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Abstract

Fragmentation of rock blocks upon impact with the slope is a common occurrence during rockfall events. This process entails
the division of an initial rock block either through breakage into new fragments or through the disaggregation of blocks
that are weakly bound by cohesion or cementation, or a combination of both mechanisms. Despite significant advance-
ments in understanding and predicting rockfall occurrences and their propagation, the fragmentation of rock blocks during
impact remains underexplored. Existing experimental and numerical studies on the fragmentation of brittle materials under
controlled conditions have provided valuable insights into the breakage of intact rock at a meso-scale. However, the effects
of pre-existing discontinuities on the fragmentation process, the size distribution of fragments, and their trajectories, have
not been sufficiently addressed. The current research focuses on an experimental campaign of vertical drop tests, where
discontinuities are artificially introduced into spheres of mortar. Series of discontinuity patterns are examined to understand
how their geometrical configuration (encompassing their number and position within the block and inclination with respect
to the impacted surface) along with the impact velocity, influence fragmentation mechanisms. Fracture patterns, fragments
masses, and trajectories are analysed in detail through image analysis. The results reveal that the geometrical configuration
of the discontinuities within the sample affects the size and number of the fragments. Additionally, the inclination of the
discontinuity planes relative to the impacted surface, along with the impact velocity, determines the probability and type of
breakage, as well as the trajectories of the fragments.

Highlights

e Data from 442 drop tests of mortar spheres with discontinuities were analysed to study the effect of discontinuity patterns
and impact conditions on fragmentation.

e The fracture patterns and fragment trajectories depend on the impact velocity and the position of the discontinuity plane(s)
relative to the impacted surface.

e According to the impact velocity and impact angle, predefined orientations of the fragments were highlighted.

e In all the investigated cases, a normal restitution coefficient of less than 0.3 was observed.
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54 Maddalena Marchelli Eepgrtmﬁ:nt olf) ]Elfltviropmzr}t:rLz%nd a(r;d Inerstrucilturtleb
ddalena. helli @polito.it ngineering, Politecnico di Torino, Corso Duca degli
maddaiena.marchefi Epotito.1 Abruzzi, 24, 10129 Tourin, Italy
Davide Ettore Guccione 2

davide.guccione@newcastle.edu.au Centre for Geotechnical Science and Engineering, The

University of Newcastle, University Dr, Callaghan,
Anna Giacomini NSW 2308, Australia
anna.giacomini @newcastle.edu.au

Olivier Buzzi
olivier.buzzi @newcastle.edu.au

Published online: 26 September 2025 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-025-04937-3&domain=pdf

M. Marchelli et al.

1 Introduction

Rockfall events pose significant risks to infrastructure,
human life, and the environment (Scavia et al. 2020; Hantz
et al. 2021; Rosser and Massey 2022). Over the past dec-
ades, research has advanced in identifying detachment zones
and volume-frequency relationships (Mavrouli et al. 2015;
Graber and Santi 2022; Moos et al. 2022), modelling propa-
gation (Wyllie 2014; Leine et al. 2014; Li and Lan 2015;
Asteriou and Tsiambaos 2018; Noél et al. 2022; Dorren et al.
2023), assessing hazard and risk(Crosta and Agliardi 2003;
Ferrari et al. 2016; Marchelli et al. 2022), monitoring (Wil-
liams et al. 2019; Giacomini et al. 2020; Blahtt and Racek
2023), and designing mitigation measures (Jaccard et al.
2020; Marchelli et al. 2023).

Fragmentation during rockfall, whether through breakage
of intact blocks or disaggregation along discontinuities, has
been frequently observed (Corominas et al. 2017; De Blasio
and Crosta 2015), and it significantly influences fragment
size distribution and post-impact trajectories (Ruiz-Carulla
et al. 2017; De Biagi 2017; Marchelli and De Biagi 2019).
Researchers in the field have shown that rock fragmentation
is primarily influenced by the shape and size of the impact-
ing rock, its impact velocity and impact angle with respect
to the impacted surface, as well as the presence and orien-
tation of discontinuities (Giacomini et al. 2009; Wang and
Tonon 2011a; Lin et al. 2020; Azadmehr et al. 2019; Azizi
and Moomivand 2021). However, the inherent variability in
rock material properties, block shapes, and natural structural
conditions makes fragmentation one of the most challeng-
ing aspects of rockfall analysis, and despite its importance,
it remains underexplored, particularly regarding the role of
pre-existing discontinuities. As a result, researchers have pri-
marily investigated fragmentation mechanisms under con-
trolled conditions. Notable examples include experimental
(Arbiter 1969; Shipway and Hutchings 1993b, a; Tomas
et al. 1999; Wu et al. 2004; Salman et al. 2003, 2004; Guc-
cione et al. 2021a, 2023) and numerical (Khanal et al. 2004a,
b; Carmona et al. 2008; Wittel et al. 2008) studies using arti-
ficial brittle spheres subjected to static and dynamic loading.
These works have provided valuable insights into fracture
processes.

Failure typically initiates at the impact point along a coni-
cal surface, known as the compressive cone, often covered
by pulverized material (Arbiter 1969; Tomas et al. 1999; Wu
et al. 2004; Khanal et al. 2004a). Tensile cracks then propa-
gate from this surface, forming meridian fracture planes
along the loading axis. As impact energy increases, more
meridian cracks develop, dividing the sphere into wedge-
shaped fragments resembling “orange slices” (Tomas et al.
1999; Wu et al. 2004). Oblique fractures may also form
along paths of maximum compression due to divergent stress
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waves. At higher energies, internal shear and surface tensile
cracks appear, especially on elastic targets (Shipway and
Hutchings 1993b, a; Tomas et al. 1999), producing wedge-
and lune-shaped fragments with angular distributions linked
to impact energy (Carmona et al. 2008; Wittel et al. 2008;
Guccione et al. 2023). At very high energies, a top cone may
also form (Wu et al. 2004; Guccione et al. 2023). Regard-
ing fragmentation probability, Guccione et al. (2021a) have
proposed a model predicting the survival of brittle spheres
without discontinuities during free fall, based on the sta-
tistical distribution of material properties. This model has
been later extended to irregular rock shapes under collinear
impact (Buzzi and Guccione 2023).

Numerical models have been developed (Khanal et al.
2004a; Carmona et al. 2008; Wittel et al. 2008; Liu et al.
2010; Wang and Tonon 2011a; Zhao et al. 2017; Ye et al.
2019, 2021; Liu et al. 2021; Buzzi et al. 2024; Wu et al.
2025) to investigate fragmentation mechanisms, fragment
size distributions, and energy dissipation upon impact. Car-
mona et al. (2008) and Wittel et al. (2008) have observed that
smaller fragments follow a power-law distribution, while
larger ones conform to a two-parameter energy-dependent
Weibull distribution, with local maxima linked to meridian
crack formation.

However, these studies focus on homogeneous materi-
als and largely overlook the role of pre-existing disconti-
nuities, which has only been addressed in a limited number
of investigations. Aziznejad et al. (2018) have showed that
joints significantly affect stress wave propagation and energy
dissipation in jointed meta-sandstone. Similarly, Wu et al.
(2019) have found that joints, especially if filled, reduce
transmitted wave peaks and interrupt crack propagation.
Butcher et al. (2021) have demonstrated that in laminated
travertine, critical drop height for failure decreases by a fac-
tor of two to four when laminations are inclined between
45° and 90° to the impact surface. Field-scale rockfall tests
(Giacomini et al. 2009; Gili et al. 2018; Ruiz-Carulla et al.
2020; Gili et al. 2022; Prades-Valls et al. 2022) have further
highlighted the role of weakness planes, impact conditions,
and material properties in controlling fragmentation patterns
and fragment trajectories. Notably, Giacomini et al. (2009)
have emphasized the dominant influence of impact angle
over energy, while Gili et al. (2022) linked breakage prob-
ability to incidence angle, contact geometry, and lithology,
rather than to a fixed energy threshold.

However, in-situ fragmentation data remain scarce in the
literature, likely due to the technical challenges involved in
conducting such tests. Observations from real cases suggest
that fragment size distributions often follow a power law
(Lanfranconi et al. 2024). To the authors’ knowledge, no
prior studies have examined the fracture patterns of brit-
tle materials with discontinuities upon impact onto a planar
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Fig. 1 Fragmentation cell developed at the University of Newcastle

surface. Given the similarities in fracture behaviour under
static and dynamic loading for homogeneous brittle materi-
als (Arbiter 1969; Shipway and Hutchings 1993b), existing
studies on tensile or shear-tensile failure in jointed rocks
under static loads offer a valuable starting point for under-
standing failure mechanisms under impact. Han et al. (2022)
have found that tensile resistance is lowest when a discon-
tinuity aligns with the loading axis, with cracks initiating
within the joint, while a plateau near the tensile strength of
intact rock is observed when the discontinuity is inclined at
45°. Both Han et al. (2022) and Xu et al. (2024) have dem-
onstrated a transition in failure modes as the angle between
the discontinuity and the loading axis varies from 0° to 90°,
including tensile failure along the discontinuity, tensile-
shear composite failure, shear failure, and tensile failure in
the intact rock.

Beyond understanding fragmentation mechanisms,
incorporating fragment kinematics into trajectory models
is essential for accurately predicting post-impact paths.
Recently, Corominas and colleagues (Matas et al. 2017,
2020; Ruiz-Carulla and Corominas 2020; Ruiz-Carulla et al.
2021) proposed two complementary models: one predicting
fragment size distributions based on detachment volumes,
and another lumped-mass trajectory model incorporating
fragmentation, validated through full-scale tests. Despite
their value, these models rely on key assumptions that high-
light existing knowledge gaps: fragmentation probability is
treated as random (0 1), kinetic energy is distributed by frag-
ment mass, and trajectories are confined within a cone of
arbitrarily defined aperture. An alternative model by Wang
and Tonon (2011a), later extended by Wang and Tonon
(2011b), Frattini et al. (2012), Lanfranconi et al. (2023),

Fig.2 Sketch of the local reference system. A 1-2Ds sphere is taken
as an example. The outline of the discontinuity is marked in blue

accounts for fragmentation when impact energy exceeds a
Weibull-based threshold. However, it requires several site-
specific parameters (e.g., Young’s modulus, Poisson’s ratio,
UCS, block volume, Weibull parameters), making calibra-
tion difficult. As in Matas et al. (2017), fragment energy is
proportional to mass, and ejection directions are stochasti-
cally assigned within a cone defined by a model input.

A thorough understanding of fragmentation mechanisms
and their evolution upon impact is essential for improving
predictive models used in rockfall hazard assessment and the
design of mitigation measures. This study addresses the cur-
rent knowledge gaps by experimentally investigating under
controlled impact conditions the fragmentation behaviour
of brittle materials containing pre-existing discontinuities.
To this end, a large-scale drop test campaign was conducted
using spherical specimens with artificial fully persistent
planar discontinuities, systematically varying their number,
position, inclination with respect to the impact surface, as
well as the impact velocity. The analysis focuses on how
these parameters influence fracture initiation and propaga-
tion, fragment size distribution, and post-impact trajectories.
The findings aim to enhance the physical realism of rockfall
models and contribute to more accurate risk assessments and
mitigation strategies.

The experimental methodology is presented in Sect. 2,
which describes the experimental setup (Sect. 2.1), the
materials and specimens used (Sect. 2.2), and the experi-
mental program (Sect. 2.3). The results are discussed in
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Fig. 3 Sketch of a post-impact fragment with its velocity vector, high-
lighting the angles a (front view, top part of the figure) and § (plane
view, bottom part of the figure). As an example, a sphere containing
a central planar discontinuity is considered, with only one resulting
fragment illustrated for clarity. The intact sphere prior to impact is
outlined in grey

Sect. 3, beginning with the definition of fragmentation pat-
terns (Sect. 3.1), followed by an analysis of the influence
of impact parameters and discontinuity configurations on
fragmentation patterns (Sect. 3.2), fragment number and size
distribution (Sect. 3.3), and fragment trajectories (Sect. 3.4).
Finally, conclusions and future perspectives are provided in
Sect. 4.

2 Experimental Method
2.1 Experimental Setup

Series of vertical drop tests were conducted in the frag-
mentation facility designed at the University of Newcastle

(Guccione et al. 2021b) (Fig. 1). The facility is an enclosed
hexagonal container equipped with an instrumented fibre
reinforced concrete slab, a vacuum-based release system and
a sophisticated image recording system (for details refer to
Guccione et al. 2021b) of 6 high-speed cameras allowing
the recording of spheres’ free-falling phase, their impact and
VEO-E340L high-speed cameras were added to the original
setup, which included four Optronics cameras, all positioned
outside the cell. The cameras captured images at a rate of
500 frames per second, with exposure times of 500 us for the
Optronics cameras and 100 us for the Phantom cameras. The
samples were positioned in the vacuum releasing mechanism
in such a way to achieve at the impact various inclinations
of the discontinuity with respect to the slab.

The motion of the fragments created upon impact is pro-
cessed using the commercial software TEMA3Ds (TEMA
2019) according to the calibration procedure described by
Guccione et al. (2021b), for which the 3Ds trajectories of
any rotating irregular fragment are tracked using an out-
line tracking algorithm that reconstructs the shape of a 3Ds
object from silhouettes captured from different views. Drop
tests with artificial spheres including different discontinui-
ties configurations are conducted with no initial rotation.
All fragments were recorded, collected and weighted. Only
fragments with mass larger than 15 g, approximately 1.5%
of the initial mass, that experienced rebound were tracked
until they were visible from at least two cameras or impacted
the slab, or other fragments. Sliding and rolling fragments
were not tracked.

Tracked tests were post-processed in the Matlab envi-
ronment (The MathWorks Inc. 2023) to analyse fragment
sizes and trajectories, and to examine their correlation with
impact conditions and discontinuity configurations. The x,
v, z global reference system used to track the fragments was
centred at the middle of the slab, i.e., the impact plane, with
the x y axes lying on the slab surface and the z axis oriented
normal to it. To analyse the results consistently and ensure
directional comparability, all obtained velocity vectors were
rotated from the x — y plane in the global reference system to
alocal ¢ — 7 plane centred at the sphere’s centre of gravity.
The &-axis represents the projection on the x — y plane of
the unit vector 7 normal to the discontinuity plane point-
ing towards the slab. In the present study, configurations

Table 1 Characteristics of mortar mixtures. The values are presented as averages, with standard deviations indicated. The abbreviations ’sec’
and ’tan’ denote secant and tangent, respectively. The third row report the ratio of the mean strength values

Material Proportions: sand/ Young modulus Young modulus  Unconfined compressive  Tensile strength ~ Fracture
cement/lime/water (tan) (MPa) (s) (MPa) strength o, (MPa) o, (MPa) toughness K,
(MPa-m!/?)
Matrix 3/1/0.125/1 20504223 13454265 16.62+1.62 2.00+0.18 0.4393+0.090
Filling 3.5/0.8/1/1.2 1201+172 731+170 8.47+2.03 1.06+0.21 0.181+0.016
Filling 0.58 0.54 0.51 0.53 0.41
Matrix
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Fig.4 High-density Acrynitrile Butadiene Styrene moulds and discs
(in Acrynitrile Butadiene Styrene and steel) used to create the spheres
and the partitions inside them

with multiple discontinuities feature parallel planes. The »
axis, normal to the & axis, lies on the x — y plane, positive
clockwise from &. Being % — 0 the angle between 7 and the
plane of the slab, the unit vector z_é' on the &-axis could be
obtained considering:

i, = siné. (1)

As the impact takes place near the centre of the slab, coin-
ciding with the origin of the global reference frame, no
translation to a local coordinate system is necessary. Thus,
the z-axis is aligned in both the global and local reference
systems. This procedure allows for the comparison of the
post-impact directions of the fragments with respect to the
plane of the discontinuity. Figure 2 shows the scheme of the
adopted reference system.

The planar angle f, measured clockwise between the #-
axis and the velocity vector, was defined to analyse the dis-
tribution of velocity vector directions on the & n plane. Tra-
jectories aligned with the positive &-axis direction thus
exhibit § = 90°. Additionally, the angle « between the verti-
cal component (v,) and the horizontal components (v, and

2
¢

velocity was examined to quantify the vertical projection of
the fragment’s motion. Both angles are illustrated in Fig. 3.

. > .
v, combined as 4 /v; +v;) of the post-impact fragment

2.2 Material and Specimen Preparation

The mortar is composed of silica sand, Portland cement,
hydrated lime and water in a 3:1: 0.125: 1 mass ratio, with a
cement accelerant (2% by weight of cement) added to speed
up curing. This results in a density of approx 2000 kg/m?
when dried. The use of a fixed spherical shape and mortar
material is intended to minimize natural rocks variability and
work within controlled conditions.

The spheres were cast in 3Ds printed moulds made of
high-density Acrylonitrile Butadiene Styrene (Fig. 4). To
create the discontinuities, different portions of the spheres
were created first, and then glued together. A homogeneous
2 to 4 mm thick infill was used for the discontinuities. After
preparation, the spheres were cured for 2 weeks in a 100%
humid environment and then dried for 3 weeks in an oven set
at 40°C. The vertical drop tests were performed immediately
after the curing process. Since the samples were cast in dif-
ferent batches, material characterization tests, i.e., brazilian
(BT) (Bieniawski and Hawkes 1978), unconfined compres-
sive (UCS) (Bieniawski and Bernede 1979), and toughness
(Kuruppu et al. 2014) tests, were carried out for each batch.
A total of 121 BT, 131 UCS and 136 toughness tests were
performed. Table 1 reports the obtained values.

To simulate natural rock discontinuities, typically unfilled
or soil-infilled and often only slightly consolidated, a weaker
mortar was used to fill the artificial joints. This material had
approximately half the compressive and tensile strength of
the mortar used for the main body of the sphere, as reported
in Table 1. This strength contrast was selected to reflect
realistic conditions in which discontinuities act as mechani-
cal weaknesses. Particular attention was given to the tensile
strength of the joint material, as it plays a critical role in
the initiation and propagation of fractures along discontinui-
ties (Shang et al. 2016), although the shear strength and the
adhesion of the interface are also acknowledged as an impor-
tant factors in the overall fragmentation process. The mortar
used for the discontinuities includes sand, cement, hydrated
lime, and water ratio of 3.5:0.8:1:1.2 by mass. A total of 71
BT, 63 UCS and 69 toughness tests were performed for this
mortar and the resulting properties are listed in Table 1.

2.3 Experimental Program

The experimental campaign was designed to investigate how
internal discontinuities and impact characteristics influence
the fragmentation behaviour of brittle materials under con-
trolled conditions. Specifically, it aimed to assess the effect
of discontinuity geometry, namely the number, position,
and spacing, as well as the role of impact conditions, such
as impact velocity and the inclination of the discontinu-
ity plane relative to the impacted surface. Spheres with a
diameter of 100 mm were selected to enable comparison
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Fig.5 a 1-2Ds sphere (i.e.

discontinuity in the middle of

the sphere), b 1-4Ds sphere

(i.e. discontinuity at 1/4 of the

sphere diameter), ¢ 3Ds sphere

(3 parallel discontinuities at

1/4, 1/2, 3/4 of the sphere. All

the photos are intended in front

view, being the impact plane

horizontal a )

with previous studies on brittle intact spheres (Guccione
et al. 2021a, 2023), which also included 50 mm and 75 mm
specimens. Among these, the 100 mm size provided more
detailed insights and a broader dataset. Since probability
of no breakage tends to increase with diameter at a given
impact velocity (Guccione et al. 2021a), and the presence
of discontinuities is expected to promote breakage, using
larger spheres allowed us to also investigate non-breakage
scenarios. Additionally, 100 mm specimens are more prac-
tical for inserting artificial discontinuities with precision.

Three different discontinuity configurations were
selected: one with a single planar discontinuity through the
sphere’s centre (named ‘1-2Ds’ series, Fig. 5a), one with
a single discontinuity offset at one-quarter of the diameter
(named ‘1-4Ds’ series, Fig. 5b), and and one with three
equally spaced parallel discontinuities at 1/4, 1/2, and 3/4
of the diameter of the sample (named ‘3D’ series, Fig. 5c¢).
These configurations were chosen to represent varying
joint densities (1-2Ds and 3Ds) and joint spacing, which
affects the distance between the discontinuity and the impact
surface (1-2Ds vs. 1-4Ds), both of which are commonly
observed in natural rock masses.

In addition to discontinuity geometry, impact conditions,
specifically impact velocity and the inclination of the discon-
tinuity plane relative to the impacted surface, are known to
play a critical role in fragmentation processes. To investigate
these effects, a range of impact velocities and inclinations
was tested for each configuration. The velocity ranges were
iteratively adjusted during the campaign to span different
survival probabilities, as defined by Guccione et al. (2021a),
who reported that homogeneous 100 mm spheres exhibit
survival probabilities of 100% at velocities <5 m/s, 50% at
6 m/s, and 0% at higher velocities. The number of tests was
determined based on the findings of Guccione et al. (2021a),
who reported that approximately 10 tests are sufficient for
the survival probability to stabilize in 100 mm spheres with-
out discontinuities. Building on this, a minimum of 20 tests
was conducted at velocities of 6, 7, and 10 m/s (correspond-
ing to drop heights of 1.84, 2.50, and 5.10 m, respectively),
where breakage is expected in more than 50% of intact sam-
ples. Additional tests at lower velocities were included in the
1 2D and 3D series, starting from 5 m/s (drop height of 1.27
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m) for the 1 2D series and 3 m/s (drop height of 0.5 m) for
the 3D series with higher joint density. These tests aimed to
capture the increased likelihood of breakage due to discon-
tinuities and to support a parallel study on survival probabil-
ity. Cases in which the survival probability differs from 0%
will be addressed in future research, as this topic lies beyond
the scope of the present study. A smaller set of 15 tests was
also performed on the 1-2Ds series at 8.5 m/s (drop height
of 3.68 m) to assess behavioural variability across velocities
in samples containing a single discontinuity.

A total of 442 samples were prepared and tested: 190
with a central discontinuity, 75 with an off-centre disconti-
nuity, and 177 with multiple parallel discontinuities. Table 2
reports the investigated velocities and number of samples.

Different inclinations of the discontinuity set relative to
the slab were achieved as described in Sect. 2.1. Denoting
this angle as 6, the inclination values were systematically
classified into discrete categories, hereinafter referred to
as ‘impact angle categories’. Three impact angle catego-
ries were defined for the 1-2Ds series (Fig. 6a), while four
for the 1-4Ds (Fig. 6b) and 3Ds (Fig. 6¢) series. For the
1-2Ds series, the groups were selected as 6 = 0° + 15°,
0 =45° +£29° and 0 = 90° + 15°. For the 1-4Ds series, a
distinction was made for the 8 = 45° + 29° case, indicating
with the letter b and ¢, standing for ‘bottom’ and ‘top’, the
position of the discontinuity with respect to the impact sur-
face, as highlighted in Fig. 6b). To ease the notation, from
here on, each impact angle category is recalled as the mean
angle between the discontinuity and the slab only (hence
neglecting the range). For the 3Ds series, a different group-
ing was applied to observe how fragmentation patterns and
fragment trajectories changed depending on whether the
impact occurred within the discontinuities or at one of the
discontinuities. In this case, four impact angle categories
were considered, namely ‘Before 1’ (i.e. § <= 60°), ‘On 1’
(i.e. 0 ~ 60°), ‘Between 1 &2’ (i.e. >~ 60° and 8 <~ 90°),
and ‘On 2’ (i.e. ~ 90°). The term ‘1’ refers to the discontinu-
ity located at either 1/4 or 3/4 of the diameter, due to symme-
try, while ‘2’ to the discontinuity at 1/2 of the sphere, only.
The number of tests for each group is included in Table 2.
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Fig.6 Impact angle categories for a 1-2Ds, b 1-4Ds, ¢ 3Ds. A yel-
low area highlights the zone in which the impact occurs, while a red
line highlights the position of the discontinuity(ies). All the sketches
are intended in front view, being the slab on the horizontal plane

After each test, all the fragments were labelled, weighted
and stored in such a way to be recognizable during the image
processing and post-processing.

3 Results and Discussion

3.1 Fragmentation Patterns: Proposed
Nomenclature

Images from the high-speed cameras were used to identify
the fragmentation patterns. In the following, the nomencla-
ture used to describe the fragmentation pattern is reported.
Table 3 summarizes all the observed patterns, while Figs. 7
and 8 report photographic examples. When the influence of
the discontinuity is negligible, the identification of fracture
modes and the proposed nomenclature align with the find-
ings of previous studies on spheres without discontinuities
(named as homogeneous in the following) (Arbiter 1969;
Shipway and Hutchings 1993b, a; Tomas et al. 1999; Sal-
man et al. 2003, 2004; Wu et al. 2004; Khanal et al. 2004a,
b; Carmona et al. 2008; Wittel et al. 2008; Guccione et al.
2023): (i) meridian (M), where a single meridian fracture
occurs, splitting the sphere in a tensile mode (Fig. 7a); (ii)
orange slices (O), where multiple meridian fractures occur
with possible secondary oblique plane cracks (not along the
discontinuity/ies) (Fig. 7b); (iii) orange slices with top cone
(OTC), where a significant top cone fragment forms along
with a bottom cone (Fig. 7c). In the O case, the fragments
resemble orange slices or wedges if oblique cracks are pre-
sent; in the OTC case, ‘lune-shaped’ fragments form around
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the cone. A bottom cone at the impact point can form in
any case.

When one or more discontinuities influence the fragmen-
tation pattern, the following observed patterns are proposed:
(i) parallel disaggregation (PD), when the sphere separates
solely along the discontinuities (Fig. 8a—c); (ii) meridian
and parallel disaggregation (M+PD), when a single merid-
ian fracture initiates at the slab-sphere impact point, with
additional fractures along the discontinuities (Fig. 8d-f);
(iii) orange slices and parallel disaggregation (O+PD),
when meridian fractures begin at the slab-sphere impact
point, accompanied by fractures along the discontinuities
(Fig. 8g—i); (iv) orange slices with top cone and parallel
disaggregation (OTC+PD), when a prominent top cone
fragment forms alongside ‘lune-shaped’ fragments, with
fractures also occurring along the discontinuities (Fig. 8],
k). If more than one discontinuity is present, the number of
fractures, always along discontinuities, is added after PD,
e.g. PD1,....PDn. For M+PD, O+PD, and OTC+PD, the
occurrence of meridian cracks and parallel disaggregation
depend on the impact angle relative to the discontinuity(ies),
the position of the discontinuity(ies) within the block, and
the impact velocity. Specifically: (a) both meridian cracks
and parallel disaggregation may fully occur (Fig. 8i—k), or
(b) either meridian (Fig. 9a) (c) or parallel disaggregation
(Fig. 9b), (d) or both may be incomplete (Fig. 9c¢).

It is important to note that when a fracture forms along
a discontinuity, no distinction is made between whether it
occurs within the filling or along the interface between the
two mortars.

3.2 Qualitative Fragmentation Mechanisms
and Patterns Analysis

Drop tests data were analysed by considering impact veloci-
ties and positions. For each series, Table 4 displays the per-
centage associated to each observed fragmentation pattern
and the samples that survived the impact (referred to as
‘Intact’), categorized by impact velocities and further sub-
divided by impact angle category.

3.2.1 1-2Ds Series

For the 1-2Ds configuration, as expected, an increase in
the impact velocity from 5 m/s to 7 m/s corresponds to a
reduction in the percentage of samples remaining intact. For
v; > 7 m/s all samples break at impact. At 0°, the influence of
the discontinuity appears negligible up to 7 m/s, for which
instances of meridian cracks only (M or O) associated to
tensile failure can be observed. Additional general observa-
tions can be made:
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Table 3 Description and sketches of the fragmentation patterns. A single-discontinuity case is taken as an example. The double line represents
the two faces of the discontinuity. (n) represents the number of involved discontinuities

Fragm.pattern Description Sketch

Fragmentation patterns that are not affected by the discontinuity(ies)

M Meridian: single meridian crack along the loading axis. A bottom cone can also be
present

(0] Orange slices: multiple meridian cracks along the loading axis with possible oblique
secondary cracks. A bottom cone can also be present

oTC Orange slices with top cone: multiple meridian cracks along the loading axis (with
possible oblique secondary cracks) and a top cone. A lower cone is present, which
eventually connects to the upper cone, forming an hourglass-type shape

Fragmentation patterns that are affected by the discontinuity(ies)

PD(n) Parallel disaggregation(s): crack/s along the discontinuity(ies) only

M+PD(n) Meridian plus parallel disaggregation(s): single meridian crack along the loading axis
and crack/s along the discontinuity(ies). A bottom cone can also be present 0

O+PD(n) Orange slices plus parallel disaggregation(s): multiple meridian cracks along the

loading axis (with possible oblique secondary cracks), and crack/s along the
discontinuity(ies). A bottom cone can also be present

OTC+PD(n) Orange slices with top cone plus parallel disaggregation(s): multiple meridian cracks
along the loading axis (with possible oblique secondary cracks), top cone, and crack/s
along the discontinuity(ies). A lower cone is present, which eventually connects to the
upper cone, forming an hourglass-type shape

e when the impact point lies on the discontinuity (6 = 90°), e if the impact is close to, but not exactly at, 90°, meridian
fragmentation occurs along the discontinuity itself, cracks in the intact material also appear, while a com-
including a complete parallel disaggregation in all the plete top cone pattern is never observed;
observed fragmentation patterns; e for 0° and 45°, the number of cracks increases with the

rise in impact velocity, similar to the behaviour observed
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1-2Ds 1-4Ds 1-4Ds

spheres. Pictures with a black background are shot from above, while
those with a light background are in front view. The details on the
nomenclature of the series are explained in Sect. 2.2

Fig.7 Examples of the observed fragmentation patterns for all the
investigated series when the influence of the discontinuities is neg-
ligible. White lines highlight the trace of the discontinuities on the

1-2Ds 1-4Ds 3Ds
PD PD PD(2)

M+PD M+PD M+PD(1)

O+PD O+PD O+PD(2)

OTC+PD

—

spheres. Pictures with a black background are shot from above, while
those with a light background are in front view. The details on the
nomenclature of the series are explained in Sect. 2.2

Fig.8 Examples of the observed fragmentation patterns for all the
investigated series when the influence of the discontinuities is not
negligible. White lines highlight the trace of the discontinuities on the
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O+PD(1)

M+PD

M+PD

Fig.9 Front view photos after the impact of: O+PD(1) in the 3Ds
series, with a complete PD(1) but incomplete O (a), M+PD in the
1-4Ds series, with a complete M but incomplete PD (b), and M+PD

in homogeneous spheres (Arbiter 1969; Wu et al. 2004;
Guccione et al. 2023);

e the formation of a top cone occurs exclusively at 0° and
45°, and is associated with high impact energy, specifi-
cally v; = 10 m/s, as observed in homogeneous spheres
(Guccione et al. 2023).

Although these results pertain to a dynamic load case, they
align with the observations of Han et al. (2022) and Xu et al.
(2024) for a static load: when the loading axis is normal
to the discontinuity, tensile failure occurs exclusively along
the loading axis. As the angle between the loading axis and
the discontinuity decreases, combined shear-tensile or shear
failure modes occur, characterized by shear along the dis-
continuity. Conversely, when the loading axis is parallel to
the discontinuity, tensile failure along the discontinuity is
observed.

3.2.2 1-4Ds Series

Considering the 1 4Ds configuration, a trend similar to that
observed for 1 2Ds emerges in terms of the percentage of
intact samples, particularly for the 0° and 90° impact angle
categories. For 6 = 45°, the position of the discontinuity
relative to the impact point plays a key role: the farther
the discontinuity from the impact surface (i.e., 45°t),
the higher the percentage of unfragmented samples. An
examination of the fracture patterns reveals the significant
influence of both the presence and inclination of the dis-
continuity relative to the slab, as well as the distance and
area of the discontinuity plane. Specifically, a unique O
and two OTC (without PD) occur at 0° and 10 m/s, while
three OTC are observed at 45°t at the same velocity, show-
ing that patterns without PD can occur even at 10 m/s.
This differs from the 1 2Ds configuration, in which PD is
observed, and highlights the effect of the position of the
discontinuity on the crack pattern. Additional observations
can be summarised as follows:

in the 1-4Ds series with both M and PD incomplete. White lines
highlight the trace of the discontinuities on the spheres. The details
on the nomenclature of the series are explained in Sect. 2.2

e as expected, the number of meridian cracks increases
with impact velocity (as in the 1 2Ds configuration),
although these cracks often terminate at the disconti-
nuity interface: M+PD failure predominantly occurs at
lower velocities, while at higher velocities O+PD or even
OTC+PD failures become more prevalent;

e atop cone forms at v; = 10 m/s for nearly all angles,
except at 45°b;

e parallel disaggregation occurs at all velocities and is
typically the sole fracture mode when the impact occurs
directly on the discontinuity plane (i.e., =~ 60°, Fig. 6b).
Additional cracks may form if the impact is slightly off-
set. For instance, in the 45°b category, impacts below the
discontinuity tend to produce single or multiple meridian
cracks;

e the distance between the discontinuity plane and the
impact surface significantly affect the fragmentation
pattern: for the 45°b case, the smaller bottom part of the
sphere completely fragments, with cracks stopping at the
discontinuity interface. In contrast, for 45°¢, meridian
cracks can propagate through the entire sample;

3.2.3 3Ds Series

The percentages reported in Table 4 indicate that the number
of discontinuities, i.e. the joint density, significantly affects
the proportion of samples that remain intact after impact.
For example, at 5 m/s, 58% of the 1-2Ds series (with a sin-
gle discontinuity) remain intact, compared to just 14% for
the 3Ds series. Only a few cases survived the impact. For
v; = 3,4, and 5 m/s, intact samples were observed only in the
‘Before 1’ impact angle category, and only when 6 < 30°. In
the single intact sample from the ‘On 2’ category at 3 m/s,
a crack formed along the discontinuity without complete
separation. These results align with Han and Yang (2021),
confirming that the percentage of intact samples reflects the
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Fig. 10 Boxplots of the number
of fragments n, for each impact
velocity and each series (a—c),
considering all the fragments,
those with mass m, < 5% and
my > 5% of the mass of the
intact sample
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Fig. 11 Average number of fragments n, and standard deviation for each impact angle category (a 0°, b 45°, ¢ 90°) as a function of impact veloc-

ity v; and fragmentation pattern, for 1-2Ds series

decreasing tensile resistance as joint density increases. Addi-
tional observations include:

e at lower velocities (3 and 4 m/s), pure parallel disaggre-
gation (PD) occurs across all impact angle categories,
typically along one or more discontinuities. As velocity
increases, PD alone becomes less frequent, mainly occur-
ring when discontinuities align with or are parallel to the
loading axis;

in the ‘Before 1’ category, PD along a single discontinu-
ity (PD1) is mainly observed at lower velocities when
0 > 30°. At higher velocities, fragmentation transitions:
several meridian cracks form in the lower part and termi-
nate at the first encountered discontinuity (similar to the
1-4Ds series). This suggests that also the spatial arrange-
ment of the discontinuities, specifically, the distance
between the impact plane and the nearest discontinuity,
plays a role in the resulting failure pattern;

in the ‘Between 1 &2’ category, M+PD2 is the most
common failure mode for v; > 5 m/s, with a meridian
crack forming between discontinuities at 1/4 and 1/2 of
the sphere, and PD along both. At lower velocities, only
parallel disaggregation occurs;

® 1o top cone formation is observed, although the 10 m/s

case was not investigated for this series.
3.3 Quantitative Fragments Distribution Analysis

In this section, for each series, the evolution of the number
of fragments as a function of impact velocities v; is first
discussed. Then, the cuamulative number of fragments is pre-
sented as a function of the fragment mass. All the fragments
with masses m, > 0.2 g (% 0.02% of the initial mass m,) were
recorded and subdivided in small (m; < 5% of the initial
mass) and large fragments (m; > 5% of the initial mass).
This size threshold was defined accordingly with (Guccione
et al. 2023).

3.3.1 1-2Ds Series

The boxplot in Fig. 10a summarises the number of frag-
ments n; per test generated upon impact, grouped according
to the impact velocity. The bottom and top of each box rep-
resent the 25th and 75th percentiles of the sample, i.e., the
first and third quartiles, respectively. The white line indicates
the median, i.e., the 50th percentile of the distribution. For
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Fig. 12 Empirical cumulative

distribution function of all the
fragment masses for the 1-2Ds
(a), 1-4Ds (b), and 3Ds (c)
series, and of fragment masses
above 5% of the initial mass for
the 1-2Ds (d), 1-4Ds (e), and
3Ds (f) series

1-2Ds |
my > 0.05m;
0.8 +
06+
N v;=5m/s
F 04+ v;= 6 m/s
vi="7m/s
0.2 v=85m/s |
v;= 10 m/s
20 40 60 80 100
mg/mi (%)
my > 0.05)72,1

v;=6 m/s v;= 6 m/s
0.2 v;="7m/s 0.2 v;="7m/s
v;=10 m/s / v;=10 m/s
0 . . : : ol . . . :
b) 0 20 40 60 80 100 e) 5 20 20 40 60 80
mg/m; (%) my/m; (%)
- 3Ds 1 -
my > 0.05m;
0.8} ’
06+
a3 v;=3 m/s
= 0.4 v=4m/s B 0.4} v=4m/s
v;=5m/s / v;=5m/s
0.2 v=6m/s | 0.2}/ v;=6m/s |
vi="7m/s v="Tm/s
0 . . . . 0 / . . . .
c) 0 20 40 60 80 100 f) 5 20 40 60 80 100
my/mi (%) my/mi (%)

each velocity, statistics are reported for (i) all the recorded
fragments, (ii) small fragments, (iii) and large fragments.
As expected, an increase in impact velocity generally cor-
responds to an increase in the number of fragments for all
the analysed classes. A large number of small fragments, up
to 30 fragments per test, is observed for 10 m/s.
Considering fragments with m, > 5% of the initial mass,
only, Fig. 11 reports the average number of fragments 7, and
its standard deviation for each impact angle category as a
function of impact velocity v; and fragmentation pattern. As
a general trend, for all the impact angle categories, the aver-
age number of fragments increases as function of the num-
ber of cracks associated to the fragmentation pattern, with a
minimum of 2 fragments for M or PD, a typical number of 3
fragments for M+PD, to a maximum of 7 for OTC+PD case.
Figures 12a and d present the empirical cumulative dis-
tribution function F(x) for all fragment masses and for frag-
ments with m, > 5% of the initial mass m;, respectively. As
already observed, an increase of the impact velocity cor-
responds to an increase of the number of fine fragments,
which generally constitute a percentile greater than 0.4. A

@ Springer

low variability is observed for v; between 8.5 and 10 m/s
(the curves can be superimposed) with finer fragments com-
pared to slower velocities. The maximum fragment size was
estimated to be approximately half the initial mass (x 500
2). The presence of a plateau at F(x) = 0.95 starting from
my ~ 0.26m; for v; > 8.5 m/s indicates the occurrence of a
significant number of secondary cracks.

3.3.2 1-4Ds Series

Similarly to the 1-2Ds series, Fig. 10b summarises the
number of fragments n, generated upon impact, grouped for
impact velocity and fragment mass, while Fig. 13 reports
the average number of fragments n, (and its standard devia-
tion). As for the 1-2Ds series, an increase in impact velocity
corresponds to an increase in the number of fragments, with
a large number of small fragments (up to 27 fragments at
10 m/s). Considering the impact angle category, the aver-
age number of fragments spans from 2 to 6. For both 0°
and 45¢°, the fragmentation pattern M+PD often displays
incomplete cracks, resulting in just two fragments. In the
45b° impact angle category, the smaller portion identified
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Fig. 13 Average number of fragments 7, and standard deviation for each impact angle category (a 0°, b: 45¢°, ¢: 90°, d: 45b°) as a function of
impact velocity v; and fragmentation pattern, for 1-4Ds series
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by the discontinuity tends to separate into several fragments,
some of which classified as small (m, < 0.05m,).

Considering the empirical cumulative distribution func-
tion of fragment mass (Fig. 12b, e), at v; = 10 m/s, 95%
of the fragments have a mass m, < 0.4m;. No plateaux are
observed at lower impact velocities, suggesting the exist-
ence of velocity (or energy) thresholds for transitioning
between fragmentation regimes. The maximum fragment
mass is approximately 0.8m;, corresponding to the portion
identified by the discontinuity. Similar to the 1-2Ds case, a
significant discrepancy is noted at v; = 10 m/s compared to
lower velocities, which curves can be superimposed.

3.3.3 3Ds Series

Similar to the other series, Fig. 10c summarizes the number
of fragments n, generated upon impact for the 3Ds series,
while Fig. 14 presents the average number of fragments.
Compared to the other series, the 3Ds series shows an
increase in the average number of fragments at v; = 6 and
7 m/s, emphasizing the impact of the number of discontinui-
ties on the fragmentation process. The same median values
are observed for v; =3 and 4 m/s, equal to 3 fragments.

Figure 14 illustrates an average number of fragments
ranging between 2 and 5, with higher values observed for
the ‘Between 1 &2’ and ‘On 2’ impact angle categories.
For impact angle categories other than ‘Before 1°, an equal
number of fragments is noted for identical fracture pat-
terns, regardless of the impact velocity. In the ‘Before 1’
scenario, however, incomplete cracks may occur, accompa-
nied by severe fragmentation of the bottom part into small
fragments.

The cumulative distribution of fragment mass (Fig. 12c,
f) underscores the impact of discontinuities configurations
on fragment mass. For all impact velocities, a stepped curve
is observed, corresponding approximately to the portions of
the sample divided by the discontinuities at 1/4, 1/2, and 3/4
of the sample, i.e., my & 0.2,0.5, and 0.8 of the initial mass,
respectively. This results in a fragment size distribution that
deviates from the generally observed power law (Arbiter
1969; Lanfranconi et al. 2023).

3.4 Fragments Trajectories

A total of 119 drop tests were tracked: 46 tests for the 1-2Ds
series, 27 for the 1-4Ds, and 46 for the 3D. The rationale
behind the selected tests was to ensure a statistically repre-
sentative number for each series and impact velocity. For
each fracture pattern and impact angle category, a minimum
of three tests were tracked under identical impact velocities,
v;. Additionally, the images of excluded tests were examined
to ensure no particular cases were overlooked and that the
fragment sizes and trajectories were consistent with those

@ Springer

observed in tests with similar impact characteristics. For
each test, the trajectories of fragments with known masses
were analysed, and the post-impact velocity vector, v, was
estimated by considering its components in the &, #, and
z directions (see Sect. 2.1 for details), i.e., Ves Vs and v,,
respectively. It is worth recalling that the &-axis represents
the projection onto the impact plane of the vector normal
to the discontinuity plane. To express the velocity vector in
the global x y z reference system, in the context of rockfall
propagation analysis, let ¢ denote the positive anti-clockwise
angle between the projection of the £-axis and the x-axis.
The velocity components then transform as follows:

v, = Cos ¢y, — sin v, )

vy = sin ¢y, + cos ¢v,, 3)

while v, remains unchanged. As reported in Sect. 2.1, the
planar angle f (measured clockwise from the #-axis to the
velocity vector) was used to assess the distribution of veloc-
ity directions on the £ 5 plane, while the angle «, defined
between the vertical and the & 5 velocity components, was
used to quantify the vertical projection of the fragment.

The results were initially grouped based on v;, and sub-
sequently organized according to: (i) impact angle category,
(ii) fragment sizes, and (iii) fragmentation patterns.

3.4.1 1-2Ds Series

Figure 15 shows the velocity vectors in the & 7 plane for all
analysed fragments, while Fig. 16 presents their projections
onto the £ z and  z planes.

Atv; = 5m/s, fragmentation mainly produces fragments
with v, up to 1 m/s (Table 5). In the & # plane, fragments
align along the &-axis (f = 90° and 270° in Fig. 17), regard-
less of mass. For 6§ = 90°, fragments are ejected in both +&
directions, while at = 45°, most fragments move in the +¢&
direction, with the top half sliding along the discontinuity
and then on the slab (Fig. 18al, a2). Occasionally, the upper
part is projected vertically.

At v; = 6 m/s, a similar pattern is observed, with addi-
tional fragmentation at & = 0° and slightly higher v, val-
ues (up to 1.7 m/s). Fragments moving in the —¢ direction
typically result from parallel disaggregation, especially at
0 = 90°. A single test shows significant deviation from the &
-axis, involving small fragments (~75 g, 0.7% of the initial
mass) in an O+PD scenario.

At higher velocities, fragments increasingly deviate from
the &-axis: up to 30° at 7 m/s, 45° at 8.5 m/s, and become



Fragmentation Patterns and Trajectories During Rockfall: Analysis of the Influence of...

¥$°0— 171 99°0— LET 98°0— 060 SF0— 10T /960 (s/u)’a
(sum)

8¢ T 6L°0 L' T— 91'1 L90- 690 0T0- TFO0 TI'0— O0I0 “a
(sum)

LTT- T S6'1— €6'1 €E'l— €51 680- ST 0L0— S0 T
0> 0< 0> 0< 0> o0< 0> 0 0> o< SIxe
s/, s/ 9 s/ g S/ s/ ¢ fa

sae

10 1- YT SS'0- 17’1 6L0— 9¢'1 (syur) “a

61¢— 9T L9°0— 0L0 50— 790 (syur) “a

L9T—- o' €0'1— ¥0'C IL0- €T (s/u) a

0> 0< 0> 0< 0> 0< SIxe

s/ Q[ s/ s/w 9 fa

sar-1

¥60— w61 $0'0— 680 100- LST €00— 00T 0TO— #I'T (S/um)’a
@Ew

0S¢z 17T YL - STT LT'T— 0€T 190- 10T 0T0- 120 a
(s/u)

€T €0 991 LOE 91— 8TT ¥I'l- 88T TI'l- €61 fa
0> 0< 0> 0< 0> 0< 0> 0< 0> 0< sIxe
L0 S/ Gy s/ /, s/ur g s/ g fa

sac-1

‘a Ky10070A J0RdWIT YOBS JOJ SOLIOS YOBD Ul PaAIasqo sjusuodwod KJ100[eA ay) JO San[eA (UONIRIIP dANESAU Ul WNWIXLW) WNWIUIW PUE WNWIXB § 3|qel

pringer

As



M. Marchelli et al.

Fig. 15 Post-impact velocity
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widely dispersed at 10 m/s. This trend is less evident at
0 = 90°. Notably, fragments with greater deviation tend to
be smaller (up to 25% of the original mass), while the largest
fragments, typically from PD, remain aligned with the &-
axis. Asv; increases, both |v;|and |v, | grow, while v, remains
largely unaffected by impact angle or velocity. Consequently,
the throw angle @ decreases beyond 7 m/s. The highest
values occur at @ = 45° and 7 m/s in M+PD cases, where the
impacted half rebounds vertically and the other half slides
or rolls, as seen at 5 m/s (Fig. 18al, a2). Conversely, low a
values are typical for & = 90°, where horizontal velocities
dominate.

To summarize, increasing impact velocity leads to a
greater number of fragments, higher velocity magnitudes,
and wider directional dispersion within the impact plane.

@ Springer

Vertically, negative v, components become more frequent.
Larger fragments, typically resulting from parallel disag-
gregation, tend to move along the impact plane with low
throw angles, aligned with the normal to the discontinu-
ity plane. The minimal dispersion observed at low impact
velocities is likely due to fewer cracks forming in the intact
rock and more along pre-existing discontinuities. From a
trajectory modelling perspective, although this suggests that
discontinuities may reduce the likelihood of wide disper-
sion, at least for low velocities, the unknown orientation of
these planes in natural slopes limits deterministic modelling.
Nevertheless this confirm that the commonly assumed fixed
cone of dispersion (Matas et al. 2020; Frattini et al. 2012;
Lanfranconi et al. 2023) may not apply. Field and real-event
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Fig. 16 Post-impact velocity
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data (Gili et al. 2018, 2022; Lanfranconi et al. 2024) report
deviations from the pre-impact trajectory ranging from 25°
to 145° (mode: 75°), supporting the need for more flexible,
probabilistic trajectory models. Thus, the observed trend of
increasing dispersion with impact velocity could be effec-
tively integrated into such models to enhance realism.

3.4.2 1-4Ds Series

Similarly to the 1 2Ds series, Figs. 19 and 20 show the
velocity vectors in the & #, & z, and # z planes, while Fig. 21
reports the f and a angles for all fragments.

At v; = 6 m/s, fragments predominantly move along
the & direction (up to 2.3 m/s), except in one 90° impact
case where a meridian crack causes significant deviation

@ Springer
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(Fig. 18b). Negative v, values are observed in 45b° impact
cases with 8 ~ 65°70°, where the smaller portion detaches
and falls due to gravity (Fig. 18c). When 6 < 50°, frag-
ments move along the slab with velocities confined to the
& nplane (Fig. 18d). In the 45¢° case, fragments are ejected
vertically (a =~ 80°), a behaviour that has not observed at
other velocities.

For v; = 6 and 7 m/s, M+PD and O+PD fragmentation
types often produce fragments with mirrored trajectories
relative to the &-axis, with similar magnitudes (Fig. 18b).
This mirroring occurs in both positive and negative &
directions depending on the impact angle. The largest frag-
ments (m; > 50%) tend to move along the negative & direc-
tion. At v; = 10 m/s, fragment trajectories become highly

@ Springer

dispersed across all directions, with increased velocity
magnitudes (Table 5).

As in the 1 2Ds series, increasing impact velocity leads
to more fragments and wider dispersion in the impact
plane. For v; < 7 m/s, large fragments move with low throw
angles along the discontinuity normal, while smaller frag-
ments are often ejected in mirrored directions with sig-
nificant v, components. The velocity magnitude increases
with impact velocity. From a propagation perspective, the
unknown orientation of discontinuities relative to the slope
makes trajectory prediction difficult.
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Fig. 18 Front (al) and top (a2) view of a M+PD case for a v; =
5 m/s, 45° impact angle category for the 1-2Ds series; front view
of a M+PD case for a v; =6 m/s, 90° impact angle category for the
1-4Ds series (b); front view of a M+PD case for a v; =6 m/s, 45°b
impact angle category for the 1-4Ds series (c¢); front view of a M+PD
case for a v; =6 m/s, 45°b impact angle category for the 1-4Ds series
(d); front view of a O+PD1 case for a v; =7 m/s, ‘Between 1’ impact

3.4.3 3Ds Series

Figures 22 and 23 show the velocity vectors in the £ 7, € z,
and # z planes for the 3Ds series, while Fig. 24 reports the
f and a angles.

At v; =3 and 4 m/s, fragment trajectories are mainly
aligned with the &-axis (f = 90° and 270°), except for one
4 m/s case (‘Before 1’ category) where the bottom part frag-
ments (M or O type) and the top rebounds (a ~ 70°), with
lateral ejection along # (Fig. 18¢). Negative v, values appear
only from v; = 4 m/s onward.

For v; > 5 m/s, especially in the ‘Between 1 &2’ category
with M+PD2 or M+PD3 patterns, velocity vectors spread
fan-like along the positive £ direction (50° < f < 140° for
v; =5 m/s, and up to approximately 40° < f < 130° for
higher impact velocities), while remaining more concen-
trated on the negative side (Fig. 24). In these cases, the
impacted portion between two discontinuities breaks into
smaller fragments (m; < 25%) moving in opposite 7 direc-
tions, while larger fragments from parallel disaggregation
move oppositely in the & z plane (Fig. 18f).

Across all velocities, more fragments tend to move in the
positive & direction. Maximum v, values are generally around
1 m/s, with a single case reaching 2.37 m/s at 6 m/s (O+PD2,
Fig. 18g), where meridian cracks split the impacted part into
three fragments. In ‘On 1’ impacts, two or three fragments
form: one moves vertically (@ > 60°), the others along &

angle category for the 3Ds series (e); top view of a M+PD2 case for
av; =5 m/s, Between 1 &2’ impact angle category for the 3Ds series
(f); front view of a O+PD2 case for a v; =6 m/s, ‘Between 1 &2’
impact angle category for the 3Ds series (g); White lines highlight the
trace of the discontinuities on the spheres, while red arrows qualita-
tively represent the velocity vector of some fragments

with low vertical components (—20° < @ < 10°). Velocity
components in the & # plane remain similar across all cases.

To summarize, fragment trajectories in the 3Ds series
predominantly align with the discontinuities normal, with
greater dispersion along the positive & direction. Angular
dispersion increases with velocity, reaching 40° 50° for
v; > 5m/s. Vertical velocity components show no clear trend
with velocity. While fragmentation patterns and directions
are recurrent, their prediction remains difficult due to the
unknown orientation of discontinuities relative to the impact
plane.

3.4.4 Restitution Coefficients and Concluding Remarks

Considering all motion types, bouncing, rolling, and sliding,
the first dominates across all series: 75% in 1 2Ds, 73% in
3Ds, and 77% in 1 4Ds. Sliding and rolling account for 13
20%, while 3 12% of fragments remain stationary. In the 1
4Ds and 3Ds series, fragments impacted at § < 50° or in the
‘Before 1’ category moved exclusively along the slab and
were not tracked. In contrast, the 1 2Ds series shows mixed
behaviour, with sliding observed at v; = 5m/s and 6 =~ 70°,
where one half bounces and the other slides.

From a trajectory perspective, the predominance of
bouncing (73 77%) underscores its importance in rockfall
dynamics, especially on steep, hard surfaces. While sliding

@ Springer
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Fig. 19 Post-impact velocity vectors of the fragments for the 1-4Ds
series, for all the velocities, in the & —  plane, subdivided according
to impact angle category (left column), mass of the fragments (mid-

and rolling are relevant for understanding runout and direc-
tional stability on continuous slopes, bouncing fragments
exhibit more energetic and complex trajectories, higher
velocities, greater jump heights, and more variable impact
directions, critical for designing effective mitigation meas-
ures such as barriers. Image analysis shows that sliding and
rolling fragments do not display greater directional disper-
sion than bouncing ones, supporting the focus on bouncing
as the most variable and energetically significant motion
type under the tested conditions.

Focusing on bouncing fragments, Fig. 25 shows the coef-
ficient of restitution (|v|/|v;|) versus normalized fragment
mass (m;/m;). Fragment size is influenced by discontinuity
configuration, as also noted in Sect. 3.3: in 1 2Ds, fragments
rarely exceed 50% of the initial mass, while in 1 4Ds and
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dle column), and type of fracture (right column). Each row corre-
sponds to an impact velocity v;

3Ds, larger fragments (up to 90%) occur, especially at lower
velocities. Across all series, |v/|/[v;| is largely independent
of impact velocity and generally lower than 0.4, with a maxi-
mum of 0.46 in the 3Ds series. Notable clusters related to
impact angles emerge across all series. In the 1 2Ds case,

higher impact angles 6 correspond to higher % ratios. This

trend is less evident in the 1 4Ds series and not observed in
the 3Ds series, where the lowest values are associated with
the ‘Before 1’ impact type. For other impact angle categories
in the 3Ds series, the values of the ratio are more evenly
distributed in the 0.1 0.4 range. Compared to homogeneous
spheres (Guccione et al. 2023), which showed [v|/|v;]
between 0.18 0.30, the present study reports higher average
values (0.35), likely due to the lower energy required to frac-
ture pre-discontinuous samples.
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Fig.20 Post-impact velocity
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The right column of Fig. 25 shows the normal restitution
coefficient (|v | /|v;|) versus m;/m;. Values remain below 0.3
and show no clear dependence on impact angle. A posi-
tive correlation between v, and @ is not evident, though the
lowest values occur at § = 0° in 1 4Ds. Unlike Guccione
et al. (2023), who found a negative correlation between v,
and « in homogeneous samples, the present results highlight
the role of discontinuity configuration in fragment ejection.
These findings challenge the assumption of uniform post-
fragmentation velocities (Matas et al. 2020).

Figure 26 presents the ratio of the post-impact kinetic
energy of all bouncing fragments to the initial impact kinetic
energy, scaled by the tracked mass. In the 1 2Ds series, this
ratio is highest when the discontinuity is normal to the impact
surface. While the absolute post-impact energy varies with

B M annears largel
E m; pp gely

i

fragment mass and velocity, the ratio

unaffected by v;, suggesting that energy dissipation is primarily
governed by the inclination of the discontinuity plane relative
to the slab. More fragments correspond to lower post-impact
energy, consistent with energy loss through fragmentation. In
1 4Ds, higher v; increases post-impact energy, while fragment

count has little effect. In 3Ds, energy remains stable across
velocities, with fragment count typically limited to two or
three. These results emphasize that a central discontinuity
maximizes fracture surface and energy dissipation. Compared
to homogeneous spheres (Guccione et al. 2023), which yield
fewer bouncing fragments, the 1 2Ds and 1 4Ds series show
greater energy loss due to more extensive fragmentation.

4 Conclusions

Fragmentation during rockfall events significantly influences
the size, number, and trajectories of falling blocks, yet the
role of pre-existing discontinuities in this process remains
poorly understood. This study investigated the fragmenta-
tion of brittle mortar spheres with artificially embedded dis-
continuities via controlled drop tests. Using the University
of Newcastle’s fragmentation cell and high-speed imaging,
we analysed failure mechanisms, fragmentation patterns,
and fragment trajectories. The selected configurations, i.e.
central (1-2Ds), offset (1-4Ds), and multiple parallel dis-
continuities (3Ds), were designed to assess the influence

@ Springer
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of discontinuity presence, joint density, and persistence on
fragmentation dynamics. Additionally, the role of impact
conditions, specifically impact velocity and the inclination
of the discontinuity plane relative to the impact surface,
was found to be fundamental in controlling fragmentation
outcomes.

The results highlight how both the geometry of internal
discontinuities and the impact conditions influence fragmen-
tation mechanisms, fragment size distributions, and post-
impact trajectories, and the key findings include:

e fragmentation is limited at low impact velocities

(v;) and when the impact direction is normal to the
discontinuity(ies) plane(s). As v; increases, the number

@ Springer

of primary and secondary cracks rises, with top-cone pat-
terns observed only at 10 m/s;

failure modes depend on the inclination of the disconti-
nuity plane relative to the impact surface. Tensile failure
in the intact material dominates when the plane is nearly
parallel to the slab, while inclined configurations lead
to tensile-shear or shear failure. When the loading axis
aligns with the discontinuity, tensile-like failure occurs
along the joint;

fragment number (typically 2 7 for m; > 5% m;) and
size are influenced by both impact velocity and dis-
continuity configuration. In 1-2Ds and 1-4Ds, higher
v; increases fragmentation. In 3Ds, fragment sizes
reflect joint spacing, with stepped mass distributions
corresponding to the imposed discontinuity planes;
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Fig. 22 Post-impact velocity vectors of the fragments for the 3Ds
series, for all the velocities, in the & — # plane, subdivided according
to impact angle category (left column), mass of the fragments (mid-

dle column), and type of fracture (right column). Each row corre-
sponds to an impact velocity v;
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Fig. 23 Post-impact velocity vectors of the fragments for the 3Ds series, for all the velocities, in the £ — z and # — z planes subdivided according
to impact angle category. Each row corresponds to an impact velocity v;
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Vi

continuity orientation. At v; < 7 m/s, fragments tend to
follow the normal to the discontinuity plane, with fan-
like dispersion increasing with velocity. At 8.5 10 m/s,
fragments are ejected in all directions. This broader
dispersion is associated with the onset of fragmentation
within the intact matrix, in addition to failure along dis-
continuities. Vertical rebounds are observed in specific
configurations (e.g., 1-4Ds at 45b°, 3Ds ‘Before 1’ and
‘On 1°);

e a clear positive correlation exists between v; and the
horizontal post-impact velocity components, while the
vertical component v, shows weaker dependence. The

. . vl .
is unaffected by impact angle, whereas I_fl is more sen-
Vi

sitive to impact angle and generally remains below 0.4;
e from an energy perspective, central discontinuity maxi-
mizes energy dissipation and fracture surface.

These findings have direct implications for rockfall hazard
assessment and mitigation design. The observed relation-
ships between discontinuity geometry, impact conditions,
and fragmentation behaviour provide a physical basis for
improving rockfall trajectory models, highlighting the lim-
itations of deterministic trajectory models and support the
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by joints in high-density cases, or spacing and impact
position in single-joint configurations. Predicting disper-
sion, jump height, and energy is essential for accurately
assessing element vulnerability, forecasting rockfall con-
sequences, and designing effective barriers capable of

use of probabilistic approaches. In particular, the results
support the development of probabilistic models where
trajectory dispersion increases with impact energy, and
fragment mass distributions reflect the presence, geometry,
and persistence of discontinuities, e.g., volume bounded
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intercepting and stopping falling blocks (Marchelli et al.
2020, 2024). Further analyses will be conducted with more
realistic shapes and non-collinear impacts.
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