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Abstract  Fragmentation is a common feature of rockfall that exerts a 
strong control on the trajectories of the generated blocks, the impact 
energies, and the runout. In this paper, we present a set of four real-
scale rockfall tests aimed at studying the fragmentation of the rocky 
blocks, from the global design of the �eld procedure to the data analy-
sis and the main results. A total of 124 limestone, dacite, or granite 
blocks ranging between 0.2 and 5 m3 were dropped from different 
heights (8.5 to 23.6 m) onto four slopes with different shapes (single or 
double bench) and slope angles (42” to 71”). The characteristics of the 
blocks, in particular the size, surface texture and joint condition, were 
measured before the drops. The trajectories of the blocks and both the 
initial and the impact velocities were tracked and recorded by means 
of three high-speed video cameras. A total of 200 block-to-ground 
impacts have been studied. On average, 40% of the blocks broke upon 
impact on the slope or on the ground, making it necessary to measure 
the fragments. The initial and �nal sizes of the blocks/fragments were 
measured by hand with tape, though photogrammetric techniques 
(UAV and terrestrial) were also used for comparison purposes. The 
information gathered during the �eld tests provides a deep insight 
into the fragmentation processes. On the one hand, the high-resolution 
slow-motion videos help to describe when and how the block breakage 
takes place and the spatial distribution of the pieces. On the other hand, 
it is possible to compute the block trajectories, the velocities, and the 
energy losses using videogrammetry. The results include, for instance, 
a block average fragmentation of 54% and 14% for the limestone and 
granitoids, respectively; the systematic inventory of the size fragments, 
which may be used for �tting the power law distributions; and after 
each breakage, the total angle of aperture occupied by the fragments 
has been measured, with values in the range 25”�145”. To �gure out 
the different behavior of the blocks in terms of breakage/no break-
age, each block-to-ground impact has been characterized with a set of 
parameters describing the energy level, the robustness of the substrate, 
and the con�guration of the block contact at the impact point, among 
others. All these terms are combined in a function F, which is used to 
adjust the �eld data. The adjustment has been carried out, �rst, for the 
whole 200 events and later for a subset of them. The procedure and 
the results are described in the paper. Although the discrimination 
capability of F is moderately satisfactory, it is very sensitive to the test 
site and setup. It must be highlighted that these �eld tests are a unique 
source of data to adjust the parameters of the numerical simulation 
models in use for rockfall studies and risk mitigation, especially when 
fragmentation during the propagation is considered.

Keywords  Rockfalls • Fragmentation • Real-scale field testing • 
Rockfall numerical modeling • Landslides
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Rockfalls are frequent instability processes in road cuts, open pit 
mines and quarries, steep rock slopes, and subvertical cliffs (Cruden 
and Varnes 1996; Hungr et al. 2014). Even though the stability of rock 
slopes can be determined using analytical approaches, the assessment 
of large rock cliffs requires simplifying assumptions due to the dif-
�culty of working with a large number of joints, the scattering of 
both the orientations and strength parameters. The attitude and per-
sistence of joints within the rock mass control the size of kinemati-
cally unstable rock volumes and determine the way the fragmentation 
of the detached mass occurs upon impact with the ground surface 
(Corominas et al. 2017a).

Although there is a transition in the extent of in�uence from the 
single block event to the big rock avalanche (Bourrier et al. 2013; 
Corominas et al. 2018), even small size events can be very destruc-
tive due to the high energies and velocities reached during the 
propagation downslope. The number of yearly casualties is in the 
same order of magnitude as with other types of slope instabilities 
(Hoek 2006; Turner and Jayaprakash 2012).

Knowledge of the size and trajectory of the blocks resulting 
from fragmentation is critical in determining the vulnerability of 
buildings and protection structures (Jaboyedoff et al. 2005). The 
probability of occurrence is also necessary for the quantitative risk 
assessment, QRA (Fell et al. 2005; Corominas et al. 2005; Agliardi 
et al. 2009; Corominas and Mavrouli 2011; Scavia et al. 2020).

As it is unlikely to witness a real rockfall event, most rockfall 
inventories concentrate on studying the source point and the 
spread of the debris over the deposit area, both surveyed well after 
the occurrence of the event (AbellÆn et al. 2006; Santana et al. 2012; 
Ruiz-Carulla et al. 2015, 2016a).

After the detachment, the blocks follow particular trajectories 
that lead to the �nal stop point. Several programs are available to 
model these trajectories, usually considering the individual propa-
gation of blocks. Big improvements have been introduced since the 
�rst attempts with a single point falling down a 2D mountain side 
(see for instance Azimi et al. 1982). The block could be a lumped 
mass, or it could have a given shape: spherical, cylindrical, or pris-
matic (Falcetta 1985). The �rst analyses were in 2D; later, 3D topog-
raphy was introduced. An overview of the propagation models can 
be found in Matas et al. (2017). Volkwein et al. (2011) and Ferrari 
et al. (2016) made extended reviews of qualitative and quantitative 
methodologies for rockfall hazard assessment.

The fragmentation of the initial detached rock mass is a key 
aspect both in rock avalanches (CharriŁre et al. 2015) and in single 
block events (Giacomini et al. 2009). However, in general, in the 
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models and methodologies listed so far, the detached rock mass 
does not fragment during the runout. According to Asteriou and 
Tsiambaos (2018), the trajectory models have limitations in intro-
ducing the fragmentation due to the simplifying assumptions when 
using the so-called coef�cients of restitution (CoR). As a matter of 
fact, most of the existing propagation models consider the blocks as 
unbreakable during their propagation (Li and Lan 2015), although 
there is evidence proving that the rock mass may disaggregate 
and break after its detachment as a result of the impact with the 
ground surface, thus producing new rock fragments (Evans and 
Hungr 1993).

The lack of fragmentation is a simplification that may sig-
ni�cantly affect the representativeness of the results (Corominas 
et al. 2012, 2017a). As shown in Matas et al. (2017), with fragmenta-
tion, multiple smaller pieces will diverge from the �average tra-
jectory� of the unbreakable blocks. Eventually, higher bounces 
and some high-speed pieces (bullets) may be produced (Agliardi 
and Crosta 2003). This differential performance may signi�cantly 
change the calculated effect on the inhabitants and the exposed 
buildings or infrastructure, affecting simultaneously the extent 
and nature of any remediation measures designed following a 
QRA analysis. Essentially, when ignoring the fragmentation, the 
kinetic energy and the runout tend to be overestimated; inversely, 
the probability of an impact with exposed elements is largely 
underestimated (Corominas et al. 2012, 2019). Trying to overcome 
the limitation introduced by the lack of fragmentation, the mod-
eling of individual blocks with sizes similar to those observed in 
the �eld is usually carried out (Jaboyedoff et al. 2005; Agliardi and 
Crosta 2003). Although one can get �nal spatial distributions simi-
lar to the �eld inventories, the simulated intermediate trajectories 
and energies may differ from the real ones. Fortunately, in real case 
studies, when adjusting the results to the �eld evidence, a good 
amount of geotechnical and geological judgment, prioritizing the 
knowledge of the phenomenon and the geomechanical context, can 
lead to useful results even with limited numerical codes (i.e., 2D 
models, or codes without fragmentation).

The term �fragmentation� covers the disaggregation of the block 
pieces delimited by fractures or joints (but sticking together due 
to a small cohesion or some kind of cementation), and the genera-
tion of new pieces, isolated thanks to the creation of new fractures 
breaking the intact rock itself (Corominas et al. 2012). Undoubtedly, 
fragmentation is a complex mechanism, conditioned by the previ-
ous joints, their persistence (i.e., rock bridges), the energy released, 
and the angle of each impact relative to the internal rock structure 
(Zhang et al. 2000; Chau et al. 2002; Wang and Tonon 2011). Due to 
this complexity, as previously said, the occurrence of fragmenta-
tion is rarely considered in current rockfall studies and modeling. 
Recent research on fragmentation includes empirical as well as 
analytical works, both in the �eld and in a model scale. Giacomini 
et al. (2009), for instance, performed several fragmentation �eld 
tests with emphasis on the in�uence of the impact angle in case of 
foliated materials; in their work, the number of pieces generated 
after the block breakage was reported. During �eld test, it is pos-
sible to acquire also the fragment sizes, following, for instance, the 
methodology shown in Ruiz-Carulla et al. (2015, 2020), and out-
lined later in the present paper. Haug et al. (2016) did fragmentation 
experiments in a reduced-scale model with a newly developed rock 
analogue material. They performed 109 reduced-scale rockslides to 

study the effect of fragmentation on the average runout and energy 
balance. On the numerical side, Lisjak et al. (2010) performed the 
numerical simulation of block fragmentation during propagation 
using a combined discrete element and �nite element method 
(DEM/FEM), allowing the simulation of multiple interacting bod-
ies and their fragments. Another approach was adopted by Zhao 
et al. (2016), who used DEM (discrete element method) numerical 
modeling to simulate the fragmentation of a single prismatic block 
when it collides with a topographic change of slope; they analyzed 
the modes of fragmentation depending on the weak or weathered 
zones of the block.

When trying to introduce fragmentation in our modeling, a fur-
ther challenge is to characterize the distribution of the resulting 
fragments. In the literature, for instance, some power law relation-
ships have been proposed for different purposes (Hungr et al. 1999; 
Dussauge et al. 2003; Corominas et al. 2018); in some cases, the 
power law is justified with a fractal approach (Ruiz-Carulla 
et al. 2017). The power law has been successfully used to describe 
the Young Debris Cover (YDC) after a rockfall event (Ruiz-Carulla 
et al. 2015, 2016a; Ruiz-Carulla 2018; Ruiz-Carulla and Coromi-
nas 2019). Ruiz-Carulla et al. (2020) veri�ed that the power law 
relationship is also suitable for describing the distribution of the 
particular pieces after the breakage of a single rock block.

Zhou et al. (2020) used a rockslide real-time video, whereas 
Asteriou and Tsiambaos (2018) reported a clear fragmentation shot, 
both incidentally recorded. But, in general, the full event or the 
block fragmentations upon impact are seldom witnessed in nature. 
Therefore, it is advisable to carry out real-scale �eld tests. Rockfall 
drop tests have been carried out for many years. These are �eld 
experiments where rocks are released into a slope to evaluate their 
trajectories (velocity, height, runout, energy) in order to develop or 
calibrate numerical models, and, in some cases, to test the perfor-
mance of rockfall protection measures. In general, blocks are �lmed 
and analyzed with several techniques. An excellent overview of the 
history of these tests is provided in Duffy and Glover (2017). The 
so-called �rock rolling tests� have come a long way since Ritchie�s 
(1963) pioneering work, and up until 2017, according to Duffy�s 
estimations, there have been in the order of 15,500 rocks released 
worldwide in various projects; some campaigns were to calibrate 
computer models or to determine the degree of hazard associated 
with rockfall, while others were to test protection measures. In 
Duffy�s words �nothing can replace the value of witnessing a roll-
ing rock impact a barrier and [�] watching a rock roll and bound 
down a slope [�] Experience has proven that rolling tests have 
provided otherwise unknown insights into rockfall behaviour��.

Within rockfall �eld tests, we can �nd experiments ranging from 
low-cost opportunity tests to full-scale setups like Azzoni and de 
Freitas (1995), Gerber et al. (2001), Dorren et al. (2006), Giacomini 
et al. (2009), and Spadari et al. (2012), among others. It is worth to 
mention the well-conducted test included in Bourrier et al. (2021). 
With few exceptions (Giacomini et al. 2009 for instance), the frag-
mentation of the blocks has seldom been considered because of 
the spread that may introduce in the analysis of the results (energy 
transfer, trajectories of the different pieces, and so on). Gerber et al. 
(2001) aim to maintain the full energy in an intact block during the 
barrier testing, whereas Bourrier et al. (2021), in case of fragmenta-
tion, keep following the biggest piece of rock for the propagation 
modeling. In other setups, like Spadari et al. (2012), Caviezel et al. 
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to carry and release the blocks. The supply of the blocks to test 
was also arranged, though this was not an issue as the tests were 
developed in quarries.

After the design phase, the in situ site preparation was carried 
out. The rolling of the blocks had to be accomplished with a sched-
ule of one day per test due to time and budget constraints. For the 
four tests reported here, an average of 2�3 people was working on 
the in situ preparation for 2�3 days before launch day. Most of the 
site preparation was related with the conditioning of the blocks to 

be tested. In total, we prepared 132 blocks of massive rock from the 
same quarry where each test was developed. They ranged between 
0.17 and 5.03 m3, the average being 0.99 m3, and the mode 1.25 m3. 
The �nal number of tested blocks depended on the actual number 
of registered fragmentation events and the available time: �nally, 
we dropped 124 blocks in the four tests.

A basic survey was made for each rock block: characteristics of 
the block, lithology and mineralogical description, joint condition, 
size, and the Schmidt L hammer rebound, as explained in Gili et al. 
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(2016). In order to make the blocks more visible during their fall, 
rotating and bouncing downslope, three major color �circles� were 
painted over each block surface (Fig. 3a). The detailed geometry 
(shape and volume) and the surface texture were recorded with a 
�circular photogrammetric survey� (360”, Fig. 3a). It consists in an 
enveloping photo report that encircles the block (30 to 60 pictures 
at different levels), enabling us to build a 3D model of the block 
(Fig. 3b, c), and to compute the volume, the weight, the gravity 
center, and the inertia moments (James and Robson 2012). Figure 4 
shows several blocks ready for launch on test 1 upper esplanade.

Some additional information about the site preparation can be 
found in Gili et al. (2016), Ruiz-Carulla et al. (2020), and in the 
Electronic Supplementary Material (ESM_01.pdf).

The four tests were carried out on 17 June 2015 (test 1), 18 June 
2015 (test 2), 8 June 2016 (test 3), and 27 September 2017 (test 4). 
During the rockfall tests, a minimum of seven people (plus the 
dozer operator) was necessary to take care of the many systems and 
duties. Some operations had to be done on the day of the test: posi-
tioning the video cameras; setting up the accelerometer; general 
survey of the area (for the ground control points, GCP, in particular, 
Fig. 5); and �rst drone �ight. The latter allowed obtaining general 
3D models of the slope at each site (Figs. 6 and 1).

An accelerograph (Nanometrics, TitanSMA) was also used dur-
ing the tests to register the dynamic events in the time domain. 
The full analysis of the seismic signal falls outside the scope of this 
paper and has been presented in Saló et al. (2018).

���� �   ������������������������
�����������������������������
���������›����������


���� �   �������������������������������������������������������������
›����� ������ ������ ���������� ����� �������� ����� ����� ������ ���������
›����� �� ����� ���������������� ������� ���� �������� ���� ����� ��� ����
��������������������������������������������������������������������

����������������������������������������������������������������������
��� ������ ��� ��� ��������� ���� ����� ������� ����� ������ ���� ������� ��
�������������������������������������������������������������������
����������������������
 ������������



Landslides 

 ������� ���	�

Landslides 

Apart from standard picture or video off-the-shelf cameras, the 
propagation of each block was recorded by means of three high-
speed, high-resolution (HS&HR) video cameras that were set up in 
convergent lines-of-sight (Fig. 2; see the Electronic Supplementary 

Material, ESM_02.pdf, for characteristics and con�guration of 
cameras).

After the installation of all the cameras and systems, a survey of 
the different elements (the GCP in particular) was carried out with 
a re�ector-less total station (Fig. 5b) and/or with GPS/GNSS. This 
was also a good opportunity to make the �rst drone aerial photo-
grammetric campaign in order to capture the full scene prior to any 
damage. During the drop test, the drone was �own several times 
in order to capture rockfall videos, oblique views (Fig. 5a), and the 
positions and sizes of the block and the fragments.

As examples of the footage we acquired in the �eld, Fig. 7 pre-
sents a sequence of 4 frames extracted directly from the videos, 
whereas 3 different times are combined in a single frame in Fig. 8.

Thirty blocks were released at test 1 (single bench); 26 blocks 
at test 2 (double-benched slope); 44 at Test 3; and 24 at test 4, i.e., 
124 drops in total.

After each drop, when the conditions were safe again, an 
inventory team came in and surveyed the state of the block or 
the fragments; several pictures were taken as well. In order to 
characterize the degree and pattern of the fragmentation of 
the block, the team measured systematically the resulting rock 
pieces by hand with a tape, assuming either a rectangular or a 
triangular prismatic shape of the pieces and measuring 3 dimen-
sions of each one. Occasionally, we used other techniques (drone 
photogrammetry) to measure the volume and position of frag-
ments, but this work is beyond the scope of the present paper. 
From time to time, the drone was flown over the deposit area. 
In general, this was followed by fragment removal: the bulldozer 
cleared the lower esplanade to facilitate the identification of the 
new incoming blocks/fragments. The frequency for this dozer 
operation depended on the registered intensity of breakage 
itself. In the first test (moderate ratio of fragmentation), the 
area was cleared after every five drops in average, whereas in 
test 4, where most of the blocks broke, the dozer reconditioned 
the lower esplanade practically after each drop. The operations 
referred to in this paragraph (fragment inventory, drone flight, 
and lower esplanade clearing) were very time-consuming and 
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laborious; the time investment explains the differences in pro-
ductivity (number of rolled blocks) among the four tests.

In the Electronic Supplementary Material (ESM_02.pdf), 
some additional information on the development of the tests can 
be found. Four example videos are available as well (ESM_03.
mp4; ESM_04.mp4; ESM_05.mp4; ESM_06.mp4).

�����	�����
� �	�����
In this section, we present the test results, with special emphasis 
on the characterization of the fragmentation. The field notes and 
the videos and pictures captured during the four drop tests are 
the first source of information about the breakage of the blocks 
and will be summarized in the first subsection. In the next one, 
we present the angle of aperture of the distribution of fragments 
after the breakage of the initial block when impacting the ground. 
This is a particular result that we have been able to extract from 

the videos acquired during the launches. The results will be dis-
cussed in the next section, where we deal with the variability of 
the behavior of the blocks, working out why some of them break 
while others remain almost intact.
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As previously established, the objective of these rockfall tests 
was to improve our knowledge of the fragmentation processes. 
Directly during the release of the blocks, or by inspection of the 
large amount of pictures and videos registered (about 200 GB of 
�les per test), a new insight into the mechanism of breakage of the 
blocks has been attained. A �rst observation is that even for the 
same lithology and falling height, the blocks exhibited a variety of 
behaviors, ranging from practically no damage to complete shat-
tering (Fig. 9).
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two aspects, related with the substrate strength and its absorb-
ing or damping effect upon the block rebound. Depending on the 
substrate where the block contacts the slope or the esplanade, the 
energy is dissipated, or, alternatively, recovered in a high percentage 
and maintained inside the propagation phenomena. If a block hits a 
plane of bare bedrock, or a layer of rock scree, or soil �ll, the overall 
performance is very different, both in terms of the trajectory and 
in terms of the possible fragmentation. In order to incorporate this 
important feature in the analysis, we created a parameter to assess 
the substrate type at the impact point, named �terr_imp�, which 
has been established through �eld reconnaissance complemented 

with observation of the different HS&HR videos, drop by drop. The 
subjective criteria to assign the value �terr_imp� to each impact are 
detailed in Table 6, and the values estimated for each impact are 
listed in Tables 1�4.

Following the identi�cation of parameters in�uencing the per-
formance of the blocks, the sixth one in Table 5 introduces the role 
of the con�guration of the impact. This factor is mostly random 
during a given block propagation: the block may contact the ground 
with a full face, or, alternatively, only with an edge/corner. Fortu-
nately, in our tests, it has been possible to determine the contact 
mode of the majority of impacts by means of the HS&HR videos. 
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After several trial and error attempts, we propose a functional, 
F (Eq. 5), using the ideas underlying the principles of multivariate 
analysis. As the breakage event is a simultaneous occurrence of 
some favorable circumstances (altered block and stiff ground and 
high energy and�), the proposed functional is a multiplication of 
a number of terms:

As seen in the equation, each in�uencing variable is enclosed 
in a multiplier or term, affected by an exponent. The expressions 
in the brackets have been designed to range between 0 and 1. The 
exponents (a, b, c, d, e, f) should be positive and account for the pos-
sible non-linearity between each term and the overall F. Therefore, 
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each multiplier will range between 0 and 1, as will their product. So 
F will also span the interval [0, 1]. According to the proposed meth-
odology, if F approaches 0, the block will remain intact, whereas if 
F approaches 1, the block will break (on average). An explanation 
of the different terms follows.

a. Volume term: It takes into account the in�uence of the volume 
V (size or mass) of the block. For the same rock mass, a big block 
will intersect more and more discontinuities, being, in principle, 
more prone to breakage. Vo is some kind of irreducible volume. 
When V approaches Vo, the block tends to be unbreakable. For 

���� ��   ���������������
�������������������������� ��������������������������������������������������������������� ¢ �����������������������
������������������������������������������������������������������������������������������������������������������





Landslides 

 ������� ���	�

Landslides 

Thus, F adopts this form:

This tentative expression permitted a preliminary assessment of 
the capability of function F to explain the breakage/non-breakage 
behavior of the blocks during Tests 1�4. In Fig. 17, the F value com-
puted for each block according to Eq. 6 (horizontal axis) is com-
pared with its actual behavior (vertical axis: 1 � fragmentation �, 
0 � no fragmentation �, last column in Tables 1�4). Although some 
points are misclassi�ed by the approach (highlighted in red), at last, 
considering simultaneously the different in�uencing parameters at 
play, some adequate trend has been obtained.

The vertical dashed green line, F = 0.428, is a threshold value to 
discriminate, in average, the blocks in the �break/no-break� aspect. 
To reach this value, tentatively, we moved the vertical line to the 
position where it let the same number of misclassi�ed points to its 
left and to its right (FN and FP, respectively, Fig. 17). If we use the 
�Accuracy�, (TP + TN)/(TP + FP + FN + TN), to measure the overall 
�performance of the function F when classifying the block behav-
ior�, we get (35 + 136)/(35 + 14 + 15 + 136) = 85.5%
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���������������������������������������������������������������������
���������������

����	 �   Parameters 
in�uencing the block 
performance during the impact 
with ground (modi�ed from 
Asteriou and Tsiambaos 2016)

� ���������������������������
�� ›��������������������������������������������

��� ������������������������������������������������������������������

�� £������������������������������������������������������������������������������������

� ������������������������������������������������������������������������

�� �����������������������������������������������������������������������������������
�������������������

��� �����������������������������������������������������������������������������������

����	 �   ����������������������������������������������������������������������������

An extended version of this table can be found in the Electronic Supplementary Material (ESM_09.pdf)

“terr_imp” Description

� �������������������������������������������������������������������������������������

� �����������������������������������������������������������������������

� �����������������������������������������������������������������������›����������������������������

� ��������������›������������������������������������������������������������������������

����	 �   Criteria to assign the 
value �geom_imp� (morphology 
of the impact)

�geom_imp� Description

� ›���������������������������������������������������

� ›��������������������������������������������������������������

� ›�������������������������������������������������������
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This adjustment was carried out with a subset of cases: only the 
events having an assessment of the �i_pundit�, i.e., 30 impact events 
corresponding to the 15 blocks in test 3 whose �quality� was indi-
rectly established with the Pundit sclerometer. As the �i_pundit� 
value was introduced in the adjustment, we had four terms and 
their respective exponents. The best-�t results were:

•	 c = 1.37 for the energy term
•	 d = 4.00 for the substrate type term
•	 e = 0.25 for the impact morphology term
•	 f = 0.26 for the block quality term

So, in this case, the function F will look like this:

Note the difference in the corresponding exponents when com-
pared with the �rst adjustment.

In Fig. 18, the predicted breakage/non-breakage behavior of the 
blocks is compared with the real one. It may seem that now the 
suitability of function F to discriminate F/NF behaviors is perfect; 
however, it is worth noting that the sample is quite small (there is 
only one event in the right circle), so the success of the adjustment 
arises partly from a favorable combination of circumstances.

(7)
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����	 �   Criteria to assign 
the value �i_pundit� (internal 
block structure from ultrasonic 
measurements)

�i_pundit� Description
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�����

� ��������������›��������������������������������������������������������
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