisposition to
breakage upon impact. These categories are used throughout the frag-
mentation module. Although rock-mass quality indices such as GSI,
depending on both structural characteristics (blockiness) and discon-
tinuity surface conditions,”®’® are not used as direct inputs in the
proposed framework, structural descriptors such as volumetric joint
count J, and the mean discontinuity spacing, can be used to de-
rive indicative GSI values when required Hoek and Brown.®? Recent
quantification approaches have shown that the structure rating (SR)
of the GSI chart®! can be objectively related to volumetric fracture
measures.5?~85 Accordingly, the correspondence reported in Table 2 is
provided for qualitative interpretation only and should not be regarded
as a deterministic conversion. The structural classes adopted in this
model can thus be qualitatively related to indicative ranges of structure
rating in the GSI chart and associated descriptors from the literature, as
summarised in Table 2. Once GSI is estimated, empirical correlations
collected by Russo and Hormaz4bal® can be applied to relate GSI to
RMR or other classification systems when needed, while the uncertainty
in RMR and GSI assessments highlighted by Abbas et al.%” reinforces
that these correlations are intended for qualitative interpretation only.

The model proceeds through a series of modules, each representing
a distinct phase of the rockfall process (Fig. 1). The modular struc-
ture of the code was chosen to allow for flexible integration of new
experimental findings and calibration parameters.

After an initial evaluation whether, when released, the block slides
or comes to rest, if neither condition is met, it is assumed to enter a free-
flight motion phase along a parabolic trajectory. This decision is based
on the velocity components, slope inclination, and frictional resistance,
governed by the friction angle (¢). Every time the free-flight trajectory

Table 2

Indicative correspondence between rock mass condition classes adopted in the
model and GSI-structure rating (SR), Volumetric joint counts J, and mean
spacing ranges, based on literature anchors. Values are approximate and for

qualitative interpretation only.

Rock mass condition SR range Typical J, (joints/m?) Mean spacing (m)
Intact or massive >75 ~1 ~3.0

Moderately fractured 35-75 ~3-15 ~0.1-0.5

Highly fractured <35 ~30 ~0.01-0.1

of the centre of mass of the block reaches the slope surface, the code
performs a sequence of checks:

« fragmentation check based on an energy threshold criterion that
accounts for block shape, the presence and orientation of discon-
tinuities (Section 3.1). If fragmentation occurs, the fragmentation
module evaluates:

- the number and the mass of generated fragments, n, and
m  through Monte Carlo sampling from an empirical cumu-
lative distribution function (ECDF) (Section 3.2);

- the energy dissipated during breakage, including fracture
energy, accounting for the creation of new fracture sur-
faces and integrating it into the post-impact energy balance
(Section 3.3);

- the post-impact trajectories of each fragment are computed
from velocity vectors derived from a physically-based en-
ergy balance (Section 3.3);

- if fragmentation does not occur, the model computes the post-
impact velocity components of the entire block and, based on
these, determines whether the block rebounds, slides, or comes
to rest;

trajectory update: depending on the outcome, every mass still in
movement (either the block or its fragments) enter a new motion
phase (sliding, free-flight, or rest), according to the post-impact
velocity components.
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Fig. 1. Workflow of the rockfall propagation model considering fragmentation. To avoid cluttering the notation, subscripts B (block) and f (fragment) have been
omitted. The flowchart applies recursively to each fragment, which is treated as a new block in subsequent iterations. For fragments generated from a moderately
fractured parent, a reclassification step is applied: if the fragment volume is smaller than the user-defined threshold V,;, the fragment is reclassified as intact for
all subsequent fragmentation assessments. For intact and highly fractured fragments, mechanical properties of the parent block are inherited.

Fig. 1 presents the flowchart of the entire propagation model, All the interactions between the block, its fragments and the slope,
while Fig. 2 details the fragmentation module. The mechanical aspects in terms of incoming and rebound velocities and block masses are
involved in each step are detailed in the referenced sections, along with recorded. Each fragment inherits a subset of the parent block’s proper-
the steps for the calibration of the parameters. ties, including discontinuity patterns and velocity components, which
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Fig. 2. Flowchart of the fragmentation module within the rockfall propagation model. The diagram outlines the sequence of operations performed when
fragmentation is triggered, including threshold evaluation, fragment mass sampling, energy dissipation calculation, and post-impact trajectory assignment.

are then used in subsequent iterations of fragmentation assessment and
motion analysis. Regarding structural condition, intact and highly frac-
tured fragments retain the rock-mass class of the parent block, while
for moderately fractured fragments, a reclassification step is applied as
reported in Section 2.1. This recursive structure allows the model to
simulate multi-impact scenarios and progressive fragmentation.

2.3. Selection of the coefficient of restitution

The normal and tangential coefficients of restitution (COR,, COR,),
or simply COR when referring to the general ratio between post-
impact and pre-impact velocity, are fundamental parameters in rockfall
trajectory modelling, as they quantify the energy retained after a block—
slope surface collision. Their values are influenced by a combination
of mechanical, geometrical, and kinematic factors, including substrate
type, impact angle, block shape, and velocity.

A comprehensive understanding of these dependencies is essential
for accurate simulation of rebound behaviour and energy dissipation.
First, the nature of the impacted surface plays a dominant role. Asteriou
and Tsiambaos,®® Ji et al.,®° Yang et al.° and Bi et al.”! demon-
strated that smooth, rigid substrates yield significantly higher COR
values than rough or deformable surfaces, with low-angle impacts on
smooth surfaces occasionally producing COR, > 1 due to rotational

amplification.”? Impact velocity also influences the dissipation of en-
ergy at the block-slope surface collision particularly through its effect
on contact duration and deformation. Asteriou and Tsiambaos®® and Li
et al.”® reported that higher impact velocities tend to reduce COR due
to increased plastic deformation and substrate penetration. However,
this effect is often secondary to surface and shape influences. Recent
experimental work by Marchelli et al.>° further supports the need for
shape-dependent restitution modelling. Drop tests on spheres, cubes,
prisms, and slabs showed that compact shapes exhibit higher COR,
values than elongated or flat shapes, with the velocity dependence
varying as a function of shape angularity, suggesting that velocity-
dependent effects may be shape-specific. Block shape strongly affects
impact dynamics: spherical blocks undergoing predominantly collinear
impacts tend to exhibit more predictable rebound trajectories and
higher coefficients of restitution (COR), whereas angular or elongated
blocks experience complex multi-contact interactions, leading to longer
impact durations, increased energy dissipation, and lower apparent
restitution coefficients.3%+% To account for this, Ji et al.°® and Bi
and Han®” have introduced a shape factor in the COR, formula-
tion, quantifying deviation from spherical geometry. Impact angle is
another critical variable: multiple studies®®°%96-100 have shown that
COR, generally decreases with increasing impact angle, particularly in
near-perpendicular collisions where energy dissipation is maximised.
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Particularly®® observed that this decay follows a power-law trend,
while Tang et al.!?® confirmed a strong negative correlation between
COR,, and impact angle. Although these studies do not explicitly pro-
pose a cosine function, many trajectory models use it to approximate
angular dependence due to its smooth behaviour and ease of calibra-
tion. In addition to impact angle and velocity, block mass has been
shown to exert a measurable influence on the coefficient of restitution,
particularly in impacts involving deformable substrates. Heavier blocks
induce greater contact forces and longer interaction durations, which
enhance substrate deformation and energy dissipation.8%°° Asteriou®’
observed that increased block mass correlates with reduced COR,
values, especially on granular or low-stiffness surfaces.

Considering the tangential coefficient of restitution (COR,) alone,
it exhibits minimal dependence on incidence angle, impact velocity, or
impacting mass and shape, and is primarily governed by the material
properties of the slope surface, such as roughness and stiffness.%%°

Summing up all these findings, the model herein proposed allows
considering the normal coefficient of restitution (COR,) as a function
of block shape, impact angle, velocity, mass, and substrate properties.
While compact empirical formulations accounting for some of these
aspects have been proposed in the literature,%°%1%0 the model adopts
a flexible structure that allows calibration based on experimental data
and site-specific conditions. The proposed formulation, informed by
literature and experimental results, is:

COR, =COR, - ks cog, - s117% - 0,7 -m™1, (€))

where COR, is the base restitution coefficient for spherical blocks
impacting a given surface perpendicularly, and is a function of the
mechanical properties of both the block and the slope material. The
term kcog, is a shape factor quantifying deviation from spherical
geometry. Taking as an example the drop tests by Marchelli et al.,>* a
shape factor of k; cog, ~ 0.85 for cubes, ~ 0.5 for slab-like blocks, and ~
0.4 for prism-like shapes is suggested. The term : represents the impact
angle (in radians), v, is the normal component of the impact velocity,
and m is the block mass. The coefficient s, and the exponents s,, p and ¢
are calibration constants derived from experimental data. Recent tests,
conducted with block masses of approximately 0.1 to 10 kg and impact
velocities in the range of about 3-13 m/s, suggest that variations in
mass and velocity tend to have a relatively minor influence on COR,,
typically leading to deviations on the order of +10% from baseline
values under otherwise comparable impact conditions.®*°° Thus, p and
q may be approximated as near-zero in preliminary simulations. In
contrast, impact angle exerts a strong influence, with variations in
COR,, approaching 100% across the angular spectrum,®%°%190 with
typical values of s; > 1 and 5, < 1.8%90 To facilitate reproducibility
and comparison with future studies, Table 3 reports recommended
ranges of benchmark values for the parameters entering Eq. (1). The
proposed ranges account for substrate-dependent variability and are
consistent with experimental and numerical rockfall studies document-
ing systematic influences of impact velocity, block mass and ground
stiffness on the normal coefficient of restitution. These values are
intended as reference benchmarks rather than universal constants, and
site-specific calibration is recommended whenever impact test data or
back-analysed rockfall events are available. The multiplicative structure
of Eq. (1) reflects the combined influence of geometry and kinematics,
allowing for flexible calibration across different block shapes, impact
scenarios, and substrate conditions. In the code implementation, a
flexible structure is provided, enabling users to define COR,, either as a
function of multiple parameters or as a value based solely on material
properties (i.e., COR,).

On the contrary, COR, is assumed to depend only on the material
characteristics of the slope surface (e.g., hardness, roughness).

In the proposed model, COR, and COR, are used both to estimate
rebound velocities in non-fragmentation cases and also to initialise
fragment trajectories when breakage occurs (Section 3.3). As rotational
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velocity is not explicitly considered in the present model, both restitu-
tion coefficients are conservatively limited to a maximum value of one
and should be calibrated accordingly to encompass this assumption. For
both COR,, and COR,, the values are sampled at each contact using
a Monte Carlo technique from a Gaussian distribution, with the mean
and standard deviation assigned by the user for each substrate type.

3. Fragmentation simulation module
3.1. Fragmentation threshold

The fragmentation module is the core of the propagation code. Such
phenomenon is triggered when the impact energy exceeds a threshold
that depends on block and impacted surface material properties, with
additional terms to account for block shape and structural features.
This approach is conceptually similar to the framework proposed by
Lanfranconi et al.,'° which adopted an earlier energy-based criterion
from Yashima et al.,?! albeit without shape, fractures presence, and
orientation corrections. Numerical studies by Ma et al.®” on the impact
fragmentation of quasi-brittle spheres, even in the absence of evident
discontinuities, indicate the existence of an intrinsic fracture energy
linked to an elastic energy threshold required to break bonds at the
microscale. In a complementary work, Ma et al.!® emphasise the role
of a critical energy release rate for modelling fracture growth and
crack opening, reinforcing the need to incorporate microscale fracture
mechanics into impact-based criteria.

In the present code, the fragmentation originates from the normal
motion of the mass against the impacted surface. Its formulation is
based on the energy criterion proposed by Tavares and King,'?” which
describes the minimum energy required to initiate fracture in a single
particle under impact loading. The threshold energy E, is expressed
as:

Ea=5"Y" d ki, @
where 6, is the effective tensile strength of the material, dgq is the
equivalent diameter, and Y., is the local deformation coefficient of
the Hertzian contact, which depends on Young’s moduli of the block
and the impacted surface (Y and Y;, respectively), and their Poisson
coefficients (vp and v;), according to:

YB Ys

= ) 3
Yp(l—v2)+Y,(1 - v3) ®

Yeq

The term k, i, is a single shape coefficient accounting for the influence
of block geometry on the fragmentation threshold energy, as discussed
below in the present section.

Although Eq. (2) contains the term dgq, which provides a purely
geometrical scaling of fracture energy with block volume, the failure
stress entering the criterion is treated as scale-independent; the ratio-
nale for this assumption is discussed in Section 2.1. As observed by
Tavares and King,'” the influence of loading rate on fracture energy
under impact conditions is considered negligible and is therefore not
incorporated into the formulation. This assumption does not contradict
the observed rate dependence of tensile strength, as the present for-
mulation treats fracture energy as rate-insensitive and adopts a single
tensile strength representative of impact loading conditions, without
explicitly modelling strain-rate effects.

The expression in Eq. (2) assumes homogeneous, isotropic material
behaviour and spherical geometry. However, field and laboratory stud-
ies have shown that this assumption may not hold in jointed or foliated
rock masses. In particular,Giacomini et al.°® demonstrated that frag-
mentation can occur at significantly lower energies in rocks with high
discontinuity density. In such cases, the orientation of discontinuities
relative to the impact surface becomes the dominant factor controlling
fragmentation, as highlighted by the experimental campaign conducted
by Marchelli et al.??> and the numerical results of Zhao et al.?® To
account for such outcomes, the effective tensile strength &, is a fraction
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Recommended ranges of benchmark values for the parameters controlling the normal coefficient of restitution in Eq. (1).

Parameter Substrate/condition Recommended range Representative references
COR, Hard rock/concrete 0.55-0.75
Weathered rock/stiff soil 0.40-0.60 Asteriou et al.,'”" Giani,”® Bi and Han®” and RocScience Inc.*
Soft soil/debris 0.20-0.40
p (velocity exponent) - <0.02 Asteriou and Tsiambaos,®® Ji et al.®° and Bi and Han®”
g (mass exponent) - <0.04 Asteriou and Tsiambaos,®® Ji et al.,*° Wang et al.’°> and Bi and Han®”
515 5, (inclination coefficients) - 1-1.2; 0.145-0.195 Ji et al.,*° Asteriou”® and Tang et al.'*®
kycor, (shape coefficient) Cube-like 0.65-0.85
}S)lr?ljniliie 325(30625 Das and Cleary,'%® Ji et al.,®” Marchelli et al.,'°* Qin et al.'® and Bi and Han®’
Triangular-like 0.4-0.5

of its nominal value obtained from an intact rock, namely o,. Three
scenarios are considered on the bases of the structural condition of the
rock mass.

1. Intact rock: the tensile strength remains unmodified, i.e. 6 = o,.

2. Moderately jointed rock mass: in the presence of discontinuities,
an orientation-dependent coefficient k, is introduced to modify
the tensile strength. Following the findings of Ma et al.'%® and
Han et al.,'?? the corrected tensile strength &, is defined as:

* 6, ~ 0.50, when the discontinuity is perpendicular to the
loading axis (6 = 90°),

* 6, ~ o, for orientations parallel or up to 50° to the loading
axis.

For intermediate orientations, the tensile strength correction is
not applied through a linear interpolation, but rather follows the
trend proposed by Han et al.,'?° which best fits the single plane
of weakness theory described by Lee and Pietruszczak.''°

. Highly fractured rock mass: a conservative reduction of 60% is
assumed, i.e. 5, ~ 0.40,, as suggested by Zhou et al.'!!

These three rock mass conditions are also used to derive subsequent
fragmentation parameters, including the fragment mass distribution,
the energy dissipated during breakage, and the post-impact trajectories
of the resulting fragments.

Since the orientation of discontinuities relative to the impact sur-
face is unknown in a lumped-mass approach, a probabilistic Monte
Carlo sampling technique is applied at each impact for the case of a
moderately jointed rock mass, reflecting the natural variability in joint
orientation and enabling the model to simulate structurally controlled
fragmentation without requiring explicit geometric resolution.

Block shape effects are incorporated through the shape coefficient
kg ,,» which modifies the fragmentation threshold energy to account
for geometric influences on impact-induced failure.3%10%112 In the
proposed framework, block shape is provided to the code as a cate-
gorical input by assigning each block to one of four simplified shape
classes, namely sphere, cube, slab-like or prismatic. This discretisation
is consistent with the lumped-mass formulation and is informed by
the comparative experimental analysis of angular blocks presented in
Marchelli et al.,>° which demonstrated systematic differences in frag-
mentation propensity and energy dissipation among these geometries.
Accordingly, typical values of the shape coefficient are adopted as

2.0, cube,
kg, =917, slab-like shape, 4
1.5, prismatic block,

reflecting the increasing susceptibility to fragmentation relative to
spherical geometry. These values are automatically assigned once the
shape class is selected, but may be freely modified for alternative
calibrations or site-specific conditions. When quantitative geometric
information is available, shape class assignment can be performed ob-
jectively prior to simulation using elongation, flatness and compactness

10

indices,''® or sphericity,®° providing a reproducible mapping between
real block geometries and the adopted shape classes

For each impact the ratio ¢ between the normal component of im-
pact energy, E,fhﬂ, and the fragmentation threshold energy is computed
as:

E ,

€= ——-0-.
Eg

%)
Fragmentation occurs if € > 1.

This hybrid approach integrates deterministic fracture mechanics
with probabilistic structural controls, consistent with the survival-
probability framework of Guccione et al.,?* thereby improving the
physical realism of fragmentation modelling in jointed rock masses. It
should be recalled that in subsequent fragmentation events, shape and
material properties are inherited from the parent block for all structural
classes. The structural class is also inherited, with the exception for
moderately fracture blocks as detailed in Section 2.1.

3.2. Fragments number and size distribution

The number and size distribution of fragments upon fragmentation
are determined through a probabilistic approach that accounts for the
three basic rock conditions, i.e. intact or fractured rock masses. For
intact blocks, the adopted formulation is based on the experimental
results of Guccione et al.,''* while for moderately to highly fractured
rock masses, the model relies on the findings of Marchelli et al.?? Both
datasets were acquired from drop tests on spherical specimens (100 mm
diameter), conducted under controlled conditions with impacts normal
to the slope surface and negligible rotational velocities. These settings
ensured consistency in the derivation of fragmentation parameters. In
both references, the tests revealed that the logarithm (base 10) of
the ratio between fragment mass and initial block mass, log,o(m/m),
against the logarithm of the complementary cumulative distribution of
fragment masses, log;((1 — F), yields a bilinear trend.

Fig. 3 illustrates a representative bilinear distribution, where:

coordinate A corresponds to the base-10 logarithm of the mini-
mum percentage ratio between the fragment mass and the parent
block mass,

coordinates B and C represent the log,o(m,/m) in percent and
log;o(1—F) values at the transition between the two linear trends,
coordinate D denotes the log,o(m,/m) (in percent) of the largest
fragment.

In the absence of fragmentation, A equals zero, B and D coincide at
a value of 2, and C equals zero. For all cases, A has been fixed at -1,
i.e, mg/m = 0.001 (i.e., 0.1% of the fragmenting mass), representing
the minimum fragment size considered in the analysis.

The slope of the two linear segments, as well as the location of
the transition point between them, are found to depend primarily
on two factors: (i) the fracture density of the specimen, and (ii) the
impact velocity, which reflects the energy input. Based on the exper-
imental results, specimens with a single discontinuity are considered
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Table 4

Fitting equations for bilinear parameters B, C, and D as functions of the energy
ratio ¢, for intact, moderately and highly fractured rock masses. A is equal to
—1. The coefficient R? is reported for each fit.

Rock mass B C D
condition
Intact 220303340 0,645¢ 031D 0,742¢~060e=D
0.293 0.645 1.276
(R* =0.92) (R? =0.96) (R* =0.99)
Moderately 0.622¢6:501(=1) 0.855¢-1088(c-1) _ 0.289¢-5820e=1)
fractured 1.398 0.855 1.711
(R* =0.98) (R* =0.94) (R*> =0.98)
Highly fractured 1.392¢70831e=D 4 0.482¢70497(e=1) _ 0.103¢70362(=D 4
0.608 0.482 1.897
(R?* =0.95) (R? =0.98) (R* =0.98)

representative of a moderately jointed rock mass, whereas those with
three discontinuities are used to simulate highly fractured conditions.
The data were grouped into these two categories, and within each
category, further subdivided according to impact velocity. Although
joint orientation at impact does influence fragmentation behaviour,
its variability was found to be less significant than that of fracture
density and velocity. Therefore, for each category and velocity range,
the values of B, C, and D were determined by taking the median across
all the experimentally tested orientations.

A regression analysis was subsequently performed to derive best-
fit equations for the bilinear parameters B, C, and D as functions e.
As the laboratory tests were conducted under vertical drop conditions,
the normal component of impact velocity was selected for this ratio,
ensuring consistency with the experimental setup. This formulation
enables the use of these equations during trajectory analysis as a
function of the energy ratio, independently of block mass, thereby
enhancing model generality. Nevertheless, the validity of the fitted
expressions remains confined to the investigated domain, specifically
up to e ~ 7.86 for intact rock, e ~ 3.12 for moderately fractured rock
masses, and ¢ ~ 5.95 for highly fractured ones. In the case of moderately
fractured specimens, where the fragmentation threshold depends on the
orientation of the discontinuity plane relative to the impacted surface,
the value corresponding to the highest E, i.e. § = 0°, was conserva-
tively adopted to ensure safety in predictive applications. These fitted
expressions are employed to define the complementary cumulative
distribution curve of fragment masses (Table 4) in the validated range.
The values of B, C and D outside the range are determined from the
proposed equations, as well. For ¢ — oo, B converges to —0.293, 1.398,
0.972, C to —0.645, —0.855,-0.482 and D to 1.276, 1.711, 1.897, for
intact, moderately and highly fractured rock mass, respectively.

Through Monte Carlo technique, fragment masses are sampled.
Specifically, random values of log,,(1 — F) in the range (-2;0) are
extracted and the corresponding m,/m derived from the selected bi-
linear curve are determined. The extraction process continues until
the cumulative mass of the generated fragments equals the block mass
before fragmentation, ensuring mass conservation across fragmentation
events. To avoid the generation of excessively small fragments and the
associated computational burden, a minimum threshold mass my, is
defined. If a sampled fragment mass falls below this threshold, it is
discarded and the sampling process continues until the total mass of
accepted fragments matches the initial block mass.

3.3. Fragments motion

The post-impact motion of fragments is described through a
physically-based energy balance, calibrated using laboratory drop tests.
For moderately to highly fractured rock masses, the experimental
results of Marchelli et al.?? are used, while for intact brittle materials,
the formulation is based on the findings of Guccione et al.''* As
discussed in Section 3.2, rotational energy is not considered in the
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Fig. 3. Representative bilinear distribution of fragment sizes obtained from
laboratory drop tests.

present formulation, as the experimental data were obtained under
conditions where rotational velocities before and after impact were
negligible. Furthermore, it is important to note that all tests were
conducted with impacts normal to the slope surface.

The absolute rebound velocity of each fragment, denoted ”a/’ is
computed by considering two main mechanisms of energy dissipation
during impact: (i) elasto-plastic deformation of the block and the
impacted surface, and (ii) fracture formation associated with fragmen-
tation. The total post-impact kinetic energy is then distributed among
the fragments proportionally to their mass, following the approach
proposed by Matas et al.” and Lanfranconi et al.,'° obtaining v4. The
energy retained in the normal direction after impact is given by:

s
E = Z %mf'[(,f},i)z - EZMCORg - E, (6)
i=1
where E, is the energy dissipated in the creation of fracture surfaces,
proportional to the fracture area and the surface energy per unit area
of the block. Based on the experimental campaign by Marchelli et al.>?
and Guccione et al.,''* the combined effect of rebound and fracture
energy loss can be expressed as:

)

nf
EZ,,n = Zl E/[(),,n,f,iCORz,i’
iz
where COR,; is the effective restitution coefficient for the ith fragment,
implicitly accounting for both rebound and fracture energy dissipa-
tions. Since fragmentation occurs at impact, the fragments do not
possess pre-impact kinetic energy. Instead, the initial kinetic energy
of each fragment EZ,,n, 5 is derived from the impacted block and dis-
tributed proportionally to its mass, ensuring conservation of energy and
consistency with observed post-impact behaviour.

In the proposed model, the effective restitution coefficient COR,
varies according to the rock mass condition and the joint inclination 6
relative to the impacted surface, while experimental data®?!14 indicate
that COR,, is not significantly influenced by impact energy. Table 5
summarises the statistical distribution types that best fit the experi-
mental data for each condition. For moderately fractured rock masses,
the influence of joint orientation is explicitly considered, with distinct
COR, ranges assigned to three angular categories, corresponding to
the classification adopted for data processing and interpretation of
restitution behaviour in the experimental analyses of Marchelli et al.??

Since the available experimental data were obtained from vertical
drop tests on a smooth concrete surface, the restitution coefficients
derived from these tests are specific to that material configuration. To
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Table 5

Statistical distribution types for the effective restitution coefficient COR,
under different rock mass conditions and joint inclinations 0 relative to the
impacted surface.

Rock mass condition 0 (°) Probability density function of COR,
Intact - Uniform(0.16,0.31)
0° <@ <15° 0.26 - Beta(4,4) + 0.05
Moderately fractured 15° <6 < 75° Uniform(0.10,0.29)
75° <6 <90° 0.24 - Beta(3,2) + 0.15
Highly fractured 0°-90° Uniform(0.04, 0.46)

Table 6
Statistical distribution types for w under different rock mass conditions and
joint inclinations @ relative to the impacted surface.

Rock mass condition 0 (°) Probability density function of w
Intact - Uniform (0.47,0.91)
0°<6<15° 0.76 - Beta(4,4) + 0.15
Moderately fractured 15° < 0 < 75° Uniform (0.29, 0.85)
75° <0 <90° 0.71 - Beta(3.2) + 0.44
Highly fractured 0°-90° Uniform (0.12, 1.35)

generalise the model and apply COR, to other geological contexts,
a scaling factor y is introduced. This factor allows decoupling the
restitution coefficient from material-specific calibration by relating the
observed COR, to the restitution coefficient of an intact sphere on
the slab adopted in the experimental campaign. This normal restitution
coefficient, equal to 0.34, is obtained adopting the Stronge’s formula''®
for the impact of an elastic—perfectly plastic sphere impacting a planar
surface at 7 m/s. Table 6 summarises the statistical distribution types
that best fit the experimental data for each condition. The effective
restitution coefficient for each fragment can thus expressed as:

COR,; =y COR,, ®

where COR,, is the normal coefficient of restitution computed for the
block-slope interaction. The norm of the post-impact velocity vector
due to normal impact of the ith fragment, denoted ﬁ? ;» is thus obtained
as:

~ b
Uaf,i =0,V COR,,. 9
To derive the vectorial components for each fragment, the angle a be-
tween the normal and tangential components of 0%, ie.

arctan (ﬁ“fn/ﬁ"fr), is sampled from a distribution derived from ex-
perimental observations. Given 7%, the velocity components of each
fragment are computed as:

v"f,n = ﬁj,, sin a (10)
and
V%, = +(0% cos a) + v/ COR, an

where v? is the tangential component of the block’s pre-impact velocity.
Although « is defined as positive, the post-impact velocity vector may
have an upslope tangential direction. To reflect this, a random sign is
assigned to 7% cos a. The second term in the tangential velocity accounts
for the residual tangential energy transferred from the parent block
to the fragment. The two components u‘;_n and ”;,: thus define the
post-impact velocity vector of the fragment, v?.

Experimental results?>!'4 indicate that the angle a varies between
a minimum and maximum value depending on three key factors: the
rock mass condition, the joint inclination 6 relative to the impacted
surface, and e. These bounds, illustrated in Fig. 4, reflect the influence
of structural configuration and impact conditions on fragment ejec-
tion direction. For a given impact energy within the experimentally
investigated range, a value of a is sampled via Monte Carlo extraction
from a uniform distribution bounded by the corresponding minimum
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Table 7
Mean and standard deviation (Std. Dev.) of physical and mechanical parame-
ters for block and slab materials.

Parameter Mean Std. Dev.
d,, (m) 0.100 -

p (kg/m?) 2000 -

o, (MPa) 2.00 0.18

Y, (MPa) 2050 223

v, (9 0.25 0.02

Y, (MPa) 11700 1000

v, () 0.15 0.01

and maximum values. In cases where the impact energy exceeds the
tested domain, the extraction range is extrapolated by assuming the
same minimum and maximum bounds as those observed at the highest
investigated e, ensuring continuity with the experimental trend. The
reference bounds and extrapolation approach are illustrated in Fig. 4.
A complete numerical example combining Egs. (2)-(11) into a single
calculation workflow is provided in Appendix B.

4. Model calibration and validation

The proposed model underwent a preliminary validation based
on targeted comparisons with laboratory experiments and real-scale
data available in the literature, focusing on key components of the
simulation framework. In particular, the validation addressed: (i) the
fragmentation threshold module, assessing its ability to reproduce frag-
mentation probability under varying impact conditions; (ii) the size
distribution of the fragments; (iii) the run-out distribution, evaluating
the post-impact travel distances of fragments along the slope surface;
(iv) shape-dependent rockfall propagation and fragmentation. For kine-
matic outputs (e.g. velocity, trajectory height), no predefined probabil-
ity distribution can be assumed a priori.''® The resulting distributions
are typically skewed due to impact thresholds, energy dissipation and
fragmentation processes. For this reason, median values are reported
and compared, as they provide a more robust estimator of central
tendency than the mean in non-Gaussian distributions.

4.1. Fragmentation threshold validation

The fragmentation threshold module was first validated using lab-
oratory drop tests on mortar spheres with embedded discontinuities,
as described in Marchelli et al.?? These tests investigated the influence
of impact velocity, discontinuity density, and orientation with respect
to the impacted surface on fragmentation probability and post-impact
behaviour. Multiple impact velocities were tested, ranging from 5 to
10 m/s, with systematic variation of the discontinuity plane orienta-
tion relative to the impacted surface. Numerical simulations replicated
these conditions using the same mechanical properties for the mortar
spheres®? and the concrete slab.!'* Table 7 reports the mean values
and experimentally derived standard deviations adopted also in the
simulations.

To evaluate the effectiveness of the Monte Carlo sampling approach
for discontinuity orientation and the application of an orientation-
dependent reduction coefficient to tensile strength, fragmentation prob-
abilities obtained through the model and those gained from the experi-
ments were compared across different impact velocities. This approach
is specifically applied to moderately fractured rock mass conditions.
For the validation, the experimental configurations with a single dis-
continuity reported in Marchelli et al.??> were chosen to represent
intermediate structural weakening, i.e. moderately fractured condition.
In detail, the 1-2Ds series have a discontinuity located at the centre
of the sphere, while the 1-4Ds series have a discontinuity positioned
at one-quarter of the diameter. Table 8 presents the results for both
experimental and numerical cases.
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Fig. 4. Angular range of fragment ejection direction («) as a function of rock mass condition, joint inclination ¢, and impact energy ratio ¢ = E? o/ - Solid
lines represent the range investigated in laboratory experiments, while dashed lines indicate extrapolated bounds beyond the tested domain.

Table 8

Comparison of experimental (exp., from Marchelli et al.??) and numerical
(num.) fragmentation results, including impact velocity and drop height. Mod.
fract. refer to moderately fractured rock mass conditions. Note that at 8.5 m/s,
only the 1-2Ds configuration was tested experimentally.

Configuration Impact velocity No. of % fragmented

(m/s) (Drop tests/simulations

height (m)) (O]
1-2Ds (exp.) 53 53
1-4Ds (exp.) 6.0 (1.865) 24 58
Mod. fract. (num) 1000 57
1-2Ds (exp.) 52 85
1-4Ds (exp.) 7.0 (2.497) 25 76
Mod. fract. (num.) 1000 90
1-2Ds (exp.) 15 100
Mod. fract. (num.) 8.5 (3.682) 1000 100
1-2Ds (Exp.) 20 100
1-4Ds (Exp) 10.0 (5.097) 21 100
Mod. fract. (num.) 1000 100

The comparison between experimental and numerical fragmenta-
tion rates shows a very good agreement across all tested velocities
for moderately fractured rock mass conditions. The numerical model
reproduces the observed trends with high consistency, confirming its
validity. The percentage error remains below 5% at 6 m/s, and below
10% at 7 m/s. At 8.5 and 10 m/s, both experimental and numerical
results converge to 100% fragmentation, indicating full breakage under
high-energy impacts. It should be noted that in the laboratory tests,
the discontinuity pattern is fixed and precisely controlled, allowing
for systematic variation of orientation and position. In contrast, the
numerical model generalises the variability of natural rock masses by
encompassing spacing, orientation, and density of discontinuities into
a single probabilistic category. These results support the robustness of
the energy-based threshold formulation and the probabilistic treatment
of discontinuity orientation.

A qualitative comparison was also carried out with the field-scale
impact tests on Beola orthogneiss blocks reported by Giacomini et al.®®
Characterised by persistent planes of weakness but exhibiting less schis-
tosity than the other investigated lithology (Serizzo), the mechanical
behaviour of Beola can, in a qualitative sense, be regarded as broadly
comparable to the moderately fractured class considered in the present
work. This approximation is used only to provide a broad consistency
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check, not for calibration. For each Beola test (B1-B10), the impact
energy Ef(’ was taken directly from the in situ measurements reported by
Giacomini et al.,°® while the fragmentation threshold E,;, was estimated
using Eq. (2) through conversion of the initial volumes into equivalent
diameters and the incorporation of the measured angle between the
foliation and the impacted surface (corresponding to the inclination 0
in the present formulation).

Test Bl is noteworthy in that the block broke into two pieces,
suggesting that the impact energy was close to the threshold. The
inclination 6 of approximately 10° implies that the effective tensile
resistance is essentially that of the intact matrix (k, ~ 1), yielding
Ef; ~ E,. Using B1 as a reference, the ratio Ef{’ /E,;, was evaluated for
the remaining Beola tests. From B1 to B10, all cases exhibit E}/Ey, > 1,
consistent with the fact that every Beola block in the in situ campaign
fragmented under impact. Table 9 summarises the impact energies from
Giacomini et al.,*° together with the initial volumes used to derive the
equivalent diameters d,, for estimating E,, via Eq. (2). Since the present
comparison is qualitative, the threshold values are placeholders until
material parameters for Beola are provided; however, the tabulated
structure illustrates how the proposed threshold framework can be
applied to field-scale data for consistency checks.

Tests B2 and B3, which have similar § and comparable volumes,
present closely aligned fragmentation outcomes, in agreement with the
model. Moreover, for comparable impact energies, increasing the incli-
nation of the foliation relative to the impacted surface leads to more
intense fragmentation, a trend consistent with the behaviour predicted
by the proposed model for moderately fractured rock masses. Although
Giacomini et al.®® concluded that a single universal impacting-energy
threshold for fragmentation could not be identified, the experimental
trends nonetheless suggest that an energy threshold dependent on rock—
mass condition and orientation of the discontinuities with respect to the
impacted surface is reasonable. Although qualitative, this agreement
supports the physical plausibility of the adopted formulation.

Furthermore, when considering tests with similar inclination but
distinctly different volumes, the observations indicate that a classi-
cal size-effect law based solely on a monotonic reduction of tensile
strength with increasing volume is not suitable for describing the
fragmentation behaviour of anisotropic rock. In the Beola dataset,
differences in fragmentation intensity are governed far more by mi-
crostructural anisotropy, foliation orientation, and impact configura-
tion than by any simple tensile-strength scaling. Hence, a reduction
of &, with size, as prescribed in certain fracture-mechanics-based size-
effect laws, does not reflect the mechanisms observed in the field and,
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Table 9

Beola field tests from Giacomini et al.®®: impact energy E!, inclination 6,
number of fragments (n,), and qualitative comparison with the estimated
fragmentation threshold E,,,.
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Table 10

Mechanical properties and model parameters used for the Vallirana quarry
simulations. Mechanical parameters measured by Ruiz-Carulla et al.''” were
used for both slope and block. Model interaction parameters were derived by

Test Initial volume 0C) ENQD  n, () E, k) EY/E, back-analysis.

Vy (m®) Category Property Value Assumed Std. Dev.
Bl 0.45 10 116 22 116.00 1.00 Mechanical o, (MPa) 4.1 (from Brazilian 0.4
B2 0.64 75 165 0 102.14 1.62 tests)
B3 0.70 80 181 22 111.72 1.62 Mechanical Yy =Y, (GPa) 119 (from uniaxial 12
B4 1.01 80 261 9 161.19 1.62 compressive tests)
B5 1.02 70 263 13 162.79 1.62 Mechanical p (kN/m?) 26.5 1.0
B6 0.38 60 198 4 60.65 3.26 Mechanical vg=v, (-) 0.2% 0.02
B7 1.14 55 588 5 181.94 3.23 Model COR,, 0.4% 0.04
B8 0.86 75 444 14 137.25 3.23 Model COR, 0.6 0.04
B9 0.45 15 352 8 116.00 3.03 Model ¢ (°) 30* 3
B10 0.43 30 442 15 110.84  3.99 Model Nyw 1000 -

albeit qualitatively, further strengthens the rationale of the proposed
formulation.

In practice, fully documented natural rockfall cases suitable for
validating fragmentation-aware trajectory models are rare, as most
events are only partially characterised in terms of impact sequence,
kinematics and fragmentation details. A complementary consistency
check based on a documented natural rockfall case!! is therefore
provided in Appendix C, to illustrate the applicability and current
limitations of the fragmentation threshold formulation when field data
are only partially constrained.

4.2. Fragments size distribution validation

The validation of the fragment size distribution was performed by
comparing the empirical cumulative distribution functions obtained
from experimental drop tests and numerical simulations. Experimental
data refer to the 1-2Ds and 1-4Ds configurations, tested at three impact
velocities (v; = 6, 7, and 10 m/s), while numerical simulations were
carried out under equivalent conditions. In all cases, a threshold of
5% of the initial block mass was applied to exclude excessively small
fragments.

Fig. 5 illustrates the comparison between the empirical cumula-
tive fragment size distributions obtained from experimental drop tests
(1-2Ds and 1-4Ds configurations) and numerical simulations for three
impact velocities. The numerical distribution corresponds to the median
cumulative response obtained from an ensemble of N, = 1000 Monte
Carlo realisations.

At low impact velocities (v; = 6 m/s), some differences between
experimental and numerical curves are noticeable. At this velocity,
which corresponds to a kinetic energy close to the fragmentation
threshold for an intact sphere as proposed herein, fractures typically
propagate along the discontinuity plane. Recalling what reported in
Marchelli et al.,”?> in the 1-2Ds configuration, this often results in
two large fragments corresponding to the two halves of the sphere,
while in 1-4Ds, the fracture typically separates the block into portions
of approximately 20% and 80% of the initial mass. These structural
constraints produce distinct steps in the cumulative curves. Conversely,
the numerical model does not impose fixed discontinuity positions.
Instead, it applies a probabilistic approach to represent variability in
joint orientation and spacing, leading to smoother distributions and a
more gradual increase in cumulative probability.

At intermediate velocity (v; = 7 m/s), the agreement improves
as fractures begin to propagate beyond the discontinuity planes, re-
ducing the influence of fixed joint positions. The percentage error in
median fragment size between numerical and experimental cases is
approximately 12% for 1-2Ds and 9% for 1-4Ds.

At high velocity (v; = 10 m/s), where breakage in the exper-
iments involves both discontinuities and intact material, the curves
align closely. The maximum deviation in cumulative probability at 50%
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2 Values marked assumed for numerical analysis.

mass is less than 5%, confirming that the model accurately reproduces
fragmentation behaviour when structural control becomes secondary
to impact energy. These results support the validity of the probabilistic
approach for fragment size distribution under dynamic loading condi-
tions. For this case, the energy ratio reaches ¢ ~ 3.12, well above the
fragmentation threshold, and in general applications, scenarios with
even higher e values can occur, further confirming the robustness of
the model under extreme impact conditions.

4.3. Fragments travel distances validation

To assess the reliability of the proposed model in simulating frag-
ment travel distances, available field data from large-scale rockfall ex-
periments were used. Specifically, the tests conducted by
Gili et al.,'>!'? Ruiz-Carulla et al.''” and Matas et al.° in the Foj
limestone quarry in Vallirana (Barcelona, Spain) provide the most
comprehensive dataset currently available. This site was selected due
to the homogeneity of the lithology, i.e. massive limestone, for both
the slope and the released blocks, and the availability of detailed
mechanical characterisation, as reported in Table 10.

The experimental campaign included four test sites, of which sites
1, 2, and 4 (as named in the referenced papers) were located in the
Vallirana quarry. These sites were selected within a steep slope bench
where the rock was barely fractured, ensuring sufficient stiffness to
promote block breakage. Blocks were transported and released using
a construction dozer; the blocks were allowed to fall freely from the
blade. Site 1 corresponds to a single steep bench, where 30 blocks
were released above the crest at an average height of 17.45 m from
the quarry bottom. The slope profile consisted of a high-angle plane
with no major discontinuities, designed to favour tangential impacts.
All blocks experienced two impacts before reaching the quarry bottom,
with the first occurring on the inclined slope and the second on the
nearly horizontal platform at the base. In site 4, the slope consisted of
a 42.4° inclined plane, coinciding with a natural discontinuity surface,
followed by a nearly horizontal platform with a thin soil layer over
bedrock. The elevation difference between the crown and the foot of
the slope is approximately 19 m. This configuration is particularly
favourable to fragmentation, and site 4, from which 24 blocks were
released, yielded the highest number of fragments among all tests, with
only two blocks remaining intact.

The mechanical parameters measured by Ruiz-Carulla et al.''” were
adopted in the numerical model for both the slope and the blocks.
Standard deviations were assumed equal to 10% of the correspond-
ing measured mean values, as only mean material properties were
available. This assumed variability is consistent with that observed
in controlled laboratory experiments on brittle materials, as discussed
in Section 4.1. All numerical simulations were performed assuming
intact rock properties consistent with the limestone description by
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Fig. 5. Empirical cumulative fragment size distributions for experimental (1-2Ds and 1-4Ds) and numerical cases at three impact velocities. The numerical curve
represents the median cumulative distribution obtained from the ensemble of Monte Carlo simulations. In all cases, the threshold for fragment size was set at 5%

of the initial mass.

Ruiz-Carulla et al.,'!” reflecting the homogeneous lithology of the
Vallirana quarry. To avoid introducing additional variables related to
block geometry, and given the absence of precise information on the
shape of the released blocks, spherical samples were assumed, and
the median block volume of approx. 1.13 m3, i.e. d,, = 1.29 m was
used to represent typical conditions at each site. The calibration of
the rebound parameters was performed using data from site 1, where
blocks remained intact after impact. Specifically, COR,, and COR;
were adjusted to match the observed impact velocity and angle at
the second impact, as reported in Supplementary Material 7 of Gili
et al.!3 These data, which include initial block volume and kinematic
conditions at both impacts, enabled site-specific calibration of rebound
behaviour in the absence of fragmentation. The interaction parameter
¢ was instead assumed equal to 30°. A total of Ng,, = 1000 blocks
were released, with an initial horizontal velocity of 0.2 m/s, according
with the recommendation by Matas et al.” to reproduce the crane-
induced motion during block release. Unless otherwise stated, the
number of simulations adopted in this study guarantees convergence
of the reported probabilistic indicators within 1%. The consistency
and convergence of the fragmentation simulations with respect to the
number of Monte Carlo realisations are analysed in Appendix D. The
back-analysed simulation parameter are reported in Table 10. Fig. 6
illustrates the simulated trajectories for Site 1, while Table 11 sum-
marises the observed and numerical values for block volume V,, impact
velocity v;,, and impact angle 1;, at the second impact'®

An assessment of the suitability of the calibrated parameters was
then carried out using site 4, where the runout distance of intact blocks
is known to be approximately 35 m (Table 11). However, only two
blocks remained intact after impact, limiting the available data for
rebound assessment.

The comparison between observed and simulated runout distances
at Site 4 demonstrates a strong agreement, with the numerical median
value (31.2 m) falling within the observed range and showing a per-
centage error of 8%. It should be noted that, according to Matas et al.,’
the released blocks originated from an elevation approximately 8-10 m
above the first impacted point; however, no further detail is provided
regarding the 24 tests. As a result, a mean value was assumed in the
simulation, which may contribute to discrepancies in the computed
impact angle 1 ,.

Subsequently, a first attempt to validate the fragmentation module
was carried out at site 4, which experienced the highest fragmentation

15

Table 11
Comparison of observed and numerical values for block volume V,, impact
velocity v;,, and impact angle 1, , at second impact. Values marked with * are
assumed for numerical analysis'®. For site 4, only two blocks remained intact
at the second impact. In this case, the runout distance (X,,,) is derived from®.

The percentage error refers to the difference between observed and numerical
median values.

Site Quantity Observed median Numerical median % error
(Min-Max) values (Min-Max) values

Site 1 v, (m3) 1.13 (0.19-4.59) 1.13

Site 1 v;, (m/s) 14.3 (12.7-15.9) 14.9 (11.0-15.7) 4.2%

Site 1 4, (°) 59 (48-85) 66.4 (62-68) 12.5%

Site 4 V, (m?) 0.61 (0.50-0.71) 0.61

Site 4 v;, (m/s) 16.4 (15.9-16.8) 17.0 (16.1-18.2) 3.9%

Site 4 45 () 81 (80-82) 70 (65-72) 13.6%

Site 4 X,pq (m) ~35 32.2 (25.9-35.7) 8.0%

rate: only two of the 24 released blocks remained intact after impact,
resulting in 1241 measured fragments. A cumulative plot of fragment
number versus runout and a cumulative plot of fragment volume versus
runout are available in Matas et al.,’ providing a basis for comparison
with the fragmentation module proposed herein. Although this does not
constitute a formal validation, it represents the closest available bench-
mark for assessing model performance under real-scale fragmentation
conditions. For these numerical analysis, a block volume of 1 m® was
assumed for the fragmentation module. This value is consistent with
the median volume (0.87 m3) and close to the mean volume (1.06 m3)
calculated across all test sites. From Figures 8 and 9 of Matas et al.,” the
minimum, median, and maximum runout distances, together with the
runout distance corresponding to the position where half of the total
thrown mass had stopped, were derived and are reported in Table 12,
allowing a direct comparison with the numerical results. Fig. 7 provides
an example of the fragmentation module in action, showing only one
block release. The plotted trajectories correspond to the fragments
generated during impact.

The comparison in Table 12 indicates that the numerical model
reproduces the observed runout behaviour with good accuracy. The
minimum and maximum runout distances differ by less than 20% and
5%, respectively, suggesting that the model captures the overall disper-
sion range effectively. The runout corresponding to 50% cumulative
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Fig. 6. Simulated trajectories for Site 1. The release point is shown in green, trajectories in red, and end points in blue. The grey area represents the slope profile.

The right sketch illustrates a 3D view of the slope, from Gili et al.'®
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Fig. 7. Simulated trajectories for Site 4. Only one block release is shown, and the plotted trajectories correspond to the fragments generated during impact. The
release point is shown in green, fragment trajectories in red, and end points in blue. The grey area represents the slope profile. The right sketch illustrates a 3D

view of the slope, from Gili et al.'®

Table 12
Comparison of observed® and numerical runout distances (X,,,) of fragments,
including percentage error.

Statistic Observed (m) Numerical (m) % error
Minimum runout 12.0 14.3 19.2%
Median runout ~17 22.8 33.9%
Runout at 50% cumulative mass ~13.5 14.6 8.1%
Maximum runout 35.2 33.65 4.4%

mass is almost identical between observed and simulated cases, con-
firming that the model provides a realistic representation of fragment
distribution along the slope. The median runout is slightly overesti-
mated, which may reflect the influence of idealised slope geometry, the
assumption of spherical blocks in the simulation (given that block shape
in the field tests was unknown and variable) and uncertainties related
to the precise topography and release position in the field tests. This

16

slight overestimation may also partly reflect the two-dimensional for-
mulation of the model, which constrains fragmentation energy within
the longitudinal profile and does not account for out-of-plane energy
dissipation through lateral dispersion.

While further experimental data would strengthen this assessment,
the calibration and comparison with Vallirana field data already offer
a practical indication of the model’s capability to reproduce fragment
travel distances for both intact and fragmented blocks.

4.4. Shape-dependent rockfall propagation and fragmentation validation

A complementary validation of the propagation model was per-
formed using the full-scale rockfall experiments conducted by Bourrier
et al.''® in the Authume quarry (France). The site is underlain by pink
Callovian limestone, with terrain strongly modified by quarrying and
characterised by vertical cuts, berms and gently inclined waste deposits.
Two distinct propagation paths were tested (path A and path B),
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Table 13

Summary of experimental inputs and outputs for the Authume quarry tests.
Data from*’ (shape distribution in deposits; C = compact, E = elongated). The
key for deposit zones is reported in Fig. 8.c.

Path A Path B

N° of released blocks 41 47

Release height (m) 4 2

Mass range (kg) (50th 178-1751 (679) 170-1869 (684)
percentile in brackets)

Parameter

N° and % of 11 (27%) 1 (2.1%)
fragmented blocks
1A: 2.4 1B: 8.5
% of deposited blocks 2A: 2.4 2B: 6.4
in zone (%) 3A: 48.8 3B: 68.1
4A: 46.4 4B: 17.0
1A: 0C; 24 E 1B: 0 C; 85 E
Shape distribution in 2A:0C; 24 E 2B: 0C; 6.4 E
deposit zone (%) 3A: 22.0 C; 26.8 E 3B: 319 C; 340 E
4A: 34.2 C; 122 E 4B: 17.0 C; 2.2 E

chosen specifically because they represent challenging configurations
for trajectory models (Fig. 8). Path A consists of an upper gentle slope
(32°) composed of dry quarry waste (sand-clay mixture with limestone
fragments), followed by a flatter and rougher transition zone, and then
by two subvertical limestone cuts separated by a horizontal track. The
toe area is a quasi-horizontal platform of compact soil. Path B begins
with a 40 m-long slope inclined at 32°, bounded mid-way by a rock
cut on one side and a talus on the other forming a corridor. Below, two
successive tracks and an additional slope lead to the final deposit area.
The upper section of path B is vegetated, while the corridor and the
intermediate slopes consist of medium-soft quarry waste. Fig. 8 reports
the deposit areas of the blocks (Fig. 8.b), the 2D profiles along the
main rockfall paths (Fig. 8.c,d), and the maps of block stopping points
classified according to block mass (Fig. 8.e) and block shape (Fig. 8.f).

In the experimental programme, 41 blocks were released on path A
and 47 on path B. Blocks were dropped from a height of 4 m on
path A and 2 m on path B. The volumes ranged between 0.1 m® and
0.75 m3. Fragmentation occurred mainly on path A, where 27% of
blocks broke, typically after a normal impact on flatter zones, whereas
only one block fragmented on path B. Runout distances exhibited clear
preferential deposit zones: on path A, 48.8% of blocks stopped on the
intermediate track and 46.2% reached the lower platform; on path B,
68.1% stopped on the second track and 17% reached the terminal
platform (Table 13). The observed behaviour also revealed a strong
influence of block characteristics: compact blocks tended to travel
further, while elongated blocks were more often arrested in the upper
parts of the paths.*>!18 To provide a structured summary for model
comparison, Table 13 reports key input data and outputs for the two
paths, extracted from.40:118

Because no mechanical characterisation of the pink Callovian lime-
stone was performed in the tests, high-quality limestone parameters
are assumed for the simulations: Young’s modulus Yz = 30 GPa and
tensile strength o, = 7 MPa, consistent with representative values for
strong limestones.!'® To encompass epistemic uncertainty associated
with these assumed properties, a coefficient of variation equal to 10%
of each parameter value was adopted in the simulations. All numerical
simulations were performed assuming intact rock properties consistent
with this rock type.

The validation proceeded in three consecutive steps. First, restitu-
tion parameters were calibrated using path B, which is almost entirely
fragmentation-free and therefore provides consistent kinematic data
for tuning the normal and tangential restitution coefficients so that
simulated runout distances, velocities and passage probabilities match
the observations of Bourrier et al.''® Once these parameters and the
soil-dissipation properties were established, they were applied to the
simulation of path A, where fragmentation occurs more frequently.
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Table 14

Model parameters used for path B. The listed values represent the mean of the
calibrated distributions, while values in parentheses indicate the corresponding
standard deviations. Standard deviations are assumed equal to approximately
10% of the corresponding mean values, a range commonly adopted in prob-
abilistic rockfall modelling to encompass uncertainties.®®!?° For restitution
coefficients, values are constrained to physically admissible limits (maximum
equal to one).

Slope surface material COR,, () COR, () ¢ ()
Sane rock 0.55 (0.05) 0.90 (0.05) 8 (1)
Altered rock 0.50 (0.05) 0.90 (0.05) 8 (1)
Quarry waste 0.40 (0.04) 0.85 (0.04) 8 (1)

Despite the fact that most experimentally tested blocks fall into the
compact or compact-bladed categories (as also simulated by Garcia
et al.*?), the influence of block morphology was further examined
by performing simulations with all the available shape classes. This
extended analysis enables the assessment of the sensitivity of propaga-
tion distances and deposition patterns to variations in block shape and
provides a robust test of the model’s capacity to reproduce the observed
variability in block kinematics.

For the calibration stage, Table 14 lists the parameters that provide
the best fit between the experimental cumulative distribution of runout
distances and the numerical results for path B (Fig. 9). A total of 1000
simulations was found to be sufficient to ensure statistical stability of
the results, and a variability of 20% around the median value of the
initial mass was assumed to reflect the variability in the block size
adopted in the experiments. Overall, the agreement between the exper-
imental and numerical ECDFs for path B is very good, confirming that
the calibrated parameters successfully encompass the assumptions of
the lumped-mass model, accounting for the rolling behaviour observed
in the field. A discrepancy is nevertheless visible in the intermediate
runout range (approximately 40-55 m), where the numerical curve
shows a locally steeper increase. This deviation can be linked to the
shallow topographic depression along path B (Fig. 9), which in the
simulations favours the early arrest of blocks and results in a local
accumulation of stopping points. In the field, several blocks rolled
across this concave section with small but non-negligible rotational
velocity and near-zero passing height, allowing them to regain mo-
mentum and travel beyond the depression. In this context, the exact
location and extent of the release zone are only approximately known
from the available references, introducing aleatory uncertainty in the
initial kinematics that may shift part of the deposition in this segment.
Moreover, although the analysis is conducted along the preferential 2D
propagation path, minor three-dimensional effects in the real tests, such
as slight lateral deviations within the corridor, cannot be reproduced
in a strictly 2D framework. Importantly, these small-scale deviations
do not affect the overall match between experimental and numerical
runout distributions. A comparison at the evaluation screens can be
made in terms of passing height rather than translational velocity, since
the latter in the model incorporates both translational and (implicitly)
rotational contributions, whereas the experimental dataset separately
reports the proportion of blocks rolling in contact with the slope. The
exact location of the collectors is not reported in the references; there-
fore, for the numerical results, the 95% percentile range of trajectory
heights was extracted within a 5 m window around the approximate
collector positions. Table 15 summarises the comparison for c-Bl
and c-B2. The comparison confirms that the numerical trajectories
reproduce the observed trend: passing heights remain very small at
both collectors, consistent with rolling or near-rolling motion on the
waste-material stretches of path B.

For path A, the experimental dataset shows a clear predominance
of equant blocks, whereas flat, blade and rod-like shapes represent
smaller fractions (Table 16). Fragmentation occurred most frequently
among rod-shaped blocks, followed by equant blocks and flat blocks,
while the single blade-shaped block did not fragment. As reported by
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Fig. 8. (a) Aerial view of the Authume quarry showing the two propagation profiles, path A (PA) and path B (PB), together with the virtual barriers c-A1, c-A2,
c-B1, and c-B2 (from, Garcia et al.*° adapted); (b) final positions of the blocks represented as black points, with preferential deposit zones shown on the right
and denoted “A” for path A and “B” for path B (from Bourrier et al.''®); (c) planimetric view of the preferential deposit zones identified during the experimental
campaign, with indication of the 2D profiles along the main rockfall paths (from Bourrier and Acary*®); (d) 2D profiles; (e) map of block stopping points classified
according to block mass (from Bourrier et al.''®); (f) map of block stopping points classified according to block shape categories (from Bourrier et al.'!®)

Table 15

Comparison between numerical and experimental passing heights at collectors c-B1 and c-B2.

Collector Numerical Experimental passing heights
(95th-percentile)
c-B1 0.4-3.0 m 84% in contact with the slope;
14% between 0.5-1 m; 2%
between 1-3 m
c-B2 1.0-1.4 m 70% in contact with the slope;

30% between 0.5-1 m

Bourrier et al.,''® fragmentation on path A typically resulted from
near-normal impacts on the horizontal track or the downhill platform,
often producing a complete disaggregation into small pieces. Large
surviving fragments were rare; when present, their residual runout was
limited (typically <1 m). Specifically, four blocks had main fragments
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travelling no more than roughly 1 m after breakage, and only one
block produced a small secondary fragment detaching after c—-A1 while
the main fragment continued past c-A2 (refer to Fig. 8.a). These
observations underline the strong influence of impact configuration and
block geometry on runout along this path.
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Table 16

Shape distribution and fragmentation outcomes for the experimental blocks released along path A.

Shape class Released Fragmented Fragmented (% of class)
Flat (slab) 6 1 16.7%

Blade 1 0 0%

Equant 28 8 28.6%

Rod (elongated) 6 4 66.7%

Total 41 13 31.7%

Additional insight comes from the shape distribution within the
deposit zones (Table 13), where compact (cubic/equant) blocks tend to
reach larger distances than elongated ones, consistently with the spatial
patterns visible in Fig. 8.f. This experimental evidence provides a useful
benchmark for assessing the model performance under different shape
assignments.

Fig. 10 compares the experimental ECDF of runout distances with
numerical simulations carried out for the four representative block
shapes implemented in RockFRAG (sphere, cube, slab and prism). All
simulated curves capture the overall runout structure governed by
the two subvertical cuts and the intermediate flat track. Clear shape-
dependent effects nonetheless emerge. Slab- and prism-shaped blocks
(corresponding to the flat and rod-like classes of the experimental
campaign) exhibit the shortest runouts, with trajectories terminating
on or immediately below the upper track (20-30 m). This behaviour re-
flects their strong tendency to arrest after normal impacts and matches
the limited bouncing capacity observed in the field for elongated or
flattened blocks. In contrast, the cube and sphere shapes produce
substantially longer runouts. The cube, which closely resembles the
equant shape of most experimental blocks, provides the closest match
to the experimental ECDF, whereas the sphere (not present among the
released blocks) slightly overestimates the upper tail.

These differences mirror the experimental shape distribution: with
more than two-thirds of the released blocks being equant, the longer
runouts reproduced by the cube and sphere shapes are consistent
with the dominant field behaviour. Conversely, the limited number of
slab-like blocks explains why the slab-shaped numerical curve lies sys-
tematically below the experimental ECDF. Taken together, the shape-
controlled simulations provide a physically consistent lower and upper
bound for the expected runout behaviour on path A. The cube shape
achieves the best agreement with the experimental curve, reflecting
both the predominance of equant blocks in the tested population and
the characteristic bouncing-dominated trajectories observed along this
path.

To further explore the sensitivity of the model to both block mor-
phology and rock-mass condition, a complementary series of simula-
tions was performed in which the four shape classes (cube, sphere, slab
and prism) were combined with the three structural categories (intact,
moderately fractured and highly fractured). All simulations were initi-
ated from the same release zone and were subjected to identical slope
geometry and initial kinematic conditions, ensuring that the observed
differences arise solely from shape- and structure-dependent mecha-
nisms. The outcomes are summarised in Fig. 11, which reports: (i) the
empirical cumulative distribution functions (ECDFs) of stopping points,
(ii) the ECDFs of the masses of the fragments or surviving blocks, and
the spatial evolution of the 95th percentile of (iii) trajectory height, (iv)
velocity, (v) mass and (vi) kinetic energy along the propagation path.

Despite identical release conditions, the results display a clear di-
vergence in behaviour between shapes and structural classes (Sp =
sphere, C = cube, Sl = slab, P = prism; I = intact, MF = moderately
fractured, HF = highly fractured). The mobility ranking observed in the
ECDF of stopping positions does not follow a purely monotonic ordering
by rock-mass condition. In particular, the stopping order for the most
mobile configurations is inverted relative to expectations based on
structure alone (e.g., Sp—C, Sp-MF, C-I, C-MF): spheres remain the
most mobile overall, with cubes following, irrespective of whether the
rock mass is intact or moderately fractured. This pattern underscores
that shape exerts a predominant control on mobility, while rock-mass
condition modulates (rather than dictates) the final runout envelope.

However, this shape dominance in runout is not directly trans-
ferrable to the interpretation of the fragmentation threshold. First, the
ECDF of stopping points for Sp-MF shows an earlier rise than for C-I
in the mid-slope range, indicating that a larger fraction of sphere-MF
trajectories stop before the corresponding fraction of C-I trajectories.
Second, the ECDFs of masses intersect across several configurations,
signalling that the relative sequencing of mass loss is not strictly
ordered by either shape or structure. These two observations caution
against inferring a single, universal threshold hierarchy from runout
alone. It is also important to recall that the 95th-percentile profiles
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Fig. 10. Cumulative distribution functions of block propagation distances for path A, comparing the experimental campaign with the numerical results.

of height, velocity, mass and energy represent conditional statistics
computed over the subset of trajectories that pass each abscissa. They
do not, by themselves, convey how many blocks actually reach that
position; for that, one must refer to the ECDF of stopping positions.
The trends in 95th height and velocity are broadly consistent across
all configurations, with peaks co-located at the two subvertical cuts.
A notable exception emerges in the 95th-mass profiles for C-MF: the
series displays a pronounced drop in the vicinity of the first topographic
saddle, suggesting that a subset of cube-MF trajectories fragment and
come to rest immediately after that impact, whereas only the residual
intact (or minimally damaged) trajectories continue downslope and
populate the downstream percentiles.

Taken together, these results refine the earlier reading, i.e. shape
is the primary determinant of mobility, at least on path A, whereas
rock-mass condition chiefly tunes the likelihood and severity of mass
loss at specific impact locations. The intersections of the mass ECDFs
and the local inversions in the stopping ECDF confirm that fragmenta-
tion propensity and runout do not admit a single, global ordering by
structure; instead, they reflect a location-dependent interplay between
impact configuration, shape-driven contact mechanics and structural
weakening.

5. Conclusions and future perspectives

This study presents RockFRAG, a new probabilistic lumped-mass
trajectory model that explicitly incorporates fragmentation processes
in rockfall simulations. The fragmentation module accounts for the
influence of impact energy, block geometry and structural features,
using simplified but physically informed representations of disconti-
nuity orientation, rock-mass quality and block shape to describe their
effect on fragmentation likelihood and outcomes. Three distinct rock—
mass conditions are considered: intact, moderately fractured and highly
fractured, together with four representative shapes: sphere, cube, prism
and slab-like. By integrating these factors, the model captures the
variability of fragmentation outcomes and post-impact kinematics in a
physically consistent manner. A key strength of the proposed approach
lies in its probabilistic formulation. Starting from the probabilistic
treatment of the threshold for fragmentation, the model includes the
stochastic generation of fragment sizes and trajectories. In particular,
the model combines an energy-based fragmentation threshold, influ-
enced by material properties and structural conditions and corrected
for block geometry and the relative orientation of discontinuities, with
a fragment-size distribution derived from controlled laboratory tests.
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Post-impact kinematics are assigned using experimentally informed
velocity vectors, providing a representation of rebound behaviour that
remains consistent with physical observations.

The validation strategy followed a stepwise approach. First, the frag-
mentation threshold is shown to reproduce the observed dependence of
breakage on impact energy and joint orientation, demonstrating that
the model captures the transition from partial to full fragmentation
as energy increases. Fragment-size distributions match the median
trends and cumulative probability structure of laboratory tests for
intact, moderately fractured and highly fractured conditions. Field-
scale validation using the Vallirana'!? tests confirmed the ability of the
model to simulate fragment travel distances and runout envelopes for
intact and fragmenting blocks, despite the inherent natural variability.
The Authume full-scale experiments''® provide an assessment of model
behaviour under complex topography and shape variability: shape-
controlled simulations captured the divergence in runout associated
with equant, elongated and slab-like geometries. The complementary
sensitivity analysis further illustrates how shape and rock-mass con-
dition jointly influence impact configuration, energy dissipation, mass
loss and runout, providing a clear quantitative basis for interpreting
the combined effects of geometry and structural quality. Neverthe-
less, while the adopted datasets provide a robust and reproducible
basis for model formulation and initial validation, further calibration
and validation across different lithologies, rock-mass conditions and
higher impact-energy regimes (i.e. extended ranges of the energy ra-
tio €) are required to fully generalise the proposed approach. Future
developments will focus on expanding the experimental database, in-
cluding tests at higher impact velocities and, where feasible, additional
real-scale experiments.

Although the proposed approach shows encouraging performance
and captures the dominant mechanisms governing fragmentation and
rockfall propagation under dynamic loading within a flexible and ex-
tensible probabilistic framework suitable for hazard assessment, several
aspects remain simplified. The current two-dimensional lumped-mass
formulation does not explicitly resolve lateral dispersion and the rota-
tional dynamics effects are instead implicitly absorbed in the calibrated
restitution parameters. Fragment properties after secondary breakage
are, by default, inherited from the parent block, reflecting the scarcity
of experimental data on post-fracture anisotropy. Similarly, the treat-
ment of discontinuities is probabilistic rather than explicit, such that
the structural controls represent categories of rock-mass conditions
rather than detailed block-scale geometries. Future developments will
focus on extending the model to three dimensions incorporating lateral
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Sp-1 (sphere, intact) configuration reaches runout distances up to 192 m.

dispersion in a probabilistic framework, based on experimental obser-
vations. Additional efforts will aim to refine the treatment of fragment
shape and internal structure, and expanding both laboratory and field
datasets for calibration and validation. Finally, future studies will focus
on extending the framework to incorporate fracture-mechanics-based
size-effect laws, potentially combined with a rate-dependent treat-
ment and applied across a wider range of block sizes and lithologies.
These enhancements will further improve the predictive capability of
RockFRAG and its applicability to site-specific hazard assessments in
complex geological settings.
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Comparison of rockfall fragmentation and trajectory models: attributes vs. models. Symbols and notation follow the List of Abbreviations (e.g., ¢ for friction angle)
to ensure consistency and avoid language ambiguity. References: RockGIS®*!1:121; HY-Stone!”-2%122; NURock.?*

Attribute

RockGIS

HY-Stone

NURock

RockFRAG (Proposed)

General model

Block-shape model

Block type of motions

Kinematic Components
Included

Dimensionality

Block-related inputs

Slope or block-slope related
inputs

Hybrid: Lumped-mass (latest
code: spherical at rebound
only)

Free fall, bouncing.

Translation, rotation

3D

m, doy, Xogs Yo > Zo.>

v &, p (x,y,z components)
DEM/DTM,

COR, = f(substrate type, i),
COR, = f(deformation
energies, dyys v,)

Hybrid: Lumped-mass
(simplified-shape options for
some specific impact
submodels)

Free fall, bouncing,
rolling/sliding;

Translation, rotation

3D

m, dog, Xo s Yo > Z0.8>

v &, p (x,y,z components)
DEM/DTM,

COR, = f(substrate type) and
COR, = f(substrate type),
rolling friction angle ¢,

Lumped-mass (spherical for
the only version without
fragmentation)

Free fall, bouncing, sliding;

Translation (rotation in the
code without fragmentation,
only)

2.5D

m, doy, Xops Yo > Zog> Vo
(x, y, z components)
DEM/DTM,

COR, = f(substrate type) and
COR, = f(substrate type), ¢

Lumped-mass (shape class
used parametrically for COR,
and Fragmentation module:
sphere, cube, slab, prism)

Free fall, bouncing, sliding.

Translation

2D (3D planned)

m, doy, Xop> Yo.8> Vo.B G,y
components)

DEM/DTM,

COR, = f(substrate type, v°
and i, block shape and size),
COR, = f(substrate type), ¢.

Fragmentation model

Fragmentation starting
criterion

Fragment size distribution

Fragment motion treatment

Input parameters

1st version®: Empirical
survival rate; 2st version'!:
Energy-based threshold
calibrated by investigated
sites; later formulation (not
yet implemented)'®: functional
formulation F = f(m, block
shape, o, Ef, 1, contact
geometry, substrate type,
internal block structure)
calibrated from full-scale tests.

Power-law distribution (1st
version: fixed parameters, 1st
version: f(v?, m)

Fixed-cone stochastic ejection;
% energy loss from literature;
energy « fragment mass.

m, d,,, survival probability
q= f(a,,q,) and proportion
between the fragment size
generated and the initial
volume b = f(b;,b,) (¢ and b
depend also of impact
condition and they are used to
compute largest generated
fragment size and fractal
dimension), model parameters
a;, a,, minimum volume of
the fragment generated, angle
of aperture of the ejection
cone.

Weibull-type energy
threshold?! depending on
block material properties,
geometrical characteristics and
impact velocity.

Power-law distribution with
fixed parameter

Fixed-cone stochastic ejection;
no energy loss for
fragmentation (momentum
conservation criteria); energy
« fragment mass with model
parameter.

my dog, Y, Y v, vy,
maximum fragment size,
Weibull parameter, model
parameter for the power-law,
angle of aperture of the
ejection cone,
model-parameter for fragments
energy.

O,

o
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Stochastic survival probability
depending on block material
properties, geometrical
characteristics and impact
velocity.

Empirical formulation based
on drop tests on intact spheres

Probabilistic velocity vectors,
empirical « and a stochastic
azimuth angle (based on drop
tests on intact spheres);
energy loss due to
fragmentation is a function of
the fracture area; energy «
fragment mass; the tangential
component includes v,, COR,.
my doy, Y, Y v, vy, 0, 0y
(from Brazilian test BT),
Diameter of specimen used for
BT, Critical Force (from BT),
Weibull shape parameter
pertaining to the distribution
of maximum force under BT,
Critical value of work
required to fail a disc under
BT, Weibull shape parameter
pertaining to the distribution
of work required to fail discs
under BT, Mode I fracture
toughness.

Energy-based threshold'?*
corrected for shape and rock
mass condition depending on
block material properties,
geometrical characteristics and
impact velocity with
probabilistic structural control.

Bilinear ECDF, dependent on
rock-mass condition and on
the impact-energy ratio over
the fragmentation threshold
energy, fitted from drop tests
on spheres with& without
discontinuities and on
simplified-shape specimens.
Probabilistic velocity vectors;
empirical « function of
rock-mass condition and 6
(based on drop tests on
spheres with& without
discontinuities and on
simplified-shape specimens),
energy « fragment mass; the
tangential component includes
v, COR,.

Vg, & Yg, Y; v, v, o,, shape
(4 classes), rock mass
condition (3 classes), V,;,, my,

(continued on next page)
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Main limitations/notes

Main Pros

Spherical blocks assumption;
no explicit discontinuity
control; fixed-cone
oversimplifies dispersion;
several user-defined
site-specific parameters (to be
calibrated); scale-variant
factor applicable (but not yet
applied) for defining the
number of fragment.

Includes rotation and 3D
kinematics; suitable for
regional-scale assessments;
extensive field calibration.

Spherical blocks assumption;
no explicit discontinuity
control; fixed-cone
oversimplifies dispersion;
several user-defined
site-specific parameters (to be
calibrated); scale-invariant
fracture-mechanics; no field
validation.

Includes 3D kinematics;
suitable for regional-scale
assessments.

Spherical blocks assumption;
no explicit discontinuity
control; limited lateral
dispersion/rotation;
scale-invariant
fracture-mechanics; field
validation promising but
limited.

Includes 3D kinematics;
suitable for regional-scale
assessments;
laboratory-calibrated formulas
(drop tests on intact spheres);
probabilistic velocity vectors;
includes damage accumulation
for intact blocks.

Current 2D (no explicit lateral
dispersion) and no rotation;
discontinuity network not
explicit (orientation handled
probabilistically); fragments
inheriting parent properties;
scale-invariant
fracture-mechanics.

Suitable for regional-scale
assessments; integrates shape
variability; integrates
rock-mass structural
condition;
laboratory-calibrated formulas
(drop tests on spheres with&
without discontinuities and on

simplified-shape specimens);
probabilistic velocity vectors;

Table B.18

Input parameters adopted in the worked example, reported as mean values and associated standard deviations used for Monte Carlo
sampling. For this worked example, the normal coefficient of restitution is assumed equal to the base value, i.e. COR, = COR,,.

Category Parameter Mean value Std. dev.
Block volume, V, (m?) 1.0 0.1
Block geometry and structural condition Block shape Cube -
Rock mass condition Moderately fractured -
Density, p (kgm~) 2700 30
. Tensile strength, ¢, (MPa) 7.0 0.7
Block material >t
Ock materia Young’s modulus, Y, (GPa) 80 8
Poisson’s ratio, vy (-) 0.20 0.02
Minimum fragment mass threshold m,, (kg) 0.5 -
Block fi hreshol. th
ock fragments threshold Threshold fragment volumeV,, (m*) 0.0 -
Young’s modulus, Y, (GPa) 80 8
Slope material Poisson’s ratio, v, (-) 0.20 0.02
Friction angle, ¢ (°) 30 3
Block_slope interaction parameters Normal restitution coefficient COR,, (-) 0.30 0.03
P P Tangential restitution coefficient COR, (-) 0.70 0.07
N 1 veloci -1 3.0 -
Impact kinematics ormat ve oc1ty,. Upy (S ),1
Tangential velocity, v,, (ms™) 1.0 -

Appendix B. Worked example of a single impact with fragmenta-
tion

This appendix provides a worked example of a single impact event
with fragmentation, aimed at illustrating how the governing equations
of the RockFRAG framework are combined within a single calculation
workflow. The purpose of this example is purely illustrative and did
not represent a full trajectory simulation. In the present example,
initial block conditions such as release position, trajectory, and pre-
impact motion are not defined. Instead, the impact kinematics are
prescribed directly in terms of the normal and tangential components
of the translational velocity at impact. This allows the fragmentation
procedure and the post-impact fragment kinematics to be demonstrated
independently of the trajectory computation. Table B.18 summarises
the input parameters adopted in the worked example. Mean values
of the material, geometric, and interaction parameters are used, and
where applicable, standard deviations indicate the uncertainty ranges
employed in Monte Carlo sampling. For the purpose of this worked
example, all fragments generated upon impact are assumed to inherit
the rock-mass structural condition of the parent block. Accordingly, the
threshold fragment volume governing the transition from moderately
fractured to intact behaviour is set to ¥, = 0 m?, so that no scale-
dependent reclassification of fragment structural condition is applied
in this example.
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The example refers to one Monte Carlo realisation extracted from a
simulation set of N, trials; in the reported case, mean values of the
input parameters are sampled. For the selected Monte Carlo realisation,
the discontinuity inclination 6 is randomly extracted and equal to
0 = 80°. According to the orientation-dependent strength reduction
described in Section 3.1, this results in an effective tensile strength
6, = 455 MPa. The fragmentation threshold energy E,, is computed
according to Eq. (2), using the equivalent diameter g, derived from
the initial block volume and the shape-dependent correction factor
kg, equal to 2, yielding E,, = 4.96 kJ. The normal component of
the translational kinetic energy at impact is then computed as: E’[:m =

L2

smo, =12.15 kJ. According to Eq. (5), the corresponding energy ratio
is: e = EZM /E,, = 2.45, indicating that fragmentation is triggered.
Once fragmentation occurs, fragment masses are sampled via Monte
Carlo extraction from the empirical complementary cumulative distri-
bution function corresponding to the moderately fractured rock-mass
class and the computed energy ratio. For ¢ = 2.45 and a moderately
fractured rock mass, the bilinear parameters of the complementary
cumulative fragment-size distribution are computed from the fitted
expressions reported in Table 4, resulting in: B = 1.398, C = —0.855,
and D = 1.711. Sampling proceeds iteratively while enforcing mass
conservation, until the sum of the generated fragment masses equals the
mass of the parent block. For this realisation, the generated fragment
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volumes (in m?) are: 0.0185, 0.0981, 0.3432, 0.5392 m3, whose sum
equals the parent block volume of 1 m?.

For each generated fragment, the scaling factor y is sampled from
the distribution reported in Table 6, yielding y = 0.98, and the effective
restitution coefficient COR; is then calculated according to Eq. (8).
The fragment ejection angle « is then sampled from the experimentally
derived bounds reported in Fig. 4. A value a = 17.51° is obtained. The
post-impact velocity components of the fragment are then computed
using Egs. (10)-(11), resulting in: U?J = 090 ms~!, and u"ffn =
0.86 ms™!.

Each fragment generated in this single impact is subsequently
treated as a new block for propagation purposes, inheriting the mechan-
ical and structural properties of the parent block, consistently with the
assumptions of the present example. The procedure illustrated herein
corresponds to one Monte Carlo realisation within the broader proba-
bilistic framework and is representative of the calculations performed
at each impact location during a full simulation, following the workflow
shown in Figs. 1 and 2.

Appendix C. Consistency check using the Omells rockfall case

An additional consistency check was performed using the Omells
rockfall case reported by Ruiz-Carulla and Corominas'' and Ruiz-
Carulla et al.,'** for which fragmentation data from a natural event
are available in terms of detached and deposited total volumes, number
of detached blocks, and number of deposited fragments. The objective
of this appendix is not to provide a full trajectory validation, which
would require detailed information on impact locations, kinematics and
block-slope interaction parameters, but rather to assess whether the
proposed fragmentation-aware framework is consistent with field-scale
observations from a documented natural rockfall.

At the Omells site, an initial volume of approximately 4.2 m3,
interpreted as corresponding to an almost single block, given a maxi-
mum individual block volume of about 4 m3, resulted in 48 fragments,
with measured fragment volumes ranging from approximately 1.1 m3
down to 7x 10~ m3.!! Based on the reconstruction proposed by Ruiz-
Carulla and Corominas,'! the first fragmentation is hypothesised to
have occurred after an impact following a fall height of approximately
1 m, corresponding to an impact velocity of 4.42 m s~!. In addition
to fragmentation statistics, qualitative runout information can also
be extracted from the Omells case. The rockfall developed along a
stepped slope profile, characterised by a downslope by softer ground
conditions. According to Ruiz-Carulla et al.,'?4 the block exhibiting the
maximum runout was stopped after impacting a wall located approx-
imately 22-23 m downslope from the source area. When represented
along a simplified two-dimensional topographic profile representative
of the most probable block path, as reported by Ruiz-Carulla et al.,'**
this corresponds to a horizontal distance of approximately x ~ 30 m
(Fig. C.12). A rockfall barrier located x ~ 23 m was impacted as
well. In contrast, several other blocks, including the largest observed
fragment, stopped significantly closer to the source area, at distances
ranging between approximately 10 and 13 m. The fact that the largest
fragment stopped at relatively short distance strongly suggests that it
was generated during an early impact, most likely the first one.

Using the mechanical properties reported by Ruiz-Carulla et al.'?*
(density 2350 kg m~3, tensile strength 2.03 MPa, Young’s modulus
5185 MPa, and Poisson’s ratio 0.006), and assuming a moderately
fractured rock mass condition consistent with the reported RMR ~ 64,
the fragmentation threshold energy E,, was evaluated according to
Eq. (2). A total of 1000 Monte Carlo realisations were performed
to account solely for uncertainty in discontinuity orientation and the
resulting variability in E,, and in the fragment-size distribution pa-
rameters. Considering only the first impact and neglecting subsequent
interactions, the median value of the largest fragment generated by the
simulations was 1.05 m3, in very close agreement with the observed
maximum fragment volume of 1.1 m3.
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To explore run-out aspect within the proposed framework, despite
in a qualitative way, the two-dimensional topographic profile and a
stepped soft-ground condition downstream of the rock slope reported
in'>* were considered. Accordingly, mean values of the normal and
tangential coefficients of restitution equal to COR, = 0.3 and COR, =
0.6 respectively, were used and considered representative of block-
soil interactions. Fig. C.12 shows the empirical cumulative distribution
function (ECDF) of simulated stopping distances along the profile. Two
preferential accumulation zones emerge, at approximately x ~ 13 m
and x ~ 30 m. These locations closely correspond to the stopping
distances documented in the Omells case, namely: (i) short runouts
associated with early fragmentation products, including the largest
block, and (ii) longer runouts associated with blocks reaching and
impacting the retaining wall or barrier system.

Although the comparison remains qualitative and does not allow
full trajectory validation, the ability of the model to reproduce both the
observed fragmentation scale and the bimodal distribution of stopping
distances provides a consistency check at field scale.

Appendix D. Convergence and consistency of fragmentation sim-
ulations

Fragmentation in RockFRAG is simulated through a Monte Carlo
approach; consequently, the number, size and trajectories of gener-
ated fragments vary between individual realisations. The objective of
the simulations is therefore not to reproduce a single deterministic
trajectory, but to obtain statistically representative distributions of
rockfall response parameters relevant for hazard and risk assessment.
In this context, model consistency is evaluated by analysing the con-
vergence of probabilistic indicators as the number of simulations N,
increases. For rockfall applications, such indicators typically include:
(i) the empirical cumulative distribution of stopping points (runout),
(ii) the empirical cumulative distribution of fragment masses, and (iii)
the spatial evolution along the slope of characteristic percentile values
(here the 95th percentile) of trajectory height, velocity and kinetic
energy.

To illustrate this aspect, a convergence analysis is reported for the
Vallirana Site 4 case (after Matas et al.?), which is used in Section 4
to validate fragment runout distributions. The same scenario was sim-
ulated using N, = 10, 100, 500 and 1000 realisations, while keeping
all other input parameters unchanged. Results are considered con-
verged when the relative variation of probabilistic indicators between
successive simulation batches is below 1%.

Fig. D.13 compares the resulting outputs. For low numbers of sim-
ulations (10 and 100), noticeable scatter is observed, particularly in
percentile-based profiles. However, the curves rapidly stabilise as N,
increases. For N, > 500, no significant differences are observed in
the runout ECDF, fragment mass distribution, or in the spatial trends
of the 95th percentile of trajectory height and kinetic energy. Small
local discrepancies visible in the velocity percentile are associated with
isolated trajectories and represent very low exceedance probabilities;
from a hazard-assessment perspective, these effects are negligible.

This analysis indicates that a number of simulations greater than
approximately 500 is sufficient to ensure statistically stable and rep-
resentative results for fragmentation-driven rockfall scenarios. Accord-
ingly, the values of N, adopted throughout this study guarantee
robustness of the probabilistic outputs used for model validation and
hazard interpretation.

Data availability

Data will be made available on request.
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Fig. C.12. Empirical cumulative distribution function (ECDF) of simulated block stopping points for the Omells rockfall case.'>* The black line represents the
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Fig. D.13. Convergence analysis of fragmentation simulations for the Vallirana Site 4 case. Comparison of results obtained with N, = 10, 100, 500 and 1000
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