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Abstract
Rock slides, rock falls and rock avalanches can represent a sequence of linked phenomena sharing some mechanisms
or involving the evolution of the same mechanisms under different conditions. Sliding can be at the origin of a fall or
avalanche; a fall can originate an avalanche. Rock breakage, comminution and fragmentation can occur along the
shear zone of a rock slide, at the impact point of a small (single block) or large (multiple blocks) rock fall, or of
extremely energetic rock falls, or within the mass of a rock-debris avalanche. In general, these mechanisms can
participate in controlling the evolution of the phenomenon. This even more important in complex and compound
landslides where they mix during the motion from the initial stages up to the final deposition. It is suggested that
these mechanisms, acting under different boundary conditions, can be relevant to understand the landslide motion
even if they can only explain some of the observed behaviors and of the features typical of the deposits. This set of
mechanisms seems to occur in different ways in the three different classes of phenomena here considered, and in
many other processes involved in geological and geomechanical problems. Sliding implies continuous shearing and
damage which can become localized in very different conditions; falling implies instantaneous and repeated impacts;
avalanching allows for a dynamic and almost continuous action of the fragmentation s.l.. On the other side, the
experimental tests usually adopted to quantify the effects of these processes at the laboratory scale do not always
represent the natural conditions under which the rock fragmentation can occur within the moving mass. Grain size
distributions are the simplest tool used to describe fragmentation and to check for possible controls. In this
contribution some examples of these processes are reported for the different landslide types, or evolutionary stages,
presenting data for some real case studies, together with the main features, the possible mechanic and hydraulic
consequences, as well as the possible adoption of simplified models for their description. The local environmental
conditions are considered and their role on the final results is suggested.
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1 INTRODUCTION
Rockslides, rockfall and rock-avalanches are
phenomena often characterized by rapid
detachment and collapse, variable size and high to
extremely high velocity. All these made generally
impossible or extremely rare the observation and
documentation of such phenomena. As a
consequence, the description of these events in the
past was mainly based on field observations of old
deposits or related features, the accounts
communicated
by
witnesses,
pictorial
representations, the expert interpretation of all
these togethers (Voight and Pariseau, 1978).
This lack of information and observations has
been progressively filled by the availability of
different types of imagery (i.e. photos, movies),
with different detail and resolution, of natural
events occurring at different scales and under
different morphological and environmental
conditions.
Nevertheless, real time observations for large
rockslides and rock avalanches generally allow
only to describe qualitatively the main evolution
phases (e.g. detachment, collapse initiation,
propagation) and to associate these to the final
deposit characteristics (e.g. extent, thickness, grain
size), and to other recorded variables (e.g. ground
shaking, velocity, total duration). In some case, this
lack of direct information is even more relevant as
in the study of landsliding on planets or moons.
For rockfalls field observations concerns the
impact points, the block shape and fragmentation
that influence the type of evolution and in case of
large volumes the generation of large dust clouds
has been recorded. For this class of phenomena
representative experimental observations are also
available showing the evolution under more
controlled conditions and allowing to improve
directly the understanding, to perform data
analysis, and to support the development of
mathematical models.
The strong and rapid changes in properties and
behavior due to rock breakage, shearing and
fragmentation occurring during the evolution of a
shear zone, the impact of a block or the interaction
among fragments in dense granular flows have
become more evident with observations,
experimental work and numerical modeling. As a
consequence, it is becoming more and more evident
that neglecting the description of such processes

during sliding, falling and avalanching hampers the
general understanding of the phenomena and
especially results in unreliable modeling with
consequences in the hazard and risk assessment.
Fracturing can imply the development of large
fractures breaking apart a rock mass,
Fragmentation is generally used for the description
of a more or less intense brittle fracturing with
release of multiple elements which only in part
follow the large scale preexisting weaknesses like
foliation and joints, and can bring to complete
pulverization of the material. Fragmentation can
result from static crushing or grinding, or by
dynamic crack propagation during rapid and
impulsive compressive or tensile loading. This case
is called dynamic fragmentation or even
catastrophic fragmentation. Ballistic fragmentation
is due to stress waves and their reflection during
impact loading (Grady and Kipp, 1987).
Comminution concerns the breakage of brittle
particles under conditions of applied compressive
stress and it can include different mechanisms such
as crushing and grinding. It is easy to imagine
problems
for
which
comminution
and
fragmentation can be of great interest. For example,
in soil and rock mechanics problems such as the
explosive or percussive rock breakage, in weapon
design and defense, mining and ore processing, pile
driving, meteoritic impact, rock and particles
breakage can be fundamental.
In the study of these problems, it is generally
assumed that the particle size determines the
probability of fracture. Largest particles would be
the most susceptible to fail and the increase in
smaller particles surrounding large particles
increases the coordination number resulting in
lower induced tensile stresses. If we assume that
coordination number controls the probability of
fracture, then small grains would continue to
fracture becoming relatively stronger and at the
same time increasing the coordination number of
large grains, resulting in a fractal distribution of
grain sizes (Palmer and Sanderson, 1991).
On this basis both constrained and unconstrained
comminution models have been advanced starting
from observations. In the unconstrained models,
particles are assumed to act independently of the
size and of number of neighbors (Gilvarry, 1961,
Palmer and Sanderson, 1991). In the constrained
comminution model, not all fragments have the
same probability of fracture at any given time
(Sammis et al., 1987) and the particle fracture
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probability is controlled by the relative size of its
nearest neighbors and by the coordination number.
In this case, particles which have same-sized
neighbors will break and the resulting grain
distribution will be such that no two particles of the
same size will be in contact at any scale. As a
consequence, particles of all sizes would have the
same probability of fracture. Starting from these
and different statistical descriptions of the
frequency-size distribution of naturally and
artificially fragmented material (Weibull, 1951;
Rosin – Rammler, 1933) Turcotte (1986) linked the
Weibull’s distribution to the fractal dimension, D.
Field and experimental evidence in different fields
(e.g. glacial deposits, fault material, crushed and
blasted rock) suggests that D depends on rock type,
total energy input, strain and confining pressure,
strain history, and type of cataclastic process
(Hartmann, 1969; Mojtabai et al., 1989; An and
Sammis, 1994). The wide range of values which
have been reported suggests the possibility that
different processes of particle size reduction are at
work during fragmentation and comminution
processes and that these processes can act at the
same time in different parts of the same shear zone.
This contribution does not want to be exhaustive
in examining all the processes and the abundant
literature on these subjects, presented in different
research fields. The aim is to stress some of the
common points and the fact that no unique process
can be advocated to explain observed behaviors
(e.g. extremely rapid acceleration, collapse,
fragmentation).

these cases the actual details involved in the
detachment remain quite speculative. At the same
time the evolution up to the collapse is often
omitted or hardly considered and often it requires
some strong assumptions concerning the continuity
of basal weak layers.
Initiation of the failure process and generation of
a shear zone implies the progressive breakage of
the rock along preexisting weaknesses, the
development of a broken rock zone (Figure 2) and
then the formation of a cataclastic layer and a shear
gouge. Shear zone geometry (e.g orientation,
roughness, waviness) and thickness can be
controlled
by
preexisting
discontinuities,
lithological contacts, weak layers and tectonic
brittle features, as well as the shear rate.
Furthermore, fracturing type and its distribution
within the sliding mass are controlled by the
relative position because of the presence of
extensional or compressional conditions, as it
happens at the landslide head and toe. All these
factors influence the hydraulic response of the rock
mass and of the landslide with a continuous
feedback between the external perturbations and
the landslide displacements and evolution (Crosta
et al., 2013; Strauhal et al., 2016). These factors
also control the shear displacement accumulation
and the shear strength evolution both in time and
space, from peak to post-peak residual values.
Therefore, both the initial slope stability and the
landslide deformation with time are strongly
controlled by the shear zone architecture, formation
and evolution.

2 SLIDING
Sliding is probably the most frequent mechanism at
the origin of many complex landslides in rocks.
Planar and rotational sliding is possible but planar
failures or compound failures with predominant
planar component are inherently unstable (Hungr et
al., 2014), can be extremely rapid and are
characterized by the highest damage or impact. The
rock mass properties and behavior, the pre failure
evolution of the landslide, the progressive or rapid
loss of the cohesion, the time of evolution and the
rate of change of the external boundary conditions
and perturbations can strongly affect the final result
in terms of evolution of these landslides (Figure 1).
For many rockslides, the detachment itself
seems explicable (Figure 1), even if in most of

Figure 1 Simplified slope conceptual models involving failure
surfaces of different geometry and possibly originating
diverse or even multiple failures with different scales and
evolution (e.g. simple or complex sliding, slumping, falling
and sliding, toppling and sliding), and groundwater
circulation modes (along discrete fractures or diffused).

SCG-XIII INTERNATIONAL SYMPOSIUM ON LANDSLIDES. CARTAGENA, COLOMBIA- JUNE 15th-19th-2020

2.1 Displacements distribution
Rock and debris slides can be characterized by
single or multiple active shear zones. The
interpretation of the displacement profiles is not
always obvious but, in many cases, it is observed
that the displacement rate becomes nil or remain
constant and extremely low when the main
triggering causes disappear. Figure 3 shows two
inclinometer displacement profiles and the time
histories recorded at the shear zone depth (grey
rectangles) by two multi-parametric DMS probes
(CSG srl) within a deep-seated debris slide (Crosta
et al., 2006). The sharp shear zone lays directly on
the underlying bedrock that forms a planar surface
constantly sloping at 22°28°. This closely
resembles the value for the internal friction angle
(peak: 30°  33°; residual 23°) for the sandy silty
material of shear zone material and derived by
breakage of the coarse conglomeratic rock. The
well-defined shear zone is supposed to have
sustained very large strains during the evolution of
the entire slope and should be considered at
residual strength condition. The water level
oscillates just above the bedrock with the debris
slide reacting rapidly to each change, and with a
slight viscous component during the dry seasons.
Some of these rockslides can then collapse because
of topographic control, sudden change in behavior
and the brittle collapse of restraining features or
other singularity in behavior.

(e.g. joints, master joints, fault planes and gouges,
Ambrosi and Crosta, 2006) and they passively
controls the failure geometry (Figure 1). The
relative type, spacing, persistence and arrangement
of discontinuities and topography can strongly
affect the slope failure modes and the tendency
towards
sudden
collapses.
Discontinuous
overlapping and non-overlapping fractures can
require the progressive development of microcracks and cracks till a continuous surface is
generated (e.g Tchalenko, 1970). Rock
deformation generally shows crack growth and
coalescence into linked echelon arrays. Crack and
micro-cracks located, generated and concentrated
in most stressed areas can grow preferentially to
others. Cracks can then develop into a linear
echelon array which with strain accumulation
progressively become linked till the generation of

Figure 2 Shear zone brittle failure as visible at depth (looking
downward) into two boreholes drilled through a rockslide
(photo courtesy by L.H. Blikra): a) sharp shear surface b) a
zone of broken rock and large voids.

2.2 Breakage during sliding
Brittle failure generally characterizes the
formation of a shear zone which can be described
as a complex volume of rock mass where multiple
deformation structures, slip surfaces, material
textures and fabrics can develop. Initial failure and
sliding can take place on a weak zone where a weak
lithology or material or a structural feature occur

Figure 3 Examples of displacements recorded at two points
along a sharp shear zone in a deep-seated debris slide with
the relative water depth oscillations below the ground
surface. The grey areas show the position and thickness of
the shear zone as from the inclinometric curves reported in
the plots.
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Figure 4 Change in rock characteristics (100 mm cores)
within a deep seated slope deformation (site A Figure 5)
moving from the fresh sound rock to slightly weathered rock
mass (a to d). Increasing weathering is evident by
limonitization and opening of foliation and fracture planes
and a relatively sharp change brings to the brecciated layer
(e-f) in a deep-seated slope deformation

an array parallel to the shearing direction. This can
be at the origin of intermittent shear zone portions
which nucleate independently and only
successively develop into a complete basal shear
zone. Initial discontinuity spacing, overlapping,
persistence and orientation can control the shear
zone thickness (e.g. shear plane, shear zone) and
evolution with single or multiple planes or kink
bands of rotating blocks (Ladanyi and
Archambault, 1970). In landslides that are still in
an immature evolutionary stage (i.e. small
displacements), it is not rare the case of crossing

large voids while drilling through the basal zone of
rockslides (Figure 2).
Evolution by continuous shearing generates
breccias
(initially
grain-supported
and
subsequently more matrix-supported), typically
with heterogeneous fabric, texture and mineral
composition, including coarse sub-angular to
rounded rock fragments, immersed in a finer sandy
to silty matric (Figure 4). Roundness can be
associated to chipping and mechanical action of
smaller particles on the larger elements. Sometimes
clay and well-developed slickensides are found at
the core of the shear zone. This suggests
concentrated shearing in narrow bands that for
granular materials can be of the order of 5 to 10
particles diameter. The total thickness can reach up
to a few meters and decameters (Desio, 1973;
Agliardi et al., 2001; Ambrosi and Crosta, 2006;
Chigira et al., 2013; Barla et al., 2006) in mature
shear zones at the base of large rockslides.
These shear zones share many common features
and physical mechanical properties with brittle
shallow tectonic faults and their behavior can be
comparable. At some places this can make difficult
to differentiate between the two types of shear
zones. This is even more evident for very old
landslides where chemical weathering can take
place. A possible method to differentiate between
the two groups consists in observations of the
damage zone. The damage zone is defined as the
relatively large zone around the main fault core,
where many subsidiary structures (e.g. secondary
shear zone, fractures, drag folds; Choi et al., 2016)
can be found. The damage zone below the failure
surface of a landslide tends to be more limited, if
not completely absent, with respect to the one
associated to the formation of a fault, where
asymmetric distribution between hanging wall and
footwall is still possible. Grain sizes in the fault
core reach down to the submicron scale, and in fault
gouge material down to the nanometric scale
(Chester et al., 2005; Kuelen et al., 2007).
Comparing shear zones at three different
rockslides, with displacements from tens to
hundreds of meters, Strauhal et al. (2017) did not
find noticeable differences in the texture and fabric.
They noticed that thicker shear zones are generally
associated to larger rockslides. Figure 5 compares
the grain size distributions from different deepseated failures in the Central European Alps area
including the data by Strauhal et al. (2017). The
data, where possible (sites A and B), have been
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classified according to the depth of the shear zone
below the ground surface. Less evolved (i.e.
smaller cumulative displacements) and more
superficial shear zones are coarser and less graded.

characterized by a cataclastic breccia and gouge
interlayers.
Shear zone thickness and the number and
thickness of active shear bands within the shear
zone (or layer of cataclastic material) have a direct
influence on the amount of cumulative
displacement and on the mobilized shear strength
which is a function of the shear displacement and
shear rate. Unfortunately, the active shear zone
thickness is not always defined with great accuracy
even
considering
the
lithological
and
geomechanical core logging and inclinometric
measurements (see Figure 3). On the other hand,
observations at the head face of exploration drifts
can allow detailed measurements and investigation
(Strauhal et al., 2017; Wang et al., 2020).

Figure 5 Particle size distributions for samples of deep-seated
landslide shear zones collected at different landslide sites and
depths (sites A and B, see values in the legend where
available), and from the literature (see Strauhal et al., 2017).
Less developed and more superficial shear zone materials are
positioned on the lower limit.

The thickness of these cataclastic bands does not
exclude a further localization of the shear along
thinner shear zones as observed at different sites
with formation of finer gouges (e.g. Chambon et
al., 2006; Alberti et al., 2019). On the other hand,
multiple shear zones can converge and diverge, for
example at a landslide toe. Scholz (1987) suggested
that the thickness of a fault and shear zone should
be proportional to the cumulative slip. Empirical
relationships between displacement and thickness,
developed for individual fault/shear zone
components as fault core, deformation band or the
fractured/damaged zone (e.g. Shipton et al., 2006;
Choi et al., 2016; Fossen and Cavalcante, 2017) are
of the exponential type (thickness =
a*displacement^b).
These
thickness/shear
displacement relationships provide reasonable
values also for rockslide shear zones which can
cumulate displacements up to hundreds of meters
in case of very large phenomena (e.g. very large
landslides and deeps seated gravitational slope
deformations). Shear rate has also been associated
in some way to the thickness of the final shear zone
with slower large deformation phenomena more
frequently associated to thick shear zones

Figure 6 Coefficient of friction vs displacement for different
mineralogical compositions in initially dry and successively
(from cumulative displacements of 4 mm) saturated
conditions (redrawn after Morrow et al., .2000).
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2.3 Effects of mineralogy
Rock mineralogy can introduce more variability
in the behavior of shear zone materials as well as in
their localization. This is the case especially where
minerals characterized by low coefficient of
frictions and sensitivity to water content are found
concentrated in millimeter to centimeter thick

Figure 7 Change in the coefficient of friction for various
minerals with water saturation (redrawn after Morrow et al.,
2000; and with data from Sone et al., 2012). This is a relevant
information when performing dry or wet to saturation tests
and in case of materials which can get in contact with water
in a natural slope.

minerals (10-30% Lupini et al., 1981) can be
associated with penetrative slip surfaces and zones
of slip localization.
Experimental work on mixtures of granular and
platy minerals (e.g. phyllosilicates, graphite;
Skempton, 1964; Lupini et al., 1981; Morrow et al.,
2000; Takahashi et al., 2007; Crawford et al., 2008;
Moore and Lockner, 2008, 2011; Tembe et al.,
2010; Sone et al., 2010: Ferri er al., 2011; Oohashi
et al., 2013; Yamasaki et al., 2016; Alberti et al.,
2019) shows that the type of mineral, the type and
fraction of weak minerals ( ), and the degree of
saturation (Figure 7) can strongly change the
friction coefficient. The same has been
demonstrated for the shearing rate (Figure 9) and
the healing time (Sone et al., 2012).
All these factors can become increasingly
relevant for landslides characterized by a long time
history. In fact, rockslides can undergo a
progressive evolution of the shear zone and of the
interconnection with the surface water and
groundwater. This can result in hydration,
saturation and weathering of the parent rock. At the
same time experiments shows a stronger and rapid
decrease in the coefficient of friction for shearing
of more granular mixtures (i.e. reach in non-platy
particles) with respect to the phyllosilicate or
graphite reach mixture. These observations
contributed to develop rat and state friction laws
(Ruina, 1983; Rice et al., 2001) and their extension
to fault and landslide modeling (Chau, 1995;
Helmstetter et al., 2004; Handwerger et al., 2016).

Figure 8 Coefficient of friction vs content of phyllosilicates
and graphite in mixtures as from different experimental
evidence collected from geotechnical and structural geology
literature (see in the legend).

layers within the bedrock. Weak layers favor rock
breakage and the concentration of shearing causing
sharper shear zone contacts with stable bedrock.
Even a relatively small percentage of weak

Figure 9 Steady state values of the coefficient of friction vs
slip rate for mixture of different grade of quartz and graphite
(after Oohashi et al., 2013). Quartz rich mixtures show a high
loss with slip rate and this loss decreases at increasing the
graphite content in the mixture.
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2.4 Grain size distribution
Sliding along preexisting more or less planar
rock surfaces, causes wearing. Wear products from
shearing along a rocky sliding plane were studied
(Morohashi et al., 1973; Scholz, 1987; Wang and
Scholz, 1994; Lee and Rutter, 2004; Hirose et al.,
2012) at both low and high slip velocities. These
studies show a power law dependence of wear rate
from the normal stress, controlled by lithology and
shear rate. The produced material, initially grain
supported with angular to sub-angular poorly
sorted grains, “fills” the shear zone along which the
main shearing is occurring. Continuous shearing,
comminution, grinding and chipping bring to more
matrix-supported material, with more rounded and
well sorted coarse survivor fragments (immerged in

the matrix), with matrix fraction growing
progressively. Shearing can occur within the shear
zone or at the contact between the rock and the
layer of fragmented material.
During shearing, the material is irreversibly
changing its properties in time and space. This has
been frequently observed for example on imposed
shear planes in ring shear apparatuses (Hardin,
1985; Coop et al., 2004; Agung et al., 2004;
Sadrekarimi and Olson, 2010; Zhang and
McSaveney, 2017; Alberti et al., 2019) and triaxial
compression and extension tests (Fukumoto, 1992;
Lade et al., 1996; Fangwei, 2017). Grain breakage
and damage are more severe for initial uniform
grain size distributions, weaker mineralogy (or
lithology), void ratio, stiffer soil fabric, particle

Figure 10 Effects on particle size reduction and grading
related to normal load and strain for triaxial tests performed
on different types of sand (after Lade et al., 1996 and
Fangwei, 2017)

Figure 11 Effects of normal load, shear strain and shear rate
for ring shear tests performed on carbonate sands (after Coops
et al., 2004 and greywacke sandstone sand (after Zhang and
McSaveney, 2017).
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shape and angularity (i.e. associated with smaller
and fewer contacts), drained stress paths (i.e.
resulting in higher effective stresses), amount of
cumulative displacement.
Grain comminution taking place within the shear
zone causes, generally, an increase in gradation and
disuniformity of the material (Figure 10, Errore.
L'origine riferimento non è stata trovata. and
also Figure 5 for rock slide shear zones). Both an
increase in the normal stress and of the shear rate
causes an increase in comminution and the
generation of a more graded “disuniform” material
with an increase in finer particles.
Increasing finer particles, by maintaining the
maximum initial particle size, increases the
coordination number for the largest particles
decreasing the concentrated stresses which
generally cause failure of the larger particles. By
continuous shearing (i.e. abrading, chipping and
crushing) an ultimate grain size distribution is
reached and the damaging process reaches
completion with particle shapes generally more
angular and rougher that the original ones
(Sadrekarimi and Olson, 2011) but with more
rounded larger survivors. Hardin (1985) provided
the definitions of breakage potential and total
breakage. The breakage potential is the area
between the line defining the upper limit of the silt
size (0.074 mm), and the part of the grain size
distribution curve with the grain size larger than
0.074 mm. The total breakage is represented by the
area between an initial grain size distribution and
the final one. If we assume that an ultimate grain
size distribution exists, then a different breakage
potential can be defined (Einav, 2007)
Sadrekarimi and Olson (2011), by ring shear
testing of different sands, observed initial dilation
followed by contraction due to particle damage and
rearrangement. Furthermore, a slight decrease of
critical friction angle with stress level and a major
influence of mineralogy and angularity were
recorded, followed by a slight increase in friction
induced by the production of angular fragments.
Contraction and production of finer particles are
also at the origin of a reduction in hydraulic
conductivity and pore pressure dissipation. In rocks
these will depend on the lithology, the differential
and effective mean stress (Zhu et al., 1997).
Segregation can occur during shearing and this
could further play a role in determining shear zone
properties. Siman-Tov and Brodsky (2018)
observed, in a granular material under low normal

stress, grain segregation driven or not driven by
gravity at low and high shear rates, respectively. It
results that a fine particle layer does not always
point to a zone of maximum shear strain and that
these bands may be sign of locking instead of shear
localization. Segregation and the formation of a
specific S-C structure is represented in Figure 12
where strain acted differently by causing particle
realignment and grain concentration in between the
two localized shear zones for a ring shear test
(Alberti et al., 2019).

Figure 12 Shear band developed during a torsional shear
testing by DPRI#5 (Alberti et al., 2019) at the macroscopic
scale (see upper right hand corner) and microscopic scale
(SEM image) with formation of S-C structures. Shear is
localized at the two surfaces bounding the shear zone with
clear realignment of particles whereas coarse particles are
arranged (segregated) in the central portion.

2.4.1 Fractal behavior
All the above mentioned experiments and models
support the idea that a cataclastic zone will reach
an ultimate grading (Sammis et al., 1987) Many
grain crushing theoretical models describe the grain
size and the process itself as self-similar or fractal
(Sammis et al., 1987; McDowell et al., 1996). The
fractal dimension (D) can be estimated from the
grain size distribution, and by the crushing
probability it is possible to obtain a final or ultimate
grain size distribution starting from that of the
initial material.
A series of theoretical constitutive models have
been developed through the years (Grady and Kipp,
1987; Miura and O-Hara, 1979; Sammis et al.,
1987; McDowell et al., 1996; Einav, 2007; Nguyen
and Einav, 2009; Zhang et al., 2016) to include the
influence of particle breakage on the behavior of
rock and soils, and to include the effect of size
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dependent grain properties, geometry and stress
conditions (Zhang et al., 2016).
Weibull statistics (Weibull, 1951) has been
commonly used to describe the probability of
fracture.

et al. (1987; Biegel et al., 1989) by the constrained
comminution theory and to the experimental values
for fault rocks (see Table 1).

Table 1 List of fractal dimension values for various materials
subjected to different conditions.

3 FALLING

Material
Artificially sheared
sediment
Cataclastic rock

Disaggr.gneiss/
granite/crushed qtz.
Extension fracture
Fault gouge

Glacial till

Jaw crusher
Blasted rock
Piledriver, nuclear
explosion, 61 kt
Projectile fragment.
of basalt
Projectile fragment.
of quartzite
Rock
Avalanche
deposits
Roll crusher
Shear experiment
Shear
microfracturing

Reference
Iverson et al., 1996
Steacy & Sammis,
1991
An & Sammis, 1994
Billi and Storti 2004
Sammis et al., 1987
Marone & Scholz,
1989
Monzawa & Otsuki,
2003
Hartmann, 1969
Blenkinsop
&
Fernandes, 2000
Sammis and Biegel,
1989
Masin, 2003
Monzawa & Otsuki,
2003
Hartmann, 1969
Hooke & Iverson,
1995
Hecht, 2000
Gosh et al., 1990
Schoutens, 1979

Fractal
dimension
2.85
2.5-2.7
2.4-3.6
2.09-2.93
2.5-2.7
2.45-2.75
1.6812.347
2.13/2.2/1
.9
2-2.5
2.60
2.93
1.65-1.78;
2.19-2.56
2.88
2.84-2.97
2.32
2.17-3.0
2.50

Fujiwara et al., 1977

2.56

Curran et al., 1977

2.55

Dunning, 2006a
Crosta et al., 2007
Hecht, 2000
Biegel et al., 1989
Blenkinsop
&
Fernandes, 2000

2.44-3.04
2.65 - 3.2
2.43
2.6
2.76-2.88

Again, field and experimental evidence suggest
that D depends on lithology, total energy input,
strain rate, confining pressure, strain history and
cataclastic process (Hartmann, 1969; Mojtabai et
al., 1989; An and Sammis, 1994). Hartmann (1969)
already noticed that D is low (circa 1.80) for rock
material fragmented in a single, low-energy event
and increases up to 2.1-2.7 for multiple and/or
high-energy events. All these values come closer to
the theoretical value of 2.58 computed by Sammis

A rockfall can originate from the sudden
detachment by sliding, toppling or tensile failure,
of a rock mass with single or multiple blocks which
fall, bounce and roll along the slope. Minimum or
no interaction occurs among them, but a relevant
interaction is realized with the substrate forming
the ground surface. Large rockfalls can occur with
a stronger interaction among the fragments but
sometimes without generating a completely
different type of evolution from a purely
fragmental rock fall, at least in terms of deposit
runout.
The impact is an extremely rapid event implying
an important and complex interaction with
materials of very different nature forming the
ground surface and controlling a large part of the
energy dissipation during a rockfall. Hence, impact
is the phenomenon on which much has been spent
in terms of research in rockfall modeling, as well as
for other events (e.g. projectiles impact,
meteorites). At impact, blocks of different shape,
roundness/angularity, mechanical characteristics
hit a ground surface that can range in behavior from
rigid to extremely deformable. This results in a
complex behavior with sudden changes in motion
characteristics including rebound, block toppling,
spinning, sinking and explosion/fragmentation.
This last process often involves the projection of
small fragments, ejected at high speed and on low
angle ballistic trajectories, after the fragmentation
at the impact point, or the block explosion. Fly
rocks or fragments generated by block explosion at
high energy impact points have been cause of
damages and unexpected accidents.
3.1 Impact fragmentation
Brittle fragmentation is an irreversible complete
and extremely rapid event, generally associated to
a linearly elastic material and small elastic strain at
failure. Different factors can control the
fragmentation of a block impacting the ground
surface. Among these, we can list (Crosta et al.,
2015): the block shape and elongation, the relative
orientation of the block at impact, the type and
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number of contacts between block and ground, the
degree of internal jointing and damage of the block,
the characteristics of the fractures cutting the block;
the block and bedrock strength, the type and
thickness of the material forming the ground
surface, the impact energy and geometry (Crosta et
al., 2008; Nocilla et al., 2008; Giacomini et al.,
2009; Wang et al., 2010; Pilz et al., 2011; Frattini
et al., 2012; Crosta et al., 2015; Matas et al., 2017;
Ruiz-Carulla et al., 2017; Shen et al., 2017; Wang
and Tonon 2010; Ye et al., 2019a, b).
Fly rocks are generally characterized by
extremely high velocities, fan-like spreading of the
trajectories and ballistic low angle projections (e.g.
Broili, 1973, 1977; Wieczorek and Snyder, 1999;
Wieczoreck et al., 2000).
As a consequence, the prediction of the size,
number of fragments and fragment trajectories
generated upon impact can be important for hazard
and risk assessment and risk reduction. In fact,
fragmentation may affect the performance of
specific passive countermeasure types, allowing for
many fragments to pass the structure, suggesting
that this phenomenon should be carefully
considered. This is the case when site conditions
are most susceptible to originate block
fragmentation, including large free fall heights and
brittle rocks.
3.1.1 Modeling
It has been recognized, from a variety of
experimental work and statistical and numerical
modeling, that impact or instantaneous
fragmentation (i.e. as in explosions or collisions)
generates fragments with size distributed
accordingly to a power law (Morohashi et al., 1973;
Grady and Kipp, 1987; Yashima et al., 1987; Ye et
al., 2019a,b). This supports the development of
statistical models which consider the intrinsic
disorder of the fragmentation process and the
extreme variability of the controlling parameters.
These models can be successively introduced in
rockfall simulation codes to model the effect of
fragmentation. Hy-Stone (Crosta et al., 2004, 2006,
Crosta and Agliardi, 2003, 2004; Frattini et al.,
2007, 2012) is an example of an advanced three
dimensional rockfall simulator, that includes two
fragmentation algorithms (Crosta et al., 2008;
Wang et al., 2010) and an advanced elasto-viscoplastic impact model for blocks of different shape
i.e spherical, discoidal, prismatic, ellipsoidic). The
fragmentation model detects fragmentation

conditions based on a fracture energy criterion,
modified after Yashima et al. (1987), developed for
a spherical element, and based on the block
diameter, the Poisson coefficient and the Young
modulus, the unit volume strength, the Weibull’s
coefficient of uniformity to include the effect of the
distribution of Griffith’s cracks. Beyond these
parameters relative to the limit energy value or rock
strength for the computation of fragmentation
energy, other parameters are required for the
generation of fragments (i.e. power law distribution
parameters), the maximum deviation angle on the
horizontal plane and the projection or rebound
angle on the vertical plane. Other coefficients are
required to perform energy redistribution at the
explosion.

Figure 13 Examples of fragment size distributions
generated from different initial block sizes (r) to simulate
successive rock fall propagation after a major fragmenting
impact (Crosta et al., 2008)

A stochastic approach can be applied to simulate
the innate randomness (or disorder) of the process
and to make the model robust. As said above, for
the solution of the fragmentation problem we need
to know the fragment grain size distribution and the
kinetic energy of each fragment after explosion.
The fly rocks or fragments generated at the block
explosion are assumed to be distributed, as
percentage of the total mass, according to the
relationship:
R(d)%= (di/d*)n
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where d* is the diameter of the initial block and di
is a smaller diameter (Wu et al., 2004). Choosing
submultiples of the initial block diameter, R(d) is a
function only of the number of chosen diameter
classes, nf, and the exponent n. Once we obtain the
percentage in weight, we can compute the number
of particles, Ni, for each interval of diameter, i, by
means of a distribution parameter, f:
N𝑖 =

[R(i + 1) − R(i)] 2(𝑛𝑓 + 1)
[
]
1+2∗𝑖
𝑓3

The number of fragments should satisfy mass
conservation and, eventually, the radius of each
particle can be computed. After this step it is
possible to associate a particle size to the various
classes of fragments number. An example of
generated grain size distributions on a log-log plot,
in terms of number of fragments for each value of
the radius, for different sizes of the fragmenting
block is shown in Figure 13.
Starting from the value of total kinetic energy
computed for a block just after the impact and
fragmentation, the total available energy is
redistributed to the fragments by satisfying energy
conservation. Redistribution can be function of
block size and of some controlling parameters,
including both rotational and translational energy.
This influences the velocity of projections after
each explosive impact and requires consideration
of different possibilities of conservation of
momentum. In fact, it is possible for part of the
generated blocks to stop at the impact point
transferring the remaining part of momentum to
other fragments. The launch of fragments, from the
impact and fragmentation point, is stochastically
controlled while checking continuously for energy
conservation.
Figure 14 presents some simulation results in
terms of trajectories and rockfall height, in a raster
format. Each panel in the figure represents the
effect of fragmentation for different size classes of
generated blocks. The results show the effects on
runout, and the spatial scattering of trajectories
velocity and height. This dispersion decreases with
the increase of the fragments (left to right in the
Figure) and suggests the difficulty in protecting
exposed elements from high velocity projectiles,
and the need for the support of mathematical
modeling.

Figure 14 Example of simulation inclusive of the block
fragmentation process calibrated against in-situ test
observations. Results for 5 different block size classes (r,
radius) are shown in terms of local maximum trajectory
height (modified after Frattini et al., 2012).

The fate of very small particles is not considered
in this case being, for single block or fragmental
rockfalls, only a small proportion of the initial mass
and in any case unable to cover large distances and
to generate evident phenomena.
3.2 Extremely energetic rockfalls
As stated above, there are natural conditions
where large unstable rock volumes located high on
steep mountain peaks may detach and move by a
relevant free fall height generating extremely
energetic rockfalls (EER, De Blasio et al., 2017;
Figure 15). High mountain peaks are more and
more frequently affected by detachment of large
unstable volumes (e.g., Noetzli et al., 2007; Gruber
and Haeberli, 2007;.Deline and Ravanel, 2008;
Rabatel et al., 2008; Luethi et al., 2015; Ravanel et
al., 2008, 2017) which range in behavior from the
fragmental rockfall to cliff falls (Whalley, 1974). A
series of examples of such phenomena was
presented by De Blasio et al. (2017) and included
the multiple events of the Piz Cengalo
(Switzerland) and Drus (France), the Happy Isles
EER (Wieczorek, 2000) and other recently
documented events from the European Alps.
Because of the relevant fall height and the
occurrence of a major impact at the cliff base an
enormous amount of energy is available and
instantaneously dissipated (Figure 16). The amount
of available energy at the impact point is
determining the possibility to overcome (i.e. an
energy threshold) the simple damage level (i.e
fracturing)
to
reach
the
instantaneous
fragmentation state (i.e. pulverization or extreme
fragmentation). Assuming an extremely stiff block
and that the loading rate is enormously high, it was
suggested that micro-cracks dominates because of
the very short duration of the loading. On the
contrary, static loading implies the possibility to
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have enough time for the micro-cracks to propagate
and merge into a few major cross-cutting fractures.
Experimental evidence shows that the rock
strength grows with the loading rate both in
compression and tension (e.g. Grady and Kipp,
1987). High loading rate tests (e.g. SHPB tests)
suggest that the number of generated fragments,
their velocity, and the surface energy are directly
correlated to the loading rate. On the contrary, the
ratio between the fragments and the total kinetic
energy decreases with the loading rate. Again, the
possibility to have such a kind of phenomenon
results from the combination of the local
topographic settings and of the falling block
characteristics.
During the rock fall and the impact a part of the
initial potential energy is dissipated by air drag,
seismic waves and soil deformation at the main
impact point (Wieczorek et al., 2000).
Because of the explosive energy released at the
impact, the block is instantaneously broken in small
fragments which are launched at high speed and a
few blocks which generally stop along the talus
(Viero et al., 2013). The expelled particles
accelerate the air at rest producing a shock wave.
The associated overpressure and the dynamic
pressure attained by the ensuing wind can uproot
trees and affect infrastructures located up to several
hundred meters from the impact point (Wieczorek
et al., 2000). The particles expelled at high speed
may scour and penetrate deeply into obstacles,
whereas the finest ones can form as a turbulent
suspension which may blanket large areas (Figure
16).
3.2.1 Energy budget
At impact, the difference between the initial
block potential energy (Eo = mgh) and the dissipated
energy (Ed) is converted into the elastic strain
energy that is stored by the block and if this
overcomes a specific threshold value (i.e.
fragmentation energy, Ef) then fragmentation will
take place. The kinetic energy of the fragments
(residual kinetic energy, Ekf) will be given by the
difference between the elastic strain energy and the
fragmentation energy (De Blasio et al., 2017).
Therefore, the initial fragment kinetic energy is
calculated from the following energy balance:
Ekf = (Eo - Ed) - Ef.

Figure 15 Three examples of recent extremely energetic
rockfalls with impact fragmentation and propagation of a
dense dust cloud. From the upper to the lower photo: 5,000
m3 rock fall at the Cima Pousset, 2017; 50,000 m3 rock fall at
the Mt Civetta, 2013; 5,000 m3 rock fall at Gallivaggio 2017
(see the bell tower and the building in front of the dust cloud
for scale).
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behave in a quasi-rigid way, because of the high
block velocity, and this should cause an increase in
the values of the peak impulsive force and of the
loading rate. By assuming a simplified cylindrical
impact crater it can be shown that the plastic
deformation energy is negligible.
The same is true for the sound dissipation if we
compute it by using the human threshold value for
noise-induced discomfort (1 W/m2) and pain (10
W/m2) over the entire rockfall duration. The
maximum threshold value has never been probably
reached in historical events as by reports of event
witnesses who never mentioned it.
Figure 16 Sketch showing the possible evolution of an
extremely energetic rockfall with main observed features and
consequences, and the involved energy dissipation
mechanisms: air drag, seismic and acoustic waves, plastic
deformation, block fragmentation (modified after De Blasio
et al., 2018).

The dissipated energy, as mentioned above,
results from the cumulative effect of air resistance,
seismic waves, sound and plastic deformation
(Figure 16).
Air resistance causes an energy dissipation equal
to the work done by the air drag force, that is a
function of the block shape (i.e. cross-sectional
area and block air drag coefficient), the air density
and the squared velocity. It can be demonstrated
that the terminal velocity (i.e. when block weight
equals the drag force) of a large block would
require a very long free fall which is not the case
even for high cliffs. Hence the air drag effect will
be small and negligible for a real large EER.
Seismic wave dissipation was evaluated in
different studies (Deparis et al., 2008; Morissey et
al., 1999) and is considered small with respect to
the total energy. By using Gutenberg-Richter
relationship, between magnitude and energy
released during a seismic event, the seismic energy
involved in some large rock falls was estimated (De
Blasio et al., 2017) in about 0.002% of 𝐸0 , a value
similar to those obtained by direct rockfall seismic
shaking.
The net contact pressure at impact can be
estimated by assuming a spherical block and
negligible air resistance, and in this case it results
4
equal to 3 𝜌𝑔𝐻. This expression times the change in
volume of the ground material (i.e. crater
formation) can be used to compute the plastic
deformation energy of the ground material. It can
be stressed that the ground material will probably

Figure 17 Particle size distributions for dust samples collected
at different EER sites and presented in the literature. The
prevalent lithology is described in the legend (modified after
De Blasio et al., 2017).

3.2.2 Grain size distribution
As suggested by field observations and the grain
size curves for dust material samples collected at
different sites (Figure 17), a large amount of very
small fragments is generated and, consequently,
also a large amount of fracture area. Therefore, an
important amount of energy must be consumed in
breaking the bonds within the rock at the mineral
contacts or even within the crystals. This
fragmentation energy controls the generated
surface area of the fragmented rock mass (Crosta et
al., 2007, Hogan et al., 2012) and must be
computed by taking this area into account. Again,
the fragmentation specific energy depends on many
factors that have been mentioned for the shear
zones and single block impacts. In particular,
lithological characteristics can control the final
results, for example the particle size compared to
the crystal size or clast orientation with respect to
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cleavage. This dependence on lithology can be
recognized to some extent in Figure 17, where
slightly different distributions, both in terms of
grain size and of uniformity, can be associated to
different lithologies. Unfortunately, a complete
study of dusts generated by EER events should
include a spatially distributed sampling covering
areas at different distance from the source, to
include the effects of dust settling, topographic
effects, environmental controls and the disturbance
by local conditions both during and after the events.
3.2.3 Fragmentation energy
The fragmentation energy is commonly
computed by employing simplified semi-empirical
strategies (Kick, 1885; von Rittinger, 1867) as by
the proportionality power law introduced by Bond
(1952). This last can overestimate the fracture
energy for very small particles (Rhodes, 1998). De
Blasio et al. (2017) computed the fragmentation
energy, Ef, for a material, starting from a grain size
distribution of the generated fragments (included
between the limits 𝐷𝑚 and 𝐷𝑀 representing the
minimum and maximum fragment sizes,
respectively). From this they computed the total
surface area (Sf) originated by fragmentation. By
using the generated surface area and a power law
𝐷

𝛼

function (𝛾(𝐷) = 𝛾0 ( 0 ) where 𝛾0 is a scale
𝐷
invariant fragmentation specific energy for a grain
of size D0) for the fragmentation specific energy, as
a function of the particle size, they provide an
equation for the total fragmentation energy:
𝐸𝑓 = ∫

𝐷𝑀

𝐷𝑚

𝐷0 𝛼
𝛾0 ( ) 𝑑𝑆𝑓
𝐷

This energy amounts, according to computations
for some of the case studies, to less than 1 to 18%
of the initial potential energy. After fragmentation
an event chain may take place as described above
and in Figure 16, which can have major
consequence on risk assessment.
3.2.4 Post-impact evolution
The generated fragments will travel along ballistic
trajectories with a velocity controlled by gravity
force and air drag force. Since the clast kinetic
energy is proportional to the cube of the particle
size (i.e. the radius for a spherical particle), while
the drag force is proportional to the square, the
effect of the drag force decreases with respect to the
effect of the initial kinetic energy at increasing the

clast radius. Hence, the trajectory length increases
with the clast radius while the absolute value of
velocity tends to an asymptotic value which
depends on the initial clast velocity.
As mentioned, the residual energy and
momentum of the smaller clasts produced by the
fragmentation are transferred to the air. If the
velocity of the particles exceeds the sound velocity
then a shock wave occurs (Morrissey et al., 1999).
Consequently, a strong wind able to transport the
smaller angular fragments can cause a strong
abrasion on vegetation (Viero et al., 2013;
Morrissey et al., 1999; Wieczorek et al., 2000;
Wieczorek, 2002; Bianchi Fasani et al., 2013). De
Blasio et al. (2017) show that for a dynamic
pressure of 1 MPa a particle velocity of about 0.5
km s-1 can be computed.
The two last phases include the propagation,
stratification and settling of the dust cloud. This
cloud initially propagates under the control of the
density difference between the dust cloud and the
ambient air. Successively, it slows down
progressively when gravity action and drag force
tend to become equal. The finest particles can
remain suspended for hours as observed in different
EER events and rock avalanches.
By analyzing a series of historical events, De
Blasio et al. (2017) found that the area of expected
damage (AD, i.e. the area where direct evidence of
damage to structures and vegetation is recorded),
around the main impact location, can be
approximated according to the following
relationship:
0.67

𝐴𝐷 (𝑘𝑚2 ) ≈ 0.28 [𝐸𝑘𝑓 (𝑇𝐽)]
where Ekf is the kinetic energy of fragments in TJ.
This relationship resembles the one proposed by
Carpinteri and Pugno (2002) for transient explosive
phenomena (e.g. nuclear explosions and meteoroid
impacts). This areal extent does not take into
account for the occurrence of secondary
phenomena as the destabilization of material
forming the ground at the impact point or nearby,
which can further contribute to the generation of
fragments and dust by avalanching. As an example
of this complex evolution we can mention the icedebris slide and avalanche triggered at the Piz
Cengalo on August 2017 (De Blasio et al., 2017;
Mergili et al., 2019) as a consequence of a major
cliff fall.
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4 AVALANCHING
Rock and debris avalanches are catastrophic
events typical for their enormous energy and high
velocity (20 m s-1 and 100 ms-1), long runout and
the presence of flow–like features. Their volume is
generally larger than 0.51 Mm3 (Hutchinson,
1988; Hungr et al., 2001; Erismann and Abele,
2001), and can reach up to tens or hundreds of cubic
kilometers, with fall heights ranging from a few
hundreds to a few thousand meters. Nevertheless,
exceptional behavior has been observed also in
case of smaller volumes. These are complex
phenomena occurring under a very broad range of
geological, geomorphological and hydrological
conditions, and have been observed on the Earth
and other planets (e.g. Lucchitta, 1979; Lucas and
Mangeney, 2007; Crosta et al., 2014, 2018a,
2018b). They are often characterized by rapid
detachment and collapse (by sliding and/or falling),
of a preexisting large slope instability, under the
effect of different types of perturbation (e.g.
prolonged and intense rainfall, snowmelt, seismic
shaking) and affect any lithology both in dry and
wet conditions. Even in dry conditions they present
a flow-like behavior and an extreme mobility,
much larger than the one associated to the static
friction angle of the forming material.
Transverse and longitudinal ridges and furrows
are observed on the deposits and at the sides of the
flow where lateral levees can form, as well as the
presence of molards (i.e. small conic mounds, see
for example Morino et al., 2019), providing a
hummocky-like morphology. Other features are the
sharp frontal and lateral margins, super-elevation
on opposing valley slopes and channel bends, large
boulders at the surface and front of the deposit, and
large blocks ejected beyond the limits of the main
deposit (Sosio et al., 2008). The most common
sedimentological characteristics have been
described by many authors for both volcanic (Ui,
1989; Glicken, 1996; Siebert, 2002; Shea and van
Wyk de Vries, 2008) and nonvolcanic events
(Heim, 1932; Strom, 2006; Dufresne et al., 2016;
Crosta et al., 2007; Dunning and Armitage, 2011;
Shugar and Clague, 2011).
The list of main features includes also the:
preservation of the stratigraphic sequence of the
source area (as described by Heim, 1932;
Abdrakhmatov and Strom, 2006; Hewitt et al.,
2008); a poorly defined stratification with
exception for the coarse angular blocks layer

forming the most superficial part (known as
carapace) and more evident in rock avalanches in
hard rocks; the presence of discontinuous finer
intercalated layers and of larger blocks dispersed
within a finer matrix; frequent intensely fractured
blocks of different size, but with fragments still
tightly interlocked and defined jig-saw blocks
(Shreve, 1968; Glicken, 1996) commonly found

Figure 18 Jig-saw block of metric size in a gabbroid rock at
the Val Pola rock avalanche site during excavation of the
deposit. The blocks are characterized by intense cracking but
single elements are still interlocked and can easily stand
without degrading into loose material.

more or less ubiquitously in the deposit (Ui et al.,
1986) suggesting an origin linked to an initial
fracturing; evidence of internal and basal shearing,
this last being more continuous and marked;
multiple subparallel subvertical strike-slip-like
shear zones, suggesting the relative motion
between adjacent portions of the mass; radial like
features at the most extreme part of the frontal lobe;
sedimentary dikes explained by injection of basal
sheared saturated material; the local presence of
melted rock seams (frictionite, formed along the
rocky basal failure surface; Erismann et al., 1977;
Erismann and Abele, 2001; De Blasio and Medici,
2017); Pavoni pipes (Pavoni, 1968; Calhoun and
Clague, 2017), a sort of vertically oriented
chimney-like structures formed by gravel material,
missing sand or silt filling matrix, and interpreted
as fluid expulsion generated. Most of these features
become visible at different locations within the
rock avalanche deposits and are exposed in natural
incisions or at quarry or excavation sites.
The grain size distribution is very broad,
covering the entire range from very large blocks to
nanometric particles (Crosta et al., 2007; Dufresne
et al., 2016; Davies et al., 2019, 2020). Large rock
avalanche deposits are compact and very dense
with an extreme degree of blocks and grains
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interlocking demonstrated by the persistence of
vertical and subvertical high fronts in absence of
any cementation. This does not exclude the
presence of large local voids that are found at
places during drilling through the deposit.
Finally, the grain size distribution for rock
avalanche deposits in different lithologies suggest
a strong difference between volcanic and
nonvolcanic rocks (Crosta et al., 2003, 2007).

that are easily fragmented and comminuted during
shearing, the presence of water or gas, or the degree
of weathering and alteration.
The interaction with the material forming the
ground surface at the base of the moving mass is
extremely important. This material is sheared and
smeared along the basal surface of the rock
avalanche deposits, and it is frequently found
bulldozed and laying in front of the deposit (Hungr
and Evans, 2004; Crosta et al., 2009, 2017, 2018a;
Dufresne et al., 2019), forming multiple ramps and
folds generating a sort of festoon-like arrangement.
4.1 Dynamic fragmentation

Figure 19 Changes in the internal texture and fabric of a rock
avalanche deposit (northern Chile) moving along a
transversal cross section, in the distal part of the deposition
lobe, from the central (axial, upper photo) part to the lateral
part (lower photo). Grain and block sizes changes in a few
hundred meters (photos have approximately the same scale)
and multiple lenses of different colors suggest the deposition
of a lateral levee and the flow of the remaining material. Both
fronts are high, steep and reasonably stable suggesting an
important degree of interlocking and a high density.

This can result from the different characteristics
of volcanic materials including: the finer grain size,
weak bonding, low-strength collapsible particles

As above mentioned, the breccia-like deposits
typical of rock avalanches are represented by finely
crushed rock, with prevalence of matrix material,
with immersed large blocks. The block size of the
source rock mass and the grain size of the deposit
are the two extreme conditions which reflect the
work done by the fragmentation processes.
The mechanisms involved in the rock avalanche
motion and the dynamic disintegration of rock
masses are poorly understood and much has been
written on rock avalanches and dense fast granular
flows (Heim, 1932; Shreve, 1968; Habib, 1976;
Hsu, 1975; Melosh, 1979, 1983; Sassa, 1988;
Erismann, 1977; Davies et al., 1999, 2019;
Erismann and Abele, 2001; Davies and
McSaveney, 2012; Savage and Hutter, 1989, 1991;
Iverson and Vallance, 2001; Iverson and Denlinger,
2001; Denlinger and Iverson, 2001, 2004, 2012;
Iverson et al, 2004; Johnson et al., 2012).
The hypotheses advanced in the literature to
explain the high mobility of rock avalanches
include basal rock melting (Erismann et al., 1977;
Erismann and Abele, 2001; De Blasio and
Elverhøi, 2008), sand fluidization (Hungr and
Evans, 2004), destabilization of loose masses along
the failure plane (Iverson et al., 2011), acoustic
fluidization (Collins and Melosh, 2003), pore fluids
pressurization as water (Hutchinson, 1986; Legros,
2002; De Blasio, 2009) or vapor (Habib, 1975;
Goguel, 1978; De Blasio, 2007), grain segregationinduced friction decrease (Phillips et al., 2006;
Linares-Guerrero et al., 2007), presence of basal ice
or snow cover; dynamic fragmentation (Davies and
McSaveney, 1999; Locat et al., 2006).
The main characteristic of these phenomena
consists in the rapid transformation from a more or
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less coherent mass to a granular flow.
Fragmentation during a rock-avalanche can be
described as a continuous fragmentation, occurring
since the initial release phases (see for example the
Thurwieser rock avalanche; Sosio et al., 2008), and
controlled by factors as the release mode, the
topography of the ground surface, the presence of
obstacles, the presence of underlaying material, the
lithology and the total runout. Fragmentation is an
energy sink but as stated by Davies et al. (2019)
part of the elastic strain energy spent in taking the
grains to breakage could be returned (i.e. recycled)
to the granular mass in form of high frequency
elastic energy.
Continuous
fragmentation
is
generally
described as a process for which generations of
chronological fragment breakups can be identified.
This type of description is relevant and easily
followed in industry applications that require
crushing and grinding of rock fragments. The
mechanisms invoked to explain the progressive
grain size reduction by application of forces are:
comminution, grinding, crushing, fragmentation,
chipping and dynamic fragmentation. All these are
probably occurring in a rock avalanche during its
release, propagation and final deposition that take a
very short time (from few tens of seconds to a few
minutes) even if on runout distances of various
kilometers. Hence, this is the maximum time for the
material to be reworked by flowing and
comminution s.l.. The energy efficiency of the
fragmentation/comminution process is generally
high because of the higher stresses associated to
fast loading, shearing and flow thickness. All these
factors should decrease progressively with time and
spreading.
4.1.1 The Val Pola rock avalanche

The texture and structure within the deposit of
the Val Pola rock avalanche were described by
Crosta et al. (2007) at different locations, both close
to the release slope and up to the furthest upstream
and downstream lobe tips, and at different depths.
The deposit mainly consists of poorly to very
poorly sorted, angular to subangular, bouldery,
cobbly, sandy, fine to coarse pebble gravel. Texture
is either clast- or matrix-supported. Both tightly
interlocking conditions, with frequent clast
contacts, and loosely interlocking were observed.
Gravel, coarse blocks and few decametric mega
blocks prevail at the surface and toe of the slope,

around the valley central axis and at the most distal
downstream tip of the deposit. Large blocks were
found both rounded and angular and some showed
a jigsaw fabric. Inverse grading is observed mainly
in uppermost and outermost sectors, with
discontinuous and irregular layering.
Ridges and furrows parallel to the valley axis
were visible, locally disturbed by secondary
landslides within the main deposit and partially
attributed to fall back of material or to the pushing
action from the rear part of the moving landslide
(Crosta et al., 2007). Alluvial and lacustrine
sediments were scoured from the valley bottom and
found at the fringe and within the deposit. Beyond
this fringe, trees were found uprooted and laying in
the direction of flow, up to some tens of meters
from the front of the deposition lobes. The
repetition of different sedimentary facies with
thinner coarse and thicker fine layers was observed
at a meso-scale and by drilling through the deposit.
The deposit was studied by collecting at the
surface 61 samples (from 6 kg to 20.000 kg); 4
within the source scar; 109 at different depth from
within 33 boreholes; 8 samples from vertical cuts.
Blocks, with mean values of 2  5 meters, and
gravels were generally more abundant at the
surface of the deposit, covering from 8 to 95% of
the surface, especially in the valley bottom. Finer
particles were less than 10% in 52 samples. Finer
material increased with depth and more rapidly in
the upper few meters and then close to the basal
surface.
The downward fining was recognized from grain
size curves (Figure 20 and Figure 21) and a slight
decrease in grain size was recognized at different
sites moving toward the deposit most distant tip
(Figure 21). The samples become progressively
more well graded with both depth and distance
from the source, where the deposits are coarser and
more uniform. The change in gradation of the
deposit was described through the coefficient of
uniformity (D60/D10) showing a strong increase
from the upper carapace to the main body of the
deposit. This trend was supported also by the
hydraulic conductivity measurements carried out at
different depths within the deposit (Crosta et al.,
2011; Figure 22). The inverse relationships could
result from the fining downward grain size as well
as by the larger degree of compaction of the
material at larger depth. The dispersion of the data
is explained by the extreme variability of the
material within the rock avalanche deposit.
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Figure 20 Grain size distributions for the Val Pola rock
avalanche (Italy, Central Alps). The represented curves are
the ones (within each depth interval shown in the legend) with
the largest content of finer particles. The full set of grain size
distribution curves can be found in Crosta et al. (2007). Thick
continuous lines represent the grain size for material
deposited within the source scar. A broad trend toward more
well graded and finer materials is observed.

The fragmentation energy, computed through
various physical and empirical approaches, ranged
between less than 1% and 30% of the initial
potential energy. This amount sums to give the
energy budget which should include energy spent
by internal friction and basal friction, ground and
air vibration (i.e. acoustic) energy, and the energy
released during fragmentation and partially
isotropically redistributed into the mass.
Different models give different results for the
average observed fractal dimension (D=2.75), with
some results even larger than the available potential
energy. Models based on the fracture toughness
result in lower energy values preserving most of the
potential energy. This was explained by Crosta et
al. (2007) considering that scale independence of
the rock strength and deformability, on both the
fragment size and the loading rate, was assumed.
The disintegration of the material started
immediately after the collapse, as suggested by
Figure 20 and Figure 21, and it was more
influenced by depth than by position along the
deposition path, apart for the initial phases.
The fragmentation is a function of depth but the
difference is not so marked considering the
relatively limited thickness (i.e. stress) of the
moving mass. This suggests that the same
processes are at work a few meters below the flow
surface (i.e. below the carapace), within the mass
and at its base.

Figure 21 Grain size distributions for the Val Pola rock
avalanche (Italy, Central Alps). Curves pertain to the more
well graded samples collected at different depths (increasing
in the arrow direction of the legend) within the frontal part
(i.e. deposited along the opposite valley flank with respect to
the source area, empty symbols) and the more distal lobe (i.e.
downstream along the main valley bottom, full symbols) of
the Val Pola rock avalanche. Full set of grain size distribution
curves can be found in Crosta et al., (2007). A slight trend
toward more well graded and finer materials is observed with
depth and distance.

Figure 22 Hydraulic conductivity vs depth plot for the 79 in
situ measurements performed within the Val Pola rock
avalanche deposit. Tests were carried out by pit infiltrometric
tests, borehole and a few tracer tests (after Crosta et al., 2011).

This is possible if we exclude any vertical
mixing and suggests that the grain size reduction is
occurring under very similar conditions.
On 2011 the dataset was expanded by measuring
blocks size and frequency during the excavation of
about 4 million of cubic meters of material (Crosta
and Frattini, 2011), through 36 stratigraphic logs,
destruction drilling (total length of about 36 km),
creation of an artificial exposure, along a sheet pile
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wall, for a total area of about 7000 m2, and a series
of large scale in situ density tests. Blocks were
angular to sub-rounded in shape and about 3% of
the total excavated volume (4 millions of m3) was
formed by block in the 0.3-3 m size range.

Figure 23 Front of a micropile sheet wall with reinforced
concrete beams and anchoring during the excavation of the
Val Pola rock avalanche deposit in 2011. The meso-scale
texture and fabric of the deposit are well visible and support
the idea of a block (grain)-supported fabric in large sectors of
the frontal lobe.

4.2 Modeling
As mentioned above, many different processes
are active during the rock avalanche emplacement
and the idea that a single mechanism could explain
the deposit properties and the large mobility of rock
avalanches is not realistic. The dependence of
fragmentation on stress level (depth) and shear rate
has been cited above. Many evidence show, for
example, the relevance of the properties (e.g.
density, collapsibility, degree of saturation,
permeability) of the material forming the ground
surface As a consequence many different modeling
efforts have been spent to isolate the different
contributions and to understand the role in
controlling fragmentation, the final grain size
distribution and the excess mobility. Among these
processes we can list: block-block impact, highenergy boulder impact after ballistic flight, shear
chipping of block surface, shock-wave propagation
inside the moving mass, elastic strain energy
recycling.
According to many authors, short-lived force
chains should play a pivotal role in fragmentation
(Mueth et al., 1998; Kafui and Thornton, 2000;
Davies and McSaveney, 2009; Tordesillas et al.,
2010; Tordesillas et al., 2014). Grains aligned into
the dense material to form a force chain may be

subjected to intense compressive stresses and,
consequently, are the most likely to break
[McDowell and Bolton, 1998] and this can be
favored by an undulating topography or other
topographic disturbances (De Blasio, 2011b; De
Blasio and Crosta, 2013; Wang et al., 2015).
Experimental work (Haug et al., 2014] for simple
test settings, consisting in a smooth biplanar
geometry and a block sliding on it and impacting at
the sharp break does not show any increase in the
runout of the center of mass during fragmentation.
This simplified geometry is not fully realistic but
exemplifies the profiles of many rock avalanches
(Crosta et al., 2017). As discussed by Zhao et al.
(2017, 2018) this is the case of a limited
instantaneous fragmentation which could simulate
only one of the processes occurring during a rock
avalanche propagation, and in particular could lead
to the initial fragmentation of a mass, initially
divided in a limited number of sub-elements.
Nevertheless, centrifuge experiments with a similar
geometry (Bowman et al., 2012) showed that
runout increases when fragmentation of coal blocks
occurs at slope break, whereas if material is
initially already highly fragmented or loose no
evidence of an anomalous runout distance is
observed.
Adopted modeling approaches include, for
example, DEM (Cleary and Campbell, 1993;
Calvetti et al., 2000; Taboada and Estrada, 2009;
Utili et al., 2015; Zhao et al., 2017, 2018), SPH
(McDougall and Hungr, 2004; Pastor et al., 2014),
PFEM (Cremonesi et al., 2011; Salazar et al.,
2016), FEM-ALE (Crosta et al., 2005, 2006, 2008,
2009) and MPM (Yerro et al., 2016; Ceccato et al.,
2018) approaches. For numerical modeling of rock
avalanches, the discrete element method (DEM)
(Cundall and Strack, 1979) has been widely used
(Calvetti et al., 2000; Taboada and Estrada, 2009;
Boon et al., 2014; Zhao et al., 2015, 2016) and it
allows to more easily introduce fragmentation.
DEM models allow to simulate the presence of
bonding between particles. For example, Zhao et al
(2017; Figure 24) adopted this approach to simulate
an assembly of particles cemented through the
parallel bond model (Potyondy and Cundall, 2004)
including the effects of normal and shear bonding
forces and of the bending and twisting torques.
Bond breakages in the simulations are assumed to
be brittle (i.e., bond breakage occurs as soon as the
bond strength capacity is exceeded) and after
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breakage the particles interact according to a linear
elastic spring contact model.

Figure 24 Plan view of the fragments position for DEM
simulations along the horizontal sector of a bilinear profile at
varying the slope angle of the inclined part (not visible in the
plan view) of the profile (after Zhao et al., 2017). Initial
arrangement of the blocks is represented in the upper frame
for each slope angle model. These block reconstruction shows
the increasing fragmentation of the block frontal part.

Starting from the experimental work of Haug et
al. (2014) and Bowman et al. (2012), Zhao et al.
(2017, 2018) developed a numerical model of a
cohesive (i.e. bonded) mass released along a steep
inclined sliding plane, of variable inclination (40°
to 90°). The block collided onto a flat horizontal
plane under an enhanced gravitational acceleration
of 200 g to mimic the centrifuge loading conditions
as in Bowman et al. (2012). In Figure 24 the results
of a series of DEM simulations for a single block
made of bonded particles are presented (Zhao et al.,
2017). These simulations show, for a simple slope
and block geometry, the effect of the impact at the
sharp slope break. Increasing the slope angle most
of the mass stops close to the break point as the
smoothness of the transition between the inclined
and horizontal portions of the slope significantly
affects both the block deceleration and the stress
distribution within it. The damage ratio of the block
(i.e. the number of broken particle bonds with
respect to the total initial number of bonds)
increases with the slope angle. At larger slope
angles most of the blocks stop close to the break
point causing a sort of barrier effect with respect to
smaller elements generated at the rear part of the

blocks. At gentler angles some large blocks move
at the slide front and actually restrain the spreading
of the smaller particles (grey dots in Figure 24).
These experiments do not reach the dense
granular flow state typical of a large rock avalanche
but provide a first insight on collision
fragmentation. It can be stressed that the same
decreasing runout trend was observed in
experiments on loose materials (Figure 25) released
on the same slope geometry by Crosta et al. (2016).
The results of the numerical simulations (Zhao et
al., 2017), small scale granular flow experiments
(Crosta et al., 2017) and rock avalanche deposits
are reported in Figure 26 and compared with the
simplified model proposed by Crosta et al. (2017)
for calculation of the H/L versus slope angle.

Figure 25 Dense granular flow evolution as a function of
slope angle. Lines in each plot represent the change of the
profile of the mass with time. Drop height is changing with
the slope angle being the release zone fixed on the sloping
part of the profile. Backward (i.e. uphill) and frontward (i.e.
downward) evolution is evident at changing the slope angle.

Figure 26 Plot of the apparent friction coefficient (H/L, see
inset for explanation) vs the slope angle from DEM numerical
results (Zhao et al., 2016) compared to experimental (see
example in Figure 25) and real rock avalanche data and to the
equation proposed by Crosta et al. (2016) (data from Cox et
al., 2008; de Vilder et al., 2019 are also added).
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Figure 27 Nominal fragment size (d) and fragment number
(N) as a function of the impact loading strain rate (after Zhao
et al., 2017) for DEM numerical models of a block sliding on
a slope and hitting an horizontal plane at the slope break.

The increase in the slope angle increases the
strain rate at impact and Figure 27 shows that there
is a dependence of fragments number and size on
the loading strain rate (defined as the ratio between
the vertical velocity component and the length of
the block in the direction of motion). Simulations
also show the dependence of peak strength and of
fragment size on the loading rate as experimentally
observed in different tests on different materials
(e.g. Grady and Kipp, 1987). The elastic waves
induced at the impact point were analyzed in Zhao
et al. (2017) for multi-block elements, showing the
damping effect associated to the presence of joints
and weak intercalations. The blocks or portions of
blocks most affected by the impact are the frontal
ones where a momentum boost is recognized.
5 DISCUSSION
Comminution,
grinding,
breakage,
fragmentation are examples of terms adopted to
describe mechanisms acting during some natural
and technological processes, and that contribute to
change the material properties and behavior. Grain
size distributions are the simplest and most direct
tool for describing the process evolution. In this
contribution a short and incomplete review was
tried to show the role of fragmentation, sensu latu,
in rock slides, falls and avalanches. Rock sliding
proceeds from micro-cracks opening, asperity

shearing, wearing, or the exploitation of preexisting
weak layers or material. These processes bring to
the formation of shear zones. The shear zones
characteristics control the landslide evolution with
a continuous feedback mechanism. Breakage
causes dilatancy and facilitates groundwater flow,
percolation, changes of effective stress, alteration
of the parent rocks. All these facilitate
displacement and this could favor strain
localization, and a change in the mechanical
behavior both in time and space. In very deepseated landslides this could bring to the differential
activation of failure surfaces located at different
depths. More mature or evoluted shear zones are
generally formed by different portions with
different grain sizes and generally with more
abundant fines. In conditions where granular
particles are more rounded and with a lower
interparticle friction coefficient a larger
distribution of active force chains occurs, due to the
need for the load to be redistributed through a larger
number of weaker contacts.
In general, at many landslide sites we observe
both creeping at extremely low or absent pore
pressures and complete stoppage, with reactivation
related to phases with a pore pressure increase.
Observations of fragmentation in rock falls
suggests that the elastic behavior and the strength
of the falling block control, together with the
motion characters, the result of the fragmentation
(Wu et al., 2004; Shen et al., 2017; Ye et al., 2019a,
b). Intact elastic rock blocks can fragment releasing
fragments at high speed or pulverize generating a
dust cloud. Similar dense dust clouds generated by
rock avalanches move together with the avalanche
to detach completely when the material stops. In
rock
avalanches
more
mechanisms
act
contemporaneously.
As stated above, we expect that the grain size
characteristics should be function of the
phenomenon and the inherent mechanisms. Hence,
the comparison of some grain size data can help us
raise some interesting points. Figure 28 compares
some of the available data that have been presented
separately (Figure 5, Figure 10, Figure 11, Figure
17, Figure 20 and Figure 21). It can be noticed that
a certain difference exists among the grain size
distributions of the finer materials collected at the
sites of a deep seated shear zone, an extremely
energetic rockfall and a rock avalanche deposit.
In general, EERs are characterized by more
uniform grain size distributions. This is expected if
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we consider that the EER phenomena fragment the
rock material down to or even below the crystal or
particle size of the parent rock. This is partially
supported by the effect of lithology on the final dust
grain size (see differences in Figure 17 between
limestone, dolostones and granitoid rocks).
On the other side, rock slide shear zones are
constrained between the basal bedrock and the
landslide material. In deep seated phenomena the
applied stress is high and the shear is relatively
localized. For very large mature deep seated
rockslides, the displacements can amount to
hundreds of meters so shearing, grinding, chipping
and grain breakage can occur with continuity.
Mature and more evoluted landslides are
characterized by well graded and finer shear zones
with respect to immature rockslides (see Figure 5
and Figure 28). Even if only relatively few data are
reported, it can be noticed that the grain size
distributions are well graded with a relatively high
percentage of fines. Beyond a certain amount of
fine material generated within the shear zone
localization can occur and even slickensided
surfaces are found. Some of these phenomena can
last for extremely long times and weathering of the
shear zone material can occur producing finer clay
particles.
Rock avalanche samples (for the Val Pola case
study, Figure 20, Figure 21 and Figure 28) are
disuniform and we saw the dependence on depth
(i.e. applied stress level) and distance from the
source area. The grain size distributions lays below
those for EERs and mature rockslide shear zones.
The material close to the source area of the same
rock avalanche is coarser and more uniform. The
difference between the two sets of curves (as in
Hardin, 1985, Einav, 2007) could be representative
of the fragmentation intensity.
Concerning the effects of the environmental
conditions under which the rock avalanche events
occur, it is possible to draw some preliminary
observations. Starting from the plot in Figure 28 a
comparison of the Val Pola grain size distributions
with those for two rock avalanches in glaciated
areas is performed. This is shown in Figure 29 by
plotting grain size curves for the Black Rapids and
the Sherman glacier rock avalanches (Shugar and
Clague, 2011). The same behavior is observed by
plotting data for other rock avalanches in glaciated
environments (1991 Brenva rock fall-avalanche,
Barla and Barla, 2001; 1936 Felik rock fallavalanche, Bottino et al., 2002; Thurwieser, Sosio

et al., 2008; Frattini et al., 2016, Mt. Cook,
McSaveney, 2002) for which samples have been
collected or data published in the literature.

Figure 28 Comparison among the lower and upper limiting
grain size distribution curves for some of the above described
cases: mature (evoluted, EvDS) and immature (poorly
evoluted, PEvDS) deep seated sliding, Val Pola rock
avalanche deposits (in the source scar and main deposit) and
extremely energetic rockfall (EER) dusts.

Interestingly, notwithstanding the differences in
lithology (e.g. Val Pola: gabbro-dioritic rock,
Black Rapids: granitoid rocks; Sherman Glacier:
sandstone and argillite), water content, presence of
an opposite valley flank constraining the flow, and
of alluvial material at the base, all the grain size
curves for the rock avalanches spreading on ice fall
within the limits of the Val Pola and other rock
avalanches (Figure 29). Rock avalanches moving
on ice are generally characterized by a very limited
thickness (e.g. Sherman glacier: 1.7 m; Black
Rapids 2-3 m; see also Deline et al., 2015) and
consequently a low acting normal stress. This
should maintain the grain size curves closer to the
lower limit recorded for the “dry” rock avalanches
as shown for the most superficial (below the
carapace, 0-1 m and 1-5 m depth intervals in Figure
20) grain size curves plotted in Figure 20 and
Figure 20 for the Val Pola event. Then for
superficial materials, both in dry and glacial rock
avalanches, the grain size distributions are similar
suggesting a similar evolution during motion.
In general, rock avalanches spreading on glaciers
show slightly more poorly graded grain size
distributions. Anyway, the similarity in the
distributions seems to suggest that the same
mechanisms are acting in the two different
environments. Moreover, it is often assumed and
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experimentally observed that in case of a very weak
basal material most of the shearing occurs at the
contact with this material, with minimum shearing
inside the mass. Experimental work (Schneider et
al., 2011) also showed a decrease in friction
coefficient for mixtures of ice and rock fragments
(a 12.5% reduction of the basal friction angle was
observed for every 10% increase in ice content),
and field observations show the mixing between
the two phases, with snow and ice forming from 10
to 50% of the deposit, but sometimes reaching
much higher percentages (Yamasaki et al., 2014;
Dufresne et al., 2019). This could influence the
shear localization as well as the contact among the
fragments, decreasing the effects of grinding,
shearing, comminution and fragmentation. The
effect on deposit grain size of a longer runout for
rock avalanche in glaciated environments with
respect to dry events, should be examined. Finally,
for this family of phenomena it must be taken into
account the possible action of water in removing
the finest particles from some of the deposits,
especially considering their limited thickness,

Figure 29 Comparison of the same phenomena as in Figure
28 with the grain size distribution curves for two rock
avalanches on glaciers (Black Rapids and Sherman Glacier,
Shugar and Clague, 2011). Notice the superposition between
the Val Pola grain size limiting distributions and those for the
rock avalanche on glaciers. Same behavior was observed for
grain size distributions relative to other rock avalanche in
glaciated environments.

6 CONCLUSIONS
This contribution examines those processes which
more commonly involve breakage of the rock
material affected by the landslide phenomenon. In

particular the attention is pointed to those processes
which cause breakage and a reduction in grain size
(e.g. sliding, impacting, fragmentation and
comminution s.l.). It is interesting to note the
similitudes among these phenomena and the
possibility to use some common approaches in their
description. The grain size curves help us at
explaining some of the mechanism, to advance
hypotheses, but also suggest that no simple
explanation exists and that many points still remain
controversial. The degree of fragmentation, as
described by grain size distributions, for rock
avalanches in “dry” and glaciated terrains shows
some similarities notwithstanding the different
composition and general characteristics.
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