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A B S T R A C T

Rockfall fragmentation can play an important role in hazard studies and the design of protective measures. 
However, the current lack of modeling tools that incorporate rock fragmentation mechanics is a limitation to 
enhancing studies and design. This research investigates the fragmentation patterns of rockfalls and analyzes the 
resulting distribution of fragment sizes within corresponding rockfall deposits. We focus on small rock fragments, 
which provide insights into the dynamics of the rockfall event and can be used as input for numerical modeling. 
We analyzed multiple rockfall events from locations worldwide, each exhibiting different degrees of fragmen-
tation. Using image analysis techniques, we mapped all visible blocks, determined their volumes, and measured 
the distances they travelled from the initial point of impact. A key finding is the identification of three indicators 
of fragmentation. First, in cases where fragmentation was largely absent, we observed a trend of increasing block 
size with distance from the impact point or source area, which aligns with previously published findings. 
However, for energetic rockfall events characterized by intense fragmentation, we observed that small fragments 
exhibited longer travel distances compared to larger fragments. This distinction allowed us to differentiate blocks 
primarily resulting from the disaggregation process from those primarily resulting from dynamic fragmentation, 
with implications for rockfall mobility. Second, although the size distribution of rockfall deposits exhibits a 
power-law scaling for volumes larger than a minimum size threshold corresponding to a rollover of the distri-
bution, in some case studies a deviation from power-law scaling is observed, indicating a process of larger block 
comminution due to fragmentation. Third, we found that rockfalls with fragmentation experience reduced 
mobility, indicated by higher reach angles, and higher lateral dispersion showing a wider distribution of tra-
jectories. We interpret these findings as being directly related to the energy-consuming nature of fragmentation, 
which prevents farther deposition of fragmented rock blocks.

1. Introduction

Rockfall events pose considerable risks to infrastructure and human 
safety, thus requiring the implementation of effective rockfall protection 
measures or other risk mitigation strategies. Understanding the behavior 
and characteristics of rockfalls is crucial for the design and planning of 
such protective measures (Agliardi et al., 2009; Volkwein et al., 2009; 
Lanfranconi et al., 2023). When stiff and strong rock blocks impact a 
hard substrate or other blocks of comparable size they may either 
disaggregate into smaller blocks delimited by pre-existing or latent 
discontinuities in the initial mass (Corominas et al., 2012; Ruiz-Carulla 

et al., 2018) or undergo explosive dynamic fragmentation when the 
involved energy exceeds a threshold (Crosta et al., 2015; De Blasio et al., 
2018;). In both cases, the resulting rock fragments propagate downslope 
following trajectories with different dynamics compared to intact source 
blocks (Collins et al., 2022). This poses a substantial challenge for nu-
merical modeling of rockfall propagation (Crosta et al., 2004; Frattini 
et al., 2012; Matas et al., 2017; Ruiz-Carulla et al., 2018; Sala et al., 
2019).

In this paper, we analyze seven rockfall case studies, each presenting 
varying volumes, detachment mechanisms, energy levels, and geological 
and morphological settings. Rockfalls, as defined by Hungr et al. (2014), 
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involve the detachment, fall, rolling, and bouncing of rock fragments. 
These events may occur individually or in clusters. Despite potential 
variability in size and scale, the defining characteristic of rockfalls lies in 
the minimal dynamic interaction between the most mobile fragments, 
which primarily interact with the substrate. Whalley (1974) introduced 
a size-dependent terminology, wherein debris fall, boulder fall, and 
block fall are individual events with volumes less than 100 m3. As for 
rock avalanches, these are further distinguished from rockfalls based on 
a mechanical division;. Hungr et al. (2014), characterize avalanches as 
granular flows, suggesting that rock avalanches may originate as rock-
falls but possess sufficient energy or fragmentation potential to transi-
tion into granular flows. Despite differences in size and energy levels 
among the case studies analyzed here, they are all categorized as rock-
falls. While some events involve large volumes and energies, the clas-
sification remains consistent.

One question addressed by this study is whether rockfall fragmen-
tation should be considered an energy-consuming process (Crosta et al., 
2007; De Blasio and Crosta, 2015; De Blasio et al., 2018), or alterna-
tively if fragmentation can enhance mobility (Jin et al., 2023) and 
lateral dispersion of the trajectories (Azzoni et al., 1995; Evans and 
Hungr, 1993; Crosta and Agliardi, 2004; Jaboyedoff et al., 2005). A 
second question is how dependent on contributing physical processes is 
characterization of rockfall block size distribution. This block size dis-
tribution exhibits nearly linear behavior in log-log space for volumes 
larger than case-specific thresholds (Dussauge et al., 2003; Malamud 
et al., 2004), whereas a downward deviation from linearity is observed 
for smaller volumes, indicating a censoring effect (Dussauge et al., 2003; 
Strunden et al., 2015). The cutoff volume is usually manually selected 
and guided by the shape of the distribution. Subsequently, a power-law 
distribution is fitted to the observed cumulative volume distribution. 
The block size distribution parameter is critical in assessing the hazard 
associated with rockfall events, as block size influences the detachment 
frequency (i.e., the larger the block, the smaller the frequency) and the 
kinetic energy (i.e., the larger the block, the higher the kinetic energy) 
(Hungr et al., 2014; Lari et al., 2014; Wang et al., 2014), the latter of 
which can entirely govern the proper selection of mitigation methods 
and forest protection efficiency (Lanfranconi et al., 2020). Knowledge of 
the block size distribution can be used to design protective structures, 
such as barriers and containment nets, that must be adequately sized to 
withstand falls of different block sizes (Dussauge-Peisser et al., 2002; 
Dussauge et al., 2003; Malamud et al., 2004; Lari et al., 2014; Crosta 
et al., 2015; Corominas et al., 2017a, 2017b; De Biagi et al., 2017). A 
characterization of the block size distribution requires a multi-scale 
method, which includes uncrewed aerial vehicle (UAV) high- 
resolution imagery (Carbonneau et al., 2005; Woodget and Austrums, 
2017), integrated by field survey activities (Ruiz-Carulla et al., 2015).

This study aims to advance our understanding of rockfall events 
through detailed deposit characterization and the exploration of frag-
mentation indicators in frequency volume distributions. The focus is on 
analyzing rockfall deposits to study the distribution of blocks in the 
deposit containing the majority of the volume (main deposit) and the 
behavior of small fragments both within and outside of the main deposit. 
By investigating fragmentation patterns through the block size distri-
bution and comparing it with the main deposit's distribution, our study 
aims to identify potentially different and distinct fragmentation behav-
iors. Additionally, we explore rockfall mobility using the mobility index 
H/L, also known as the “Fahrböschung” angle (Heim, 1932), travel angle 
(Cruden and Varnes, 1996), reach angle (Corominas, 1996), and travel 
distance angle (Hunter and Fell, 2003) among others. Here, H refers to 
the fall height and L refers to the horizontal length of the landslide. The 
H/L ratio is equivalent to the arctangent of the dipping of the line 
connecting the rockfall source (scar) to the most distant fallen rock block 
of a rockfall, and is a straightforward variable for characterizing land-
slide mobility (Crosta et al., 2018). Along with the mobility index, we 
have explored rockfall mobility through its angular representation 
(reach angle) and lateral dispersion (Crosta and Agliardi, 2004) to assess 

whether rockfall fragmentation enhances mobility or acts as an 
energy-consuming process, with a higher lateral dispersion indicating 
greater mobility in fragmented rockfalls. The findings from this study 
aim to enhance understanding of fragmentation to support realistic 
numerical simulations of rockfall runout, the assessment of risk from 
rockfalls, and the design of effective protection structures.

2. Case studies

We studied seven rockfall case studies characterized by differences in 
volumes involved, lithology, soil morphology at the impact site, and fall 
height (Table 1, Fig. 1). Four of the rockfalls are located in northern 
Italy: Villeneuve (45◦42′02.8”N 7◦12′29.9″E) and Saint-Oyen 
(45◦48′59.0”N 7◦12′21.0″E) in the Aosta Valley region (western Italian 
Alps), and Novate Mezzola (46◦13′35.4”N 9◦27′20.9″E) and Gallivaggio 
(46◦21′46.8”N 9◦22′08.2″E) in the Lombardy region (central Italian 
Alps). Another case study is located in Carcavos, in the Spanish mu-
nicipality of Ayna (38◦32′36.5”N 2◦07′46.4”W) within the Sierra de 
Alcaraz domain. The remaining two case studies are the Parkline 
(37◦40′47.5”N 119◦44′54.9”W) and El Capitan rockfalls (37◦43′50.4”N 
119◦37′33.5”W) in Yosemite National Park, California (USA), within the 
west-central portion of the Sierra Nevada batholith. These rockfalls 
capture different detachment mechanisms, energy levels, geological and 
morphological settings, and volumes, which provides a robust suite of 
case studies for exploration of fragmentation effects. Moreover, 
eyewitness observations of some events are available to testify as to 
whether or not a dynamic fractionation phenomenon has occurred.

In the Villeneuve case study (Italy, Fig. 1), approximately 650 m3 of 
carbonate-silicate schist belonging to the Gran San Bernardo nappe 
(Penninic domain) detached during the night of 27 December 2019, 
destroying a rockfall barrier constructed in the late 1990s. A total vol-
ume of 15–20 m3 reached the buildings at the foot of the slope without 
causing casualties. Most of the material stopped along the slope in a 

Table 1 
Summary data on rockfall case studies. [ITA = Italy, ES = Spain, USA = United 
States of America].

Rockfall 
event

Year 
of the 
event

Volume 
[m3]

Free 
fall 
height 
[m]

Lithology Eyewitness of 
dynamic 
fragmentation

Villeneuve 
(ITA)

2019 650 15 carbonate- 
silicate 
schist

Not available1

Saint-Oyen 
(ITA)

2020 17,500 50 micaschists Available – no 
fragmentation1

Càrcavos 
(ES)

2018 260 85 limestone Available – no 
fragmentation2

Parkline 
(USA)

2017 650 125 tonalite Not available3

El Capitan 
(USA)

2017 9811 460 granite Available 
–fragmentation4

Novate 
Mezzola 
(ITA)

2021 1080 270 granite Not available1

Gallivaggio 
(ITA)

2018 7400 475 orthogneiss Available – 
fragmentation5

1 P. Frattini, Università degli Studi di Milano Bicocca, Italy, written commu-
nication, 2024.

2 Gallo, I. G., Martínez-Corbella, M., Sarro, R., Iovine, G., López-Vinielles, J., 
Hérnandez, M., Robustelli, G., Mateos, R. M., & García-Davalillo, J. C. (2021). 
An integration of UAV-based photogrammetry and 3D modeling for rockfall 
hazard assessment: the Cárcavos case in 2018 (Spain). Remote Sensing, 13(17), 
3450.

3 NPS (2024)3.
4 Stock, G. M., Guerin, A., Avdievitch, N., Collins, B. D., & Jaboyedoff, M. 

(2018). Rapid 3-D analysis of rockfalls. GSA Today, 28(8), 28–29.
5 G. Crosta, Università degli Studi di Milano Bicocca, Italy, written commu-

nication, 2024.
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generally stable condition. No eyewitness accounts of the events are 
available (P. Frattini, Università degli Studi di Milano Bicocca, Italy, 
written communication, Frattini et al., 2012).

In the Saint-Oyen case study, about 17,500 m3 of Ruitor micaschist 
(Gran San Bernardo nappe) detached in March 2020, and reached a 
service road and playing field in the lower part of the slope, passing 
through a mature fir forest. No injuries were reported (Lanfranconi 
et al., 2023). Eyewitness accounts of the event exclude the occurrence of 
dynamic fragmentation (Lanfranconi et al., 2023).

Cárcavos is located in the south of the Albacete province, in the 
Castilla-La Mancha region of Spain (Fig. 1). The area is in the Sierra de 

Alcaraz, in the external zone of the Betic Cordillera (Fallot, 1948). The 
rockfall event that occurred on 17 November 2018, originated at the 
uppermost portion of a sub-vertical limestone cliff about 80 m high and 
involved a single 260 m3 block. Due to impact, the block broke into more 
than 600 boulders of various sizes, damaging some infrastructure (Gallo 
et al., 2021). Eyewitness accounts of the event exclude the occurrence of 
dynamic fragmentation.

The 650 m3 Parkline rockfall event (NPS, 2024) occurred in Cali-
fornia, USA on 12 June 2017 when large exfoliation sheets of Bass Lake 
Tonalite detached from the cliff (Fig. 1). The rockfall source was located 
about 120 m above the cliff base and 180 m above El Portal Road, which 

Fig. 1. Location of the rockfalls: A) Lombardy and Aosta Valley (Italy), B) Albacete province (Spain), C) Yosemite Valley (California, USA). The shaded relief images 
were obtained from EU-DEM (2016) for panel A), provided by IGME (2024), Spain for panel B), and provided by U.S. National Park Service (Quantum Spatial, 2020) 
for panel C).

Fig. 2. Photograph of the 28 September 2017 rockfall from the southeast face of El Capitan in Yosemite Valley (photograph by Brian Degenhardt, used with 
permission). The huge dust cloud indicates the occurrence of fragmentation during the event.
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provides a main entrance to Yosemite National Park. Rockfall debris slid 
down the cliff, hit a ledge, broke into many pieces and spread over 300 
m, eventually reaching the Merced River below. Of the total volume of 
material that fell from the cliff, roughly 30 % landed on the El Portal 
Road, covering the road under 5–6 m of material for a linear distance of 
about 50 m. Most of the rock debris resulting from this rockfall was 
deposited along the slope above the road with the remainder located 
below the road. No eyewitness accounts of the events are available.

The 900 m tall southeast face of El Capitan (Fig. 1) also in Yosemite 
National Park, California, USA is composed predominantly of El Capitan 
Granite. On 27 September 2017 a series of seven rockfalls totaling 453 
m3 detached from 230 m up the southeast face of El Capitan, killing one 
person and seriously injuring another (Stock et al., 2018). The following 
day, a much larger rockfall (9811 m3) occurred from the same location 
(Fig. 2). A massive slab fell from just above the previous day's rockfalls, 
fragmenting on impact and generating a large dust cloud. A rock frag-
ment struck a vehicle, puncturing the sunroof and injuring the driver 
(Stock et al., 2018; Guerin et al., 2020). Eyewitness accounts confirm the 
occurrence of dynamic fragmentation evidenced by the formation of a 
dust cloud (Fig. 2). The presented analyses on fragmentation focus on 
the larger 28 September 2017 rockfall.

The Novate Mezzola village (Italy), located at the foot of Mount 
Avedèe, is bordered by a 500 m high cliff composed of Novate granite. In 
January 2021, 1080 m3 of rock detached at an altitude of about 550 m a. 
s.l. Most of the material stopped at the foot of the slope and on the cliff at 
an elevation between 430 and 410 m a.s.l., due to the presence of a large 
ledge. Remaining rock blocks went over a protection embankment at the 
cliff foot, with some traveling far enough to damage houses located at a 
distance of 250–300 m from the base of the cliff. No eyewitness accounts 
of the events are available (P. Frattini, Università degli Studi di Milano 
Bicocca, Italy, written communication, Frattini et al., 2012).

The 600 m high Gallivaggio cliff (Italy) consists of a strong, stiff 
mylonitic orthogneiss (Truzzo granite) belonging to the Permian Truzzo 
pluton. On 29 May 2018, a major rockfall reached and damaged the 16th 
century sanctuary and surrounding buildings located at the cliff base, 
after passing an 8-m-high embankment and 5-m-high elasto-plastic 
retaining nets at the foot of the slope. The total involved volume was 
estimated between 6700 m3 (Dei Cas et al., 2018; Menegoni et al., 2020) 
and 7400 m3 (G. Crosta, Università degli Studi di Milano Bicocca, Italy, 
written communication, 2024). We use the more recent and larger es-
timate for the volume of this event. The rockfall produced a large dust 
cloud that rapidly spread and damaged a bell tower located 50 m beyond 
the embankment. Eyewitness accounts confirm the occurrence of dy-
namic fragmentation evidenced by the formation of a dust cloud.

3. Methods

The methodology adopted to investigate the signatures in the de-
posits of different rockfall dynamics includes: i) characterization of the 
rockfall deposit by mapping all visible blocks identified by image 
analysis and field observations; ii) calculation of the volumes of the 
blocks after choosing the geometric shape that fits best (since the 
available data often come from orthophoto images and thus when 
mapping in 2D the third axis size is unknown); iii) calculation of the 
distance travelled from the source area and from the main site where 
suspected fragmentation occurred; iv) calculation of the block size dis-
tribution; and v) calculation of mobility indexes H/L and reach angle.

Thanks to increasing resolution of orthophoto images and the 
availability of advanced image analysis tools, the characterization of the 
deposit and the mapping of visible blocks, at centimeter resolution is 
becoming easier. However, mapping of the deposit is highly dependent 
on the quality of the images, the presence of preexisting talus deposits, 
and the possible obstruction of trees; these issues may cause the 
undersampling of the smaller sized blocks.

In this study, the mapping of rock blocks was supported by UAV- 
sourced high resolution images for all case studies, except for El 

Capitan, where UAV images of the deposit were not available. Aerial 
photos and DTMs for the Italian case studies were provided by the 
associated public Italian entities (Regione Lombardia (2024) for the 
Gallivaggio and Novate Mezzola case studies; Regione Autonome Vallee 
d'Aosta (2024) for the Villeneuve and Saint-Oyen case studies) and are 
available by request from those agencies. The aerial photo for the 
Spanish case study was kindly provided by the Instituto Geológico y 
Minero de España (IGME) and is available upon request from that 
agency. Images and the DTM for the Parkline, USA case study are 
available from the U.S. National Park Service upon request. Aerial 
photos for the El Capitan, USA case study are available from the USDA 
(2024). For the El Capitan rockfall, the block size distribution of the 
main rockfall deposit was sampled in the field using a gridded clast 
count approach, measuring a block every 5 m along scanlines parallel to 
the rock wall, and spaced every 10 m. The counting of blocks was per-
formed only on rocks without any lichen cover or weathering rinds, in 
order to distinguish the blocks from this rockfall from preexisting rock 
blocks. In the sparser deposit outside of the main deposit, we manually 
measured each block in the field. We georeferenced the positions of the 
measuring stations both within and outside the main deposit using a 
handheld GPS device.

For the case studies presented herein, we analyzed high-resolution 
post-event UAV images (Table 2) and used a semi-automatic mapping 
approach through the Split-Desktop software (Hexagon™) to delineate 
the blocks within the deposit (Fig. 3). Split-Desktop is based on a four- 
step 2D image processing routine: i) scale definition, ii) automatic or 
manual digitization of the outline of each individual block, iii) extrac-
tion of the particle size distribution curve, and iv) extraction of the two 
main axes of each block. Comparing to a manual mapping approach 
performed in GIS (assumed as more reliable), the results of this semi- 
automatic approach using Split-Desktop is analogous down to a spe-
cific size threshold that depends on the quality of the images available 
for delineating blocks. Below that threshold, the software overestimates 
the frequency of smaller blocks (Fig. 3). This comparison between 
methods allowed for the validation of the semi-automatic approach for 
blocks above the thresholds.

We adopted an ellipsoid shape for volume calculations, with the 
invisible third axes assumed to be equal to the second intermediate axis 
(panel 3 in Fig. 3 shows the minimum bounding geometry that we 
adopted to define the first two axes). More specifically, we used the 
rectangle of the smallest area enclosing each block polygon to calculate 
the maximum diameter (Walton, 1948), and then selected a volume 
threshold equal to 10− 3 m3, thereby counting only the blocks larger than 
that evaluated limit (Fig. 3). The shape of the blocks chosen for the case 
studies was validated through field surveys (in all case studies except for 
the Spanish one, where the ellipsoid was used for consistency and con-
tinuity with the other demos), during which random samples of blocks 

Table 2 
Resolution of the mapped UAV images, and number of blocks mapped within 
and outside the main rockfall deposit.

Rockfall event UAV images 
resolution [cm/ 
pixel]

number of blocks 
within the main 
deposit (B)

number of blocks in 
the distal sparse 
deposit (F)

Villeneuve 
(ITA)

2 2989 –

Saint-Oyen 
(ITA)

4 33,488 –

Càrcavos (ES) 3 2767 –
Parkline (USA) 6 4730 –
El Capitan 

(USA)
– 175 (grid by 

number)
1851

Novate 
Mezzola 
(ITA)

2 6678 4982

Gallivaggio 
(ITA)

2 18,401 38,053
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were collected and analyzed for their deposition characteristics. The 
predominance of blocks oriented with their smallest axis hidden in a 2D 
view validated the decision to use the ellipsoid.

Finally, we calculated the Euclidean distance of the centroid of each 
block (panel 3 in Fig. 3) from the base of the rockfall source wall or from 
the ledges or overhangs identified as the likely major impact zone from 
field surveys. To characterize the trend of block size with distance, we 
adopted the 99th percentile of volume for 10-m distance classes. This 
provides a means to evaluate the runout of blocks with different sizes, 
removing the effects of outliers from the analysis.

For the analysis of the block size distribution of the rockfall deposits, 
we developed non-cumulative log-binned magnitude frequency re-
lationships, with the probability density, p, as a function of block vol-
ume, V: 

p(V) =
∂N
∂V

1
Ntot

(1) 

where N is the number of blocks with volume between V and V+∂A, and 
Ntot is the total number of blocks.

A power law scaling for volumes larger than a threshold is typically 
observed, while for smaller volumes, a downward departure from the 
linear behavior is observed and is typical of a censoring effect (Dussauge 
et al., 2003; Strunden et al., 2015). We fitted the probability density of 
the power-law scaling range with a Pareto distribution by using different 
thresholds of landslide size: 

p(V) = αcαV− (α+1) c > 0,∝ > 0,V ∈ [c,∞) (2) 

where ∝, and c are the parameters of the Pareto distribution, and β = α +
1 is the power-law scaling exponent of the non-cumulative distribution. 
The corresponding scaling exponent of the cumulative distribution 
would be α. We estimated the distribution parameters by a least square 
algorithm for different thresholds, and we selected the thresholds that 
maximize the fitting R2 for each deposit.

Finally, for the analysis of rockfall mobility, we calculated the H/L 
ratio, which expresses the maximum vertical-to-horizontal landslide 
displacement ratio, and the reach angle (i.e., arctan(H/L)), and present 
the results in this context. Generally speaking, the reach angle can be 
used as an indicator of the friction coefficient that a landslide encounters 
during its movement (Scheidegger, 1973). A low H/L ratio indicates that 
the landslide travelled a long distance with a relatively small fall height.

4. Analysis and results

4.1. Distribution and density of blocks within the deposits

From the mapping of the rock block deposits, we calculated the 
number and resulting rock block density for each case study (Fig. 4). For 

the Villeneuve, Saint-Oyen, Cárcavos and Parkline sites, we observe an 
elongated main deposit (identified as “B”), with larger block density in 
the area at the foot of the slope. For the El Capitan, Novate Mezzola and 
Gallivaggio sites, a second, more distal, deposit (identified as “F”) can be 
identified (Table 2). Note that the small number of blocks within the 
main rockfall deposit at El Capitan is due to the different sampling 
methodology. The slope profiles of the case studies and of the areas 
below the cliffs are shown in Fig. 5.

4.2. Trend of blocks size with distance

To examine the relationship between block size and distance, we 
analyzed the 99th percentile of block volume distribution within 10-m 
distance classes for each case study (Fig. 6). The 99th percentile was 
selected to characterize the spatial distribution of the largest blocks and 
was preferred to using the maximum volume in order to exclude outliers 
from the analysis (refer to Supplementary Fig. 1 for various percentage 
distributions). Some of the distance-volume trends show an exponential 
increase of block volume with distance and with typical rockfall deposit 
longitudinal sorting (Villeneuve, Saint-Oyen, Cárcavos and Parkline). 
Other case studies (El Capitan, Novate Mezzola and Gallivaggio) show 
an increase of block volume in the proximal part (direct sorting) and a 
decrease beyond a limit that corresponds to the edge of the proximal 
deposit, leading to reverse sorting. In the El Capitan case study, the limit 
is gradual, starting at about 360 m distance in plan from the source area 
(Fig. 5), whereas the limit is sharper in the Novate Mezzola and Galli-
vaggio case studies due to the presence of an embankment, 290 m and 
300 m in plan view distance from the source area, respectively (Fig. 5). 
Since the evidence of reverse sorting is observed only for case studies 
where eyewitnesses testified to the occurrence of a considerable dust 
cloud, we consider this evidence as a possible indicator of 
fragmentation.

4.3. Frequency volume distribution

For the analysis of frequency volume distributions, we distinguished 
between the blocks of the main deposit of the rockfall (B in Fig. 7) and 
blocks/fragments mapped within the more distal and sparse deposit (F 
in Fig. 7) for the Gallivaggio, Novate Mezzola and El Capitan rockfalls. 
The limits of these two zones correspond to the distance where the trend 
reversal is observed (Fig. 6).

In the main deposits (B), we observe a power-law scaling for volumes 
larger than a threshold (red fitting line in Fig. 7), which changes in each 
case study, according to the quality of the mapping and a number of 
other physical properties such as preexisting rock fracture or disconti-
nuity density, and intact rock material properties. This threshold is al-
ways larger than the reliability threshold used for image-analysis (V =
0.001 m3) and varies from 10− 2 m3 (Novate Mezzola) to 10 m3 

Fig. 3. Example of semi-automatic mapping approach for the Gallivaggio case study. 1) original image, 2) delineation of blocks performed by Split-Desktop software, 
3) centroids and main axes obtained in GIS from the minimum bounding geometry (MGB) of the particles. Last graph on the right is a comparison between the 
distribution of boulder sizes delineated from the semi-automatic approach and the manual mapping approach performed in GIS for a sample area in the Gallivaggio 
case study. The two approaches are similar up to a reliability threshold that is a function of the quality of the analyzed image.
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(Gallivaggio), with the exception of El Capitan, where the threshold is 
very small (10− 3 m3), but where the sampling methodology is not 
comparable with the other case studies. For the blocks/fragments (F, 
blue fitting line in Fig. 7) the threshold is absent (Gallivaggio and Novate 
Mezzola) or much smaller than the one used for the distribution ob-
tained by image analysis. In some cases (Parkline, El Capitan, Galli-
vaggio, and Novate Mezzola), we also observed a deviation from the 
power law relationship of the frequency volume distribution of the main 
deposit B for block volumes larger than a second threshold, which is 

approximately located between 1 and 10 m3 (black fitting line in Fig. 7). 
We consider this multifractal behavior as a potential indicator of frag-
mentation occurrence. The scaling exponent β for all the frequency 
volume distributions obtained for each case study is shown in Table 3.

4.4. Rockfall mobility

4.4.1. Reach angle and H/L ratio
To examine the relationship between rockfall behavior and rockfall 

mobility, we plotted the elevation profiles of all the case studies and 
different reach angles (Fig. 5) along the profiles shown in Fig. 4. We also 
calculated the maximum horizontal distance reached by the farthest 
block of both the main deposit and the outer sparse deposit for the El 
Capitan, Novate Mezzola and Gallivaggio sites (Table 4; Fig. 5). For 
reference, typical rockfalls exhibit values of reach angle (arctan(H/L)) 
between 32◦ and 45◦ (Evans and Hungr, 1993). For the El Capitan, 
Novate Mezzola and Gallivaggio case studies, the reach angle is higher 
than these values when considering the main deposit, 45.8◦, 47.2◦, and 
47.2◦, respectively, but when considering the farthest fragments, de-
creases to 40.0◦, 32.2◦ and 44.7◦ respectively (Fig. 5). The reach angle 

Fig. 4. Density of mapped blocks per square meter. A) Villeneuve, B) Saint- 
Oyen, C) Cárcavos, D) Parkline, E) El Capitan, F) Novate Mezzola, G) Galli-
vaggio. When few blocks occurred external to the mapped deposits, these are 
indicated by red dots. The density of blocks is not calculated for El Capitan main 
deposit due to the different mapping approach utilized. The sources of imagery 
presented here and utilized for analysis are provided in the Methods. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)

Fig. 5. Slope profiles (refer to Fig. 4 for locations), source areas, main frag-
mentation area and reach angles for each case study. No vertical exaggeration 
was applied.
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from the top of the fragmentation areas (i.e., the major impact point) to 
the furthest farthest fragments for El Capitan, Novate Mezzola and 
Gallivaggio is 24.8◦, 22.2◦, and 19.0◦, respectively.

Fig. 8 shows a comparison between H/L ratio values from the liter-
ature (Scheidegger, 1973; Corominas, 1996; Wieczorek et al., 1998; 
Copons et al., 2009; Massey et al., 2012; Ruiz-Carulla et al., 2018) and 
the values of this study. Overall, we observe that the H/L values follow 
the same general trend from the literature. However, when only the 
main deposit is considered, the H/L ratio of El Capitan, Novate Mezzola 
and Gallivaggio are higher than expected and indicates reduced 
mobility.

4.4.2. Lateral dispersion
Another parameter that provides information about the mobility and 

dynamics of rockfalls is the lateral dispersion of trajectories. The path of 
a downslope block can deviate from the maximum slope due to rolling in 
concavities and oblique surface impacts, causing a disorder effect in fall 
paths. Moreover, clasts with asperities, characterized by any non- 
spherical roughness, which acquire angular momentum (spinning) 
during rockfall, can rebound at angles diverging from the maximum 
slope, even in the scenario of a perfectly smooth slope and impact me-
dium. This effect grows with longer fall paths as the effects from variable 
controlling parameters spread through numerous impacts and 
morphological changes are encountered by the block (Crosta and 
Agliardi, 2004; Azzoni et al., 1995; Evans and Hungr, 1993; Jaboyedoff 
et al., 2005). This effect can be limited by topography. We calculated the 
lateral dispersion as the angle between horizontal lines that laterally 
bound the source area and the deposit (Fig. 9). For the main deposit (B), 
the angle was calculated by joining straight lines from the source area to 
the most lateral blocks of the deposit. For distal sparse deposits, the 
angle was calculated by joining the location of the fragmentation areas 
(Fig. 5) and the most lateral blocks of the distal deposit (Fig. 9). The 
results (Table 5), indicate that rockfalls characterized by fragmentation 
(Novate Mezzola, Gallivaggio, and El Capitan) have dispersions for [B] 

series in the same range as those without fragmentation whereas 
dispersion angles for [F] series are much higher, showing a tendency for 
increased lateral spreading, likely indicating more chaotic trajectories 
imparted during fragmentation. We consider this potential evidence for 
fragmentation, which, in addition to macro- and micro-topographic 
factors (Crosta and Agliardi, 2004), may contribute to dispersion.

5. Discussion

Rockfall fragmentation is important due to its potential effects on 
slope dynamics and the hazard posed by the phenomena. However, 
fragmentation is a complex process influenced by numerous factors 
including lithology, mechanical strength, debris quality, landslide 
height and volume, slope gradient, and morphological characteristics of 
the slope. Therefore, predicting the occurrence of fragmentation is 
extremely challenging, as is identifying fragmentation in rockfall that 
have already occurred. For this reason, the use of fragmentation in-
dicators is considered relevant.

5.1. Blocks and fragment mapping

It is rare to recognize small fragments and other blocks outside of 
main rockfall deposit areas because the talus below cliff walls either 
already include blocks from other older events, or because the blocks 
stopped in forested areas are unrecognizable or too sparse. For the 
Gallivaggio and Novate Mezzola case studies, the areas external to the 
main deposit were nearly clear of pre-existing blocks and fragments and 
the quality of the UAV images was sufficient to allow mapping of 
centimeter-scale blocks and fragments. At El Capitan, although the 
existing talus did not permit the same level of detail in mapping the 
blocks of the main deposit, we achieved a high level of precision in 
mapping the fragments beyond the main deposit through field mapping. 
This was accomplished by selecting fresh rocks devoid of any lichen 
cover or weathering rinds, allowing us to distinguish them from 

Fig. 6. Relationships between the 99th percentile of volumes of blocks within individual 10-m cells and their longitudinal travelled distance. Euclidean distances 
were calculated from the source area. We grouped Villeneuve and Saint-Oyen case studies in the same panel, as they belong to the same region and show 
similar behavior.
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preexisting rock blocks. These distal features of some rockfall deposits 
are relevant because even sparsely distributed rockfall fragments can 
pose risk to people and infrastructure and should be taken into consid-
eration. These less easily recognized distal features also help to define 
the dynamics of the rockfall event. The climatic conditions at the time of 
the event are also relevant, especially in the case of deep snow at the 
base of the cliff, which could potentially cover the ground surface and 
would dampen the impact, precluding the fragmentation phenomenon, 

Fig. 7. Size distribution of the blocks mapped within [B] and outside [F] the main deposit. Red lines show the power-law best fit regression for the main deposits. 
Black lines show the power-law best fit regression for the larger blocks in the main deposits. Blues lines show the power-law best fit regression for the blocks in the 
more distal and sparse deposits. For the Novate Mezzola case study, the [F] series also contain the intermediate blocks. El Capitan [B] series data are less numerous 
because of the adopted mapping techniques (gridded clast count). The number of mapped blocks for each case study is reported in Table 2. We grouped Villeneuve 
and Saint-Oyen case studies in the same panel, as they belong to the same region and show similar behavior. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

Table 3 
Scaling factors β that characterize each curve in Fig. 7, and additional data on 
rockfall case studies.

Rockfall event β exponent for 
[B] (red fitting 
line)

β exponent for [B] 
larger blocks (black 
fitting line)

Exponent β for [F] 
(blue fitting line)

Villeneuve 
(ITA)

1.59 – –

Saint-Oyen 
(ITA)

1.99 – –

Cárcavos (ES) 1.82 – –
Parkline (USA) 1.60 1.64 –
El Capitan 

(USA)
1.02 1.65 1.46

Novate 
Mezzola 
(ITA)

1.60 2.28 1.61

Gallivaggio 
(ITA)

1.52 1.60 1.79

Table 4 
H/L ratio and maximum distances travelled by blocks within and outside the 
main fragmentation zone.

Rockfall 
event

H/L 
for 
[B]

H/L 
for 
[B 
+ F]

Reach 
Angle 
[B]

Reach 
Angle 
[B +
F]

Maximum 
distance 
travelled 
block within 
the main 
rockfall 
deposit [m]

Maximum 
distance 
travelled for 
block 
outside the 
main 
rockfall 
deposit [m]

Villeneuve 
(ITA) 0.79 – 38.3 – 130 –

Saint-Oyen 
(ITA)

0.75 – 36.9 – 450 –

Cárcavos 
(ES)

0.93 – 42.9 – 170 –

Parkline 
(USA) 0.95 – 43.5 – 250 –

El Capitan 
(USA)

1.03 0.84 45.8 40.0 360 460

Novate 
Mezzola 
(ITA)

1.08 0.63 47.2 32.2 290 490

Gallivaggio 
(ITA) 1.08 0.99 47.2 44.7 300 530
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and in some cases control the block dynamics.

5.2. Fragmentation and block size distribution

As expected from the literature (Hantz et al., 2021), the frequency 
volume distribution of blocks follows power law scaling for volumes 
larger than a threshold (Fig. 7). In our study, we found that the scaling 
exponents were larger for the distal deposits (F) compared to that of all 
blocks in the main deposit (B). In certain cases, the scaling exponent β of 

blocks in the main deposit changes for larger volume blocks. This occurs 
especially for the Novate Mezzola and Gallivaggio rockfalls that have 
been subjected to a process of energetic fragmentation, as witnessed by 
fragments far beyond the main deposit. We interpreted this behavior as a 
direct recognizable effect of fragmentation, which reduces blocks larger 
than a certain size into smaller fragments characterized by ballistic 
trajectories and high velocity. In fact, the more intense the fragmenta-
tion, the more abrupt the change (i.e., Gallivaggio). Therefore, the 
volume where the scaling exponent changes can be interpreted as the 
minimum volume at which volume fragmentation is effective. A small 
change in the exponent for larger blocks was also observed for the 
Parkline event, indicating that fragmentation may also have occurred in 
this case study, although to a lesser extent compared to other cases. 
However, at Parkline it was impossible to clearly recognize a distal de-
posit of rock fragments because the possible fragmentation would have 
occurred closer to the rockfall source area, and the related fragments 
would have been masked by the main deposit itself. Fragmentation also 
occurred within the main talus slope at El Capitan, but here the extent of 
fragmentation observed during the event was huge, and clearly visible in 
the change of the exponent for larger blocks.

5.3. Fragmentation and block size distribution with distance

As shown in Fig. 6, we observe two different trends in the relation-
ship between distance and block volume for different case studies. Some 
events show an exponential increase in block volume with distance, 
indicating typical rockfall deposit longitudinal sorting (Rapp, 1960). 
However, other curves demonstrate a direct sorting pattern with 
increasing volume in the proximal part of the deposit followed by a 
decrease beyond a certain distance, resulting in reverse sorting. The 
latter behavior occurs for rockfalls that were subjected to intense dy-
namic fragmentation, as confirmed by eyewitnesses and by the forma-
tion of dust powder clouds (De Blasio et al., 2018). This trend reversion 
is interpreted as a transition between a main deposit that exhibits lon-
gitudinal sorting, and a more distal and sparse deposit that shows a 
reverse sorting and derives from a process of dynamic fragmentation. 
Therefore, we propose this reversion of the block size trend with dis-
tance may be used as a reliable indicator of fragmentation for rockfalls 
lacking direct observations. However, the mapping of the deposit, 
including blocks and fragments in the more dispersed areas, through 
image analysis is a time-consuming task. Image analysis can also be 
hampered by poor image resolution, thick vegetation cover, or local 
disturbances.

5.4. Fragmentation and rockfall mobility

The process of fragmentation and the mobility of rockfalls vary 
depending on the type of event, particularly when discussing rockfalls 
versus rock avalanches. A commonly used distinction is based on a 
mechanical division described by Hungr et al. (2014), which recognizes 
that rock avalanches may originate as rockfalls but, possessing sufficient 
energy (due to fall height) or fragmentation potential (due to rock ma-
terial properties), are able to transition into granular flows. According to 
this distinction, we infer that perhaps the El Capitan, Novate Mezzola, 
and Gallivaggio events were at a transitional threshold to becoming 

Fig. 8. Comparison between literature data (black symbols) and the case 
studies presented herein (red circles). Diamonds are from Ruiz-Carulla et al., 
2018, triangles from Copons et al., 2009, black circles from Massey et al., 2012, 
stars from Wieczorek et al., 1998, and half black circles from Corominas, 1996. 
Fitting line from Corominas, 1996. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 9. Schematic representation of the Gallivaggio rockfall, with the main 
deposit (B) and the distal sparse deposit (F). The lines bounding the lateral 
dispersion of the main deposit B and the sparse deposit F are represented, 
defining the dispersion angles.

Table 5 
Planimetric lateral dispersion observed for the different case studies.

Lateral dispersion for [B] Lateral dispersion for [F]

Villeneuve (ITA) 49◦ –
Saint-Oyen (ITA) 25◦ –
Càrcavos (ES) 41◦ –
Parkline (USA) 66◦ –
El Capitan (USA) 35◦ 58◦

Novate Mezzola (ITA) 37◦ 101◦

Gallivaggio (ITA) 55◦ 76◦
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avalanches, but rock material properties or lack of energy hindered true 
flow-like behavior, and thus we still consider them as rockfalls. Addi-
tionally, the fragmentation process in rock avalanches is a highly 
debated subject in the scientific literature. Some researchers believe that 
fragmentation acts as an energy sink, resulting in a shorter mean travel 
distance (Crosta et al., 2007; Haug et al., 2016; Locat et al., 2006), 
whereas others argue that it can introduce new mechanical processes 
that increase mobility (Davies et al., 1999; Davies and McSaveney, 2009; 
De Blasio and Crosta, 2015; Zhao et al., 2017; Jin et al., 2023). Rockfalls, 
however, are impulsive phenomena and behave distinctly differently 
thanrock avalanches. What we observe empirically from our case studies 
is that rockfall events show a trend reversal in the relationship between 
distance and block volume and have high H/L ratios and reach angles 
that indicate less mobility due to energy consumption by fragmentation. 
This lower mobility is partially compensated by the ejection of frag-
ments out of the main deposit, which in some cases may reach long 
distances, as at the Novate Mezzola and El Capitan sites, resulting in a 
much larger mobility compared to the main deposit. Also, the analysis of 
lateral dispersion of the trajectories shows a larger lateral spreading 
when fragmentation occurs. This is not related to an increase of 
mobility, but to the large aperture of the cone of fragmentation at 
impact.

5.5. Identification of fragmentation from post-event field evidence

We can summarize the results obtained from our analysis of field 
evidence presented herein by looking at several characteristics that may 
allow detection of rockfall fragmentation: i) the trend reversion of block 
size with distance; ii) the multifractal behavior in the frequency-volume 
distribution; and iii) the lateral-dispersion increase of the trajectories. 
The Villeneuve, Saint-Oyen and Cárcavos case studies do not show ev-
idence of these features of fragmentation, confirming field observations, 
whereas the El Capitan, Novate Mezzola and Gallivaggio case studies 
show all the indicators of fragmentation (Table 6). The Parkline case 
study shows a multifractal behavior in the frequency-volume distribu-
tion (Fig. 7), with a deviation from power law, and a larger lateral 
dispersion than would be otherwise expected. However, Parkline 
completely lacks a trend reversion. We believe that these indicators are 
innovative in enabling post-event analysis of rockfall dynamics.

6. Conclusions

Detailed characterization of rockfall deposits can substantially 
advance our understanding of rockfall processes. We showed that a 
trend reversion in the longitudinal distribution of block size within a 
rockfall deposit can reveal whether dynamic fragmentation has occurred 
during propagation. In particular, we propose that the transition from 
the typical longitudinal sorting (where larger blocks travel farther due to 
higher energy and inertia, and less effect of deposit roughness) to reverse 
sorting (where smaller fragments travel farther) is indicative of dynamic 
fragmentation. This is clear in plots of block volume versus longitudinal 
distance, where dynamic fragmentation can be recognized by a rollover 
of the distribution of the 99th percentiles of block volumes. An addi-
tional indicator of fragmentation identified by our study is the multi-
fractal behavior in the frequency-volume distributions of blocks and 
fragments. The size distribution of the main deposit without fragmen-
tation shows a typical behavior, with a power-law scaling for volumes 
larger than a threshold. However, where fragmentation is suspected, 
most of the case studies showed a second deviation from the power law 
for larger volumes, which we hypothesize as the effect of fragmentation 
of the largest blocks. If this interpretation is correct, this second rollover 
may indicate a characteristic size for which fragmentation becomes 
effective.

Finally, we found that fragmentation can also be distinguished by 
typical rockfall mobility indices such as the H/L ratio, reach angle, and 
lateral dispersion metrics. The reach angles of rockfalls known to have 

experienced fragmentation at three of our case studies (El Capitan, 
Novate Mezzola, and Gallivaggio) exceed typical values reported in the 
literature and thus indicate reduced mobility of the main rockfall de-
posit. This is partially compensated by the ejection of a volumetrically 
limited number of small fragments beyond the main deposit. The 
energy-consuming nature of the fragmentation process may be respon-
sible for reduced main rockfall body runout. We interpret the ejection of 
fragments with random directions at impact to be related to the 
increased lateral dispersion observed for rockfalls with fragmentation. 
Concerning the dispersion angles of falling rock blocks, this study has 
practical applications for understanding rockfall dynamics: incorpo-
rating this mobility indicator could enhance the ability to assess rockfall 
hazards in terms of propagation. Collectively, these three field indicators 
of fragmentation offer tools to investigate both modern and historical 
rockfall events, furthering our understanding of rockfall processes and 
improving design of rockfall protection measures and other risk miti-
gation strategies.
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Table 6 
Summary table of proposed indicators to identify the occurrence of 
fragmentation.

Trend reversion 
of blocks size 
with distance

Multifractal 
behavior in the 
frequency-volume 
distribution

Reduced mobility and 
lateral-dispersion 
increase of the 
trajectories

Villeneuve 
(ITA)

N N N

Saint-Oyen 
(ITA) N N N

Càrcavos (ES) N N N
Parkline 

(USA)
N Y

Y (mobility), N 
(dispersion)

El Capitan 
(USA)

Y Y Y

Novate 
Mezzola 
(ITA)

Y Y Y

Gallivaggio 
(ITA)

Y Y Y
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