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A B S T R A C T   

This paper presents a procedure for tracking rockfall trajectories and extracting kinematic parameters from both 
the impacts and the resultant fragments. A set of full scale rockfall experiments was performed in a quarry 
located in Vallirana, Barcelona (Spain). The study site was chosen due to the presence of a rigid discontinuity 
surface, inclined at 42◦ in the middle of the slope, whose configuration was expected to favor the breakage of the 
blocks. The trajectories of the blocks released and of the resultant fragments were recorded with three video 
cameras. A C++ program was specifically developed to track the 3D trajectory of blocks and fragments, and 
measure velocities before and after the impact. Two different modules were implemented, one for the blocks that 
break and one for those that do not. The trajectory of a non-fragmented block is obtained by comparing it to its 
3D model. In this way, both the center of mass position and the orientation of the block are tracked. For frag-
mented blocks, the local coordinates of the fragments determined from the images are converted to terrain 
coordinates using the program we developed. A total of 16 blocks and 36 rock fragments after impact were 
tracked. The parameters obtained were georeferenced and linked to a common system of 3D terrestrial 
coordinates. 

The captured parameters allow obtaining the velocity distribution of fragments, the coefficient of restitution, 
and energy balance for the blocks that break. To our knowledge, this is the first attempt to capture kinematic 
parameters of rock fragments that result from the impact and breakage of rock blocks in full-scale tests. Although 
the analysis of the rockfall fragmentation phenomenon is beyond of this work, we have compared the perfor-
mance of the fragmented and unbroken blocks. To this purpose, we have built 3D models of the rock fragments 
generated using images captured with a drone. 

The results indicate that blocks that fragment show higher rebound velocities and coefficients of restitution 
than the blocks that do not although there exists a certain overlap between the two groups. Despite the exper-
iment is carried out on the same discontinuity surface and with small variations in the impact velocities, impact 
kinetic energies and impact angles, the coefficients of restitution obtained present a wide range of values, both 
for the blocks that break and for those who do not. The number of tested blocks is too small to draw generalizable 
conclusions, but they highlight the stochastic nature of the rebound process and the necessity to consider 
additional parameters for its understanding. Finally, the results confirm the relation between the dissipated 
energy and, especially the impact energy and the new area created by fragmentation. Furthermore, the blocks 
that hit the ground with the face are those that generate the most new area while those that hit the vertex 
generate less.   

1. Introduction 

The assessment and management of the rockfall threat requires the 

identification of the potential rockfall source, the prediction of the tra-
jectories of the rock blocks as well as their kinematic attributes. To 
support the prediction of the trajectories of the rock blocks as well as 
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their kinematic attributes, particularly the assessment of risk and the 
design of protection measures, a variety of (numerical) models have 
been developed to simulate kinematic parameters such as the trajectory 
of the blocks, passing height, velocity, energy, and distance reached. 
These models can perform 2D o 2.5D approaches (i.e.Rockfall), in which 
the slope profiles required for performing the 2D analysis are obtained 
from Digital Elevation Models using algorithms like the maximum slope 
path. 

Currently, programs that models trajectories in a 3D space during 
each calculation step, use a Digital Elevation Model. In this approach, 
there is an interdependence between the direction of the rockfall tra-
jectory in the x, y domain, the kinematics of the falling rock, its rebound 
positions and heights. There are numerous such 3D programs, both 
commercial (i.e. RAMMS (Christen et al., 2007; Leine et al., 2014), 
RockPro3D© and GeoRock3D©) and scientific software: STONE (Guz-
zetti et al., 2002), HY-STONE (Crosta and Agliardi, 2004), Rockyfor3-D 
(Dorren and Seijmonsbergen, 2003), Rockfall-Analyst (Lan et al., 2007) 
and RockGIS (Matas et al., 2020). Many rockfall simulations programs 
use the lumped mass approach (i.e Rockfall and RockGIS, among 
others), by assuming that a falling rock is an infinitely small mass point 
to simulate velocity reduction after a collision without contributions 
from the shape and the size of the falling rock. However, other programs, 
such as RAMMS, permit an explicit description of arbitrary three- 
dimensional polyhedral bodies, including natural rock-shapes (rigid 
body approach). Extensive reviews of the most widely used models, their 
assumptions and requirements are found in Dorren (2003), Volkwein 
et al. (2011) and Li and Lan (2015). 

Frequently, the initial rock mass breaks up on impact with the 
ground surface. The generated fragments progress down the slope by 
bouncing, rolling and sliding, typically following independent trajec-
tories until their complete stop. In occasions, fragments break again. 
Fragmentation exerts a strong control on the trajectories, rebounds, and 
impact velocities of rockfalls (Giacomini et al., 2009; Corominas et al., 
2012; Ruiz-Carulla et al., 2017, 2020). It has been observed that frag-
mentation may increase risk substantially as consequence of the diver-
gence of trajectories of the rock fragments, which enlarges the extent of 
the rockfall affected area (Sarro et al., 2014; Corominas et al., 2019). A 
few rockfall codes have incorporated modules and criteria to simulate 
breakage of the rock blocks (Wang and Tonon, 2011; Zhao et al., 2017; 
Matas et al., 2017, 2020). The latter is fundamental for predicting new 
trajectories and energies, which are fundamental parameters for the 
design of protective measures and the analysis of risk. 

Fragmentation is a complex and poorly understood phenomenon. 
The complexity is due to the variety of factors involved. Some of them 
are intrinsic to the nature of the falling rock or rock mass, such as the 
strength, presence of fissures and weaknesses of the impacting block in 
relation to the potential energy (Wang and Tonon, 2011; Haug et al., 
2016; Ye et al., 2019); others to the characteristics of the impacting 
ground surface like its rigidity (De Blasio and Crosta, 2014; Uzi and 
Levy, 2018) as well as to the kinematically-related parameters such as 
the impact velocity, the loading rate, the impact angle and geometry of 
the collision, or the number of successive impacts (Nocilla et al., 2009; 
Giacomini et al., 2009; Zhang, 2000; Crosta et al., 2015; Ruiz-Carulla 
et al., 2020). 

The most critical input parameters are those associated to the 
interaction of blocks with the ground: the coefficients of restitution, 
which control the bouncing of the blocks during the successive impacts 
(Pfeiffer and Bowen, 1989; Chau et al., 2002; Asteriou et al., 2012; 
Bourrier and Hungr, 2011; Buzzi et al., 2012); the irregularity of slope 
geometry and micro-topography, which control the variability of the 
trajectories (Dorren, 2003; Crosta and Agliardi, 2004; Bourrier et al., 
2021) as well as reliability of the simulations (Lambert et al., 2013). 
Consideration of fragmentation adds further challenges to the modelling 
such as the consideration of: (i) block breakage criterion when impact-
ing with the ground; (ii) energy dissipation during fragmentation; (iii) 
distribution of the remaining energy between the new generated 

fragments; (iv) delineation of the post-impact trajectories of the frag-
ments (Matas et al., 2017). 

1.1. Capturing and measuring rockfall kinematic parameters 

The reliability of the simulations depends on the appropriate un-
derstanding of processes involved in rockfall and on the availability of 
data to calibrate the models. Back analysis of the inventoried rockfall 
events (field evidences) and experimental work (laboratory and field 
tests) are typically conducted in view of determining parameters 
describing the rockfall motion. The parameters are retrieved from the 
observation of the interaction between falling blocks and the topo-
graphical surface; from the trajectories at the slope scale; and from the 
fragmentation of blocks. These analyses are also used for calibrating and 
evaluating the predictive capacity of rockfall propagation models, and 
for assessing their reliability. Rockfall inventories provide information 
of the progression of rockfalls over the slope such as the trajectories 
followed by blocks, impact points, jump heights, and runout distances 
(Paronuzzi, 2009; Wyllie, 2014; Ruiz-Carulla et al., 2015). However, the 
kinematic parameters of documented case studies are obtained by per-
forming back-analysis (either analytical or numerical), which do not 
allow the determination of features such as the translational or rota-
tional component of movement. Therefore, this procedure requires 
adopting assumptions that are subjected to some degree of uncertainty. 

The execution and recording of tests either in laboratory conditions 
or in full scale aim at the capture and computation of the kinematic 
parameters of the block motion and impact-related features. Tests in 
laboratory conditions are mainly focused on the kinematics of the 
rebound and the influence of factors such as the slope inclination, 
impact velocity and stiffness of the impacting surface on the coefficients 
of restitution (Chau et al., 2002; Labiouse and Heidenreich, 2009; 
Asteriou et al., 2012; Gao and Meguid, 2018; Asteriou and Tsiambaos, 
2018; Ye et al., 2019; Guccione et al., 2020). More recently, controlled 
tests have been performed to validate a fragmentation survival proba-
bility model for silica sand cemented spheres (Guccione et al., 2021a, 
2021b) In this case, four high-speed cameras were used to track the 3D 
trajectory of fragments. 

Field test are carried out over a variety of settings, slope geometries, 
fall heights, impacting surfaces, and rock types and sizes. Parameters 
such as the impact point, runout distances (Preh et al., 2015), and the 
propagation kinematics are extracted from the analysis of digital films of 
2D (Glover, 2015; Giani et al., 2004; Spadari et al., 2012) and 3D tra-
jectories of rock blocks (Dorren et al., 2006; Giacomini et al., 2012). 
Recent field studies also report measurements of both the translational 
and rotational velocities of the rocks. Most of these tests place the 
cameras along the slope with overlapping fields. When the position of 
the block is obtained from only single camera at a time, recordings 
measure the projection of the translational velocities in the camera 
frame and the component of rotational velocity around an axis 
perpendicular to the camera frame (Bourrier et al., 2012). 

New sensors have been developed to measure trajectories and ve-
locities of falling blocks as well as the acceleration and rotation rates 
with high frequency sampling. To perform the tests, three-axis gyro-
scopes and accelerometers are placed in rocks of various sizes and 
shapes (Caviezel and Gerber, 2018; Caviezel et al., 2019; Volkwein et al., 
2018a, 2018b) or assemblies of different sensors with a corresponding 
data logger paired with a Local Positioning System (Volkwein and 
Klette, 2014). Rockfall size and kinematic parameters can also be ob-
tained from the analysis of the impact seismic signal in an indirect way 
(Ekström and Stark, 2013; Bottelin et al., 2014; Farin et al., 2015; Hibert 
et al., 2017; Saló et al., 2018; Le Roy et al., 2019; Pazzi et al., 2019). 

1.2. Extracting kinematical parameters from tracking block trajectories 

Image correlation or image matching are frequently used for land-
slide monitoring and Target Detection and Tracking (TDT) methods. The 
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optimal camera characteristics and system configuration for obtaining 
good efficiency in both the image correlation and TDT methods is dis-
cussed by Gance et al. (2014). 

The installation of a single camera with its axis perpendicular to the 
trajectory plane XY, considered as the reference plane, allows a two 
dimensional analysis of the block trajectory, so that the capture plane 
was parallel to the motion, leading to a projection of the image plane. 
Working in this way, it is possible to obtain the x, y coordinates and time 
of each frame extracted from images (Asteriou et al., 2012; Noël et al., 
2018; Shum and Komura, 2005). However, on the one hand, using this 
procedure, with only one point of view, makes it difficult the accurate 
identification of the three dimensional impact point of the block (Noël 
et al., 2018). On the other hand, the complex dynamics of the blocks 
during their propagation, but specially the resultant fragments after the 
impact which describe divergent trajectories, frequently out of the 
reference plane, can generate important errors in the trajectory 
estimation. 

Nowadays, extracting the information of trajectories may be carried 
out by means of two, three or more high-speed cameras positioned at 
known distances along the test slope and several control points in their 
overlapping field of view (Bourrier et al., 2009; Spadari et al., 2012; 
Asteriou and Tsiambaos, 2015; Gance et al., 2014). A digital elevation 
model (DEM) is required to project the frames of the videos on it and to 
locate the cameras as well as a precise procedure for the scaling of the 
distance measured. 

Then, by picking manually the impacts of each block on the frames of 
the videos of each camera, it is possible to obtain the true position and 
the time of the impact to reconstruct the block trajectory. In other cases, 
visually tracking or specific developed program for digital image pro-
cessing of every image can be used to obtain geometrical parameters 
useful for the description of the motion, such as the position, velocity 
and acceleration of a series of target points (Giani et al., 2004; Bourrier 
et al., 2009; Volkwein and Klette, 2014; Hibert et al., 2017). Obviously, 
in all cases, the accuracy of the results will depend not only on the image 
resolution, but also on the distance to the block to follow and its size. 

The contour of the rock and its orientation can be determined in the 
images thanks to the painted marks on the blocks before testing. 
Therefore, the location of the gravity center of the rock is obtained by 
referencing it to a Cartesian system of coordinates associated with each 
of the video cameras. Subdividing the filmed sequences into single 
photograms makes it possible to obtain, from the velocity of the block, 
its velocity just before impact and by measuring the projection of the 
translational velocities in the camera frame, the duration of block flight 
until the impact (Bourrier et al., 2012; Hibert et al., 2017). According to 
Dewez et al. (2010) velocities are very sensitive to manual digitization of 
the block centroid. The component of rotational velocity is measured 
around an axis perpendicular to the camera frame (Bourrier et al., 
2012). The painted mark on the blocks are crucial for the measurement 
of the angular velocity of the blocks from the recorded images (Spadari 
et al., 2012). 

Video records have some drawbacks when detecting short-term peak 
accelerations of the block. The reason is that during the impact process, 
the block often experiences the maximum acceleration when the ve-
locity component perpendicular to the ground surface changes from 
inbound to outbound. In the briefest instant when the velocity is zero the 
displacements measured are almost zero. Therefore, the displacement of 
the block must be measured with high accuracy (e.g., millimeters for 
hard contacts or centimeters for softer ground or protection systems) 
which is possible only if the impact point is known beforehand and is 
filmed close up with high temporal and spatial resolution (Volkwein and 
Klette, 2014). 

It should be highlighted that extracting meaningful velocities with 
standard 2D video processing requires setting up the cameras perpen-
dicularly to the expected rock trajectory. In this case, the field of view of 
the experimental setting is constrained by the field of view of the camera 
lens and the available room to stand back from the slope. This makes 

that the position of the cameras and their overlapping areas critical. 
Only blocks propagating approximately parallel with the plane of the 
camera frame and rotating in this plane should be selected for analysis 
(Bourrier et al., 2012). However, when using photogrammetric stere-
oscopy, such constrain does not apply, because the camera locations are 
estimated using control points and the field of view can be maximized by 
looking at the slope obliquely. This oblique viewing angle implies that 
the scale of the images varies across the field of view (Dewez et al., 
2010). 

This article presents the results of experiments of block fragmenta-
tion at real full scale. The characteristics of the test site, the methodology 
for the data acquisition, recording and processing and the interpretation 
of results are described. We aim at: (i) improving the quality and ac-
curacy of tracking the trajectory of the falling block, its georeferencing 
and the observation of the contact geometry; (ii) measuring kinematic- 
related parameters of the block motion; (iii) quantify both the trans-
lational and rotational energy in the block; (iv) characterize the impact 
geometry and the fragmentation process; and (v) extracting kinematic 
parameters of the resultant rock fragments. 

The analysis of the rockfall fragmentation phenomenon is beyond of 
our work. However, since this is the first time that full-scale trajectories 
of rock fragments have been extracted after breakage, we present an 
example on how these data can be processed for this type of analysis. We 
have carried out the exercise of comparing the characteristics and ki-
nematic features of the fragmented and unbroken blocks. 

2. Description of the experimental setting 

In September 2017 a real-scale rockfall experimental testing was 
carried out in a quarry located in Vallirana municipality (41.3635 N, 
1.9067 E), Barcelona, Spain. This study site was chosen because it offers 
favorable conditions to force fragmentation of the blocks tested and 
record some fundamental parameters of the impact. A total of 21 lime-
stone blocks, with volumes ranging from 0.5 to 2.3 m3, were dropped 
from a berm 23.7 m high (including the backhoe arm). All the blocks 
impacted on a rather uniform stiff discontinuity surface inclined 42.4◦, 
located approximately 8.5 m below the release point. This design en-
sures impacts intense enough to cause fragmentation in most of releases. 
From there, the blocks fall and impact on a quasi-horizontal platform 
where they are deposited, occasionally with additional bouncing and/or 
rolling. The experimental setup is described in Gili et al. (2016) and 
corresponds to the series of tests # 4, described by Matas et al. (2020) 
and Ruiz-Carulla et al. (2020). This work focuses on the kinematic 
characteristics of the blocks in relation to the first impact on the 
discontinuity surface. 

The blocks used for this experiment were painted with perimeter 
lines of different colors (red, yellow and green) arranged approximately 
along three perpendicular axis. This facilitated visibility and orientation 
of the blocks in the video footage. Out of this block set, a subset of 
sixteen blocks (Fig. 1) was picked for three-dimensional trajectory 
tracking. We chose those blocks that had good quality images available 
from the three cameras; avoiding those records that showed excess of 
dust or which large fragments in the foreground hide those in the back. 
Eleven of them fragmented on the first impact, generating a variable 
amount of dust and fragments which followed divergent trajectories. 

In addition, a basic mechanical characterization was performed on 
selected limestone rock samples which yielded an average of 103 MPa of 
uniaxial compressive strength, 4.1 MPa of tensile strength (Brazilian 
test), and an average density of 2650 kg/m3 (Matas et al., 2020). 

Fourteen survey targets were placed, and fifteen additional targets 
were painted on the wall and on the ground, throughout the experi-
mental site to form the spatial reference frame (Fig. 2). The local co-
ordinates of the centers of the targets were carefully measured two or 
three times during the tests with a reflector-less total station Leica model 
TM30. The topographic surveying was supported by two Leica serial 530 
geodetic bi-frequency GPS receivers to transfer a geodetic reference 
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frame to the area. We worked in UTM 31 N (ETRS89) projected co-
ordinates and orthometric height referred to the geoid model 
EGM08D595. 

The tests were recorded with three high-speed video cameras SONY 
NEX-FS700R positioned strategically in order to triangulate the 3D block 
position in later phases and, placed far enough away for the safety of the 
staff (Fig. 3). The cameras were mounted pointing towards the impact 
area in order to obtain three views of the same place. Thus, the photo-
grammetric treatment allows us to determine the 3D coordinates of any 
point using images from at least two of the cameras. In fact, only two 
cameras are required in photogrammetry to build three-dimensional 

model but in our test we used three, basically, for two reasons: (i) it 
reduces the accidental measurements errors, especially in depth; (ii) if 
one camera fails, the other two are still available with which the 3D 
coordinates can be calculated, albeit with a less precision. 

The three video cameras were 50–60 m apart from each other, and at 
a distance of the impact surface of 60–65 m. The conventional infrared 
shooter was unusable to shoot them simultaneously at such distances. 
Our solution was to install a flash lamp model NIKON SB-800, which was 
visible from all cameras and then the flashlight served us as a synchro-
nism signal. In each block release, the flash was operated by hand at the 
beginning, at the middle of the fall and at the end when the block or the 
fragments stopped. 

The time base of the camcorder electronics was used for the time 
reference frame. We considered the electronic very stable and it allows 
us depreciate the errors in time. In our case, the camcorders were pre-
pared to take 400 frames per second. That means 2.5 milliseconds be-
tween two consecutive frames. 

A terrestrial stereo-photographic coverage of the slope was carried 
out using a Nikon 5300 camera with an 18 mm objective focal length 
and 6000 × 4000 pixels resolution to create a three-dimensional model 
of the experimental site and its surroundings. A total of 53 images were 
taken, offering precise details of the vertical wall. It is difficult to 
determine the Ground Sample Distance (GSD) especially in oblique 
images because it depends on the distance of each object to the camera. 
In our case, in the vicinity of the impact point the average resolution of 
these images is estimated about 8 mm/px. Eventually, a UAV flight from 
30 m height with the drone DJI Inspire 2 (camera X5S) was used to 
generate high resolution 3D models of the test site and orthophotos 
before and after of each block release. As result, 152 zenithal images 
with a GSD of 7 mm/px were obtained from the drone camera, showing 
details of the ground and the crest of the slope. In total, a photographic 
set of 205 images, with similar resolution, was available to cover the 
point of impact and its surroundings enough to completely cover the 
path of the blocks. Finally, by measuring the image coordinates of the 
targets in the frames and relating them to the corresponding terrain 
coordinates we build an oriented and scaled model of the experimental 
scenario using the commercial software Agisoft Photoscan©. The 

Fig. 1. Scaled images of the picked blocks to calculate their trajectories.  

Fig. 2. Detail of the targets. The targets with the pattern in black and white squares are used to build the coordinates reference frame. Those that are painted directly 
on the rock or the ground serve as quality control points. 
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generated digital model is a colored irregular dense point cloud of 2⋅106 

points and 4⋅106 triangles with an average spatial resolution of 7 cm. 
Before launching the blocks, a set of overlapping photographs has 

been taken around each block to build a 3D model of it using the same 
software. On some photographs the block appears next to a wooden 
triangle with rules in two of its sides that will serve to obtain a scaled 
model (Fig. 4). 

Finally, it is necessary to merge all this information into a single 
entity to extract the position versus the time of the blocks or fragments. 
Thus, to manage the entire calculation process, a program in C++ lan-
guage has been implemented within the Visual Studio environment. 
Furthermore, OpenGL libraries have been added for the graphic treat-
ment of models and the OpenCV libraries for the treatment of video 
images. The program is made up of different modules responsible for 
executing each of the phases of the process: i) open and display the three 
videos; ii) synchronization of the shots; iii) input of the internal orien-
tation data of the cameras (focal length, number of pixels, size of pixels, 
etc.); iv) external orientation; v) volume calculation and calculating 
both the masses and tensor of inertia of the blocks. Finally, in the phase 
vi) of coordinate acquisition, the program allows operating simulta-
neously on the three videos and calculating the terrain coordinates of an 
object, be it a block or a fragment visible from at least two of the 

cameras; although to minimize measurement errors it is preferable it be 
visible from all three views. 

3. Methodology 

The proposed methodology aims at obtaining the needed geometric 
parameters for the description of the movement, such as the position of 
the centroid of the block, the angle of rotation of the block, the geometry 
of contact with the ground upon impact and the position of the newly 
generated fragments. 

3.1. Camera position, orientation and synchronicity 

Bourrier et al. (2012) mentioned the difficulty to analyze the 3D 
trajectory of the rocks without previous topographic fieldwork. In our 
experiment, we built an accurate reference frame and we made a pre-
vious topographic survey, measuring the terrain coordinates of the 
fourteen targets uniformly distributed in the area. The goal was 
capturing the targets, the cameras, flash, and other elements’ positions 
useful for locate them correctly with respect to the reference frame. In 
order to check their stability –targets near the point of impact can be hit 
by small fragments and, consequently, they might have moved slightly– 

Fig. 3. General view showing the position of the impacting surface, targets, the total station, the GPS receiver, the three cameras and del flash lamp.  

Fig. 4. Left: circular photo set of block number 15 and its model. Top right: the triangulated model. Bottom right: the colored mesh.  
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the local coordinates of the centers of the targets were carefully 
measured several times during the tests to detect their possible move-
ments. The topographic survey was supported with two geodetic GNSS 
receivers in order to convert the local coordinates to UTM 31 N 
(ETRS89) projected coordinates and prepare a georeferenced map. 

The following step involved referring the cameras to the reference 
frame. That means to place the projection centers of the optical systems 
of the cameras and their orientation with respect to the reference sys-
tem. As mentioned above, we took the camera’s terrain coordinates with 
the total station, but the accuracy is not enough for our purposes. We 
needed the position of projection center, which is an inaccessible point 
inside the camera, somewhere near the CCD sensor. To overcome this 
restriction we followed the external orientation approach. The equations 
of central projection, also called collinear equation (Eq. (1)) were used 
to relate the coordinates of the targets measured on the images to its 
corresponding terrain coordinates obtained from the topographic 
surveying. 

x = xo − f
m11(X − X0) + m12(Y − Y0) + m13(Z − Z0)

m31(X − X0) + m32(Y − Y0) + m33(Z − Z0)
(1)  

y = yo − f
m21(X − X0) + m22(Y − Y0) + m23(Z − Z0)

m31(X − X0) + m32(Y − Y0) + m33(Z − Z0)

being X0, Y0 and Z0 the terrain coordinates of the projection center of the 
camera lens, X, Y and Z are the terrain coordinates of the target. The 
coordinates xo, yo represent the distance of the principal point to the 
center of the sensor, f is the focal distance, x, y are the position of the 
target image on the sensor and the mij means the entries of the rotation 
matrix (Eq. (2)) which have account the camera orientation in the space, 
that are ω, ϕ, and κ, the rotation around X, Y and Z axis, respectively. The 
rotation matrix used in this case is: 

M=

⎛

⎝
cosϕcosκ cosωsinκ+sinωsinϕcosκ sinωsinκ − cosωsinϕcosκ
− cosϕsinκ cosωcosκ − sinωsinϕsinκ sinωcosκ+cosωsinϕsinκ

sinϕ − sinωcosϕ cosωcosϕ

⎞

⎠ (2) 

For each point observed, and that it means to have both, the terrain 
and the image coordinates, two equations could be added. If the number 
of points measured is enough and the points are well distributed over the 
images, then we can estimate, by nonlinear least squares fitting, the 
position of the center of projection X0, Y0 and Z0 and the orientation ω, 
ϕ, and κ of the camera at the instant that the image was taken. This 
procedure represents the position reconstruction in the space of the light 
beams that generated the image. This photogrammetric procedure is 
applied to each video-camera frame and, finally, the camera positions 
and orientations in the space are obtained. 

The internal error is determined by measuring the targets image 
coordinates and calculating its corresponding terrain coordinates. The 
results can be tested comparing the latter with the direct topographic 
measures to obtain the residuals. In our case, using three cameras a 
positioning accuracy, it yields about ε = ± 3 cm, which is enough for 
our purposes. Using only two cameras implies bigger errors depending 
on which camera pair is chosen. In the best configuration, the errors are 
approximately ε = ± 5 cm and the worst configuration can reach to ε =
± 15 cm. 

Hereafter, the three dimensional terrain coordinates can be calcu-
lated for any static object whose image coordinates can be measured, in 
at least two frames. We use the same equations (1 and 2) that can be 
solved using the least square method but now the unknowns are the 
terrain coordinates X, Y and Z. However, we are interested to calculate 
the terrain coordinates of the moving objects. There is still a previous 
step consisting of synchronizing the images obtained from the three 
videotapes. 

3.2. Tracking of blocks 

Two situations have been considered depending on whether the 
block experiences fragmentation or not. It is worth mentioning that the 
test lasted for more than 6 h. The conditions of illumination changed 
from early morning until late afternoon. Thus, we have images of poor 
quality especially in the morning. On the other hand, the cameras were 
placed far away from the impact zone and the field of view was wide to 
cover the complete trajectory, so the final resolution is not high. Also, 
during the impact a lot of dust is generated and sometimes front frag-
ments hide those behind. This combination of factors make the mea-
surement process delicate. 

3.2.1. Tracking unbroken blocks 
A meshing algorithm has been specifically developed to obtain a 

close meshed model. Subsequently, the volume of the rock model is 
calculated from it. In our program, we implement the classical inte-
gration method by pieces. Each triangle of the surface mesh is linked 
with the origin forming a tetrahedron. The volume of the model is the 
sum of the tetrahedrons constructed with all triangles of the mesh. This 
algorithm works well for convex surfaces without holes inside like a 
torus o similar figures. In our case, the blocks fulfill this rule and 
therefore, this method can be used. 

In our program we developed a module to calculate the volume and 
the mass. In order to determine the rotation energy, the tensor of inertia, 
I, is calculated with the following equation, which was solved 
numerically: 

I =
∫

V
r2dm (3) 

The components of the tensor of inertia depend on the system from 
which the points of the cloud of the three-dimensional model of the 
block are referenced. The reference system is arbitrary and it is defined 
by the photogrammetric survey of each block. The next step is to 
calculate the position of the center of mass of the block and place the 
origin of the system of reference there. Then, the tensor of inertia matrix 
is diagonalized and the three principal axes are defined. From here on, 
they will be used as the local system of reference for every block. We 
used the Jacobi’s method to calculate the eigenvalues and the eigen-
vectors implemented in the Numerical Recipes for C++ Libraries (Press 
et al., 2007). We have incorporated a method (Zhang and Chen, 2001) to 
calculate the tensor of inertia from the point cloud of its surface. This 
method avoids direct numerical integration over the volume and it 
consists of subdividing the volume in tetrahedrons, which are formed 
joining each triangle of the 3D model with an arbitrary point (usually the 
center of mass of the point cloud). Subsequently, the position of the 
center of mass and the inertia tensor of each tetrahedron are iteratively 
calculated and they are added successively in an appropriate way. 

With the model of the block, the volume, mass, center of mass and 
moment of inertia are available. As was mentioned above, each block 
has been linked to a local solidary coordinate system by calculating the 
principal axes. This is important because it is possible to use some 
graphics techniques to show the surface of the model in some degree of 
transparency. It allows to see where the position of the center of mass is 
and where it is projected following the direction of the point of view of 
each camera. With all this, we have a high-density scaled model of the 
impact area and its surroundings and an independent scaled model for 
the tracked block (Fig. 5). 

From the scaled model of the block (Fig. 4) we can calculate the 
volume, the mass and the tensor of inertia and merge them on the same 
reference frame. We use a static model that represents the scenario 
where the experiment occurs and a movable model which represents the 
block in its approximate position and its orientation, initially unknown. 
The correct orientation and position is extracted by matching what is 
observed from the point of view of the cameras. In our approach, we 
have designed a module in our program capable to display six views 
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simultaneously (Fig. 6). In the top, we show the three images seen from 
the high-speed cameras and in the bottom we show the three views of 
the synthetic model observed from the position and orientation of the 
cameras calculated in the previous steps. 

Of course, we use other intrinsic properties of the cameras to 
calculate the exact view from the model: the focal distance, width and 
height in pixels, the pixel size of the sensor and, when available, the 
central point of symmetry and the polynomial of lens distortion. With 
this tool, we can choose, at least, two points in the block trajectory. As 
Fig. 6 shows, at each point, the program allows us to translate and rotate 
manually the block model until the synthetic views match the camera 
views. At that moment, we caught the terrestrial coordinates and the 
rotation angles of the block that are recorded in a text file. 

This procedure allows us tracking of the block’s trajectory in detail 
(Fig. 7), that is, the control of the position and orientation at certain 
instants of the trajectory and interpolate the rest following a free fall 
model. Each of the measurements will be associated to a specific 
moment given by the frames where these measurements are made. 
Therefore, indirectly we have a measure of the time elapsed between 
two observations. Thus, we can calculate the velocity of the centre of 
mass and the angular velocity that the block has in the stretch of the 
trajectory between any two instants. 

In order to determine kinematic parameters, we choose making 
measurements in the sections of the trajectory where the block is clearly 

in free fall and we have deliberately avoided the short time intervals in 
which the block is interacting with the slope. We assume that the 
movement consists of three parts. A portion of the trajectory is that of a 
body in free fall, then the body briefly interacts with the slope –it may be 
sliding or rolling- and finally, one last part where the body goes back 
into free fall. 

The terrain coordinates of the block that falls in a given instant of 
time are measured, and from them the velocity of the block is calculated 
at each point of its trajectory. Finally, by taking measurements up to the 
instant just before the impact and just after the rebound, the energy lost 
during the impact (in the form of sound, heat and especially by defor-
mation of the ground and internal damage of the block) is obtained. 

The values of the coefficients of restitution for the point of impact are 
calculated from the incident and rebound velocities ratio. Its evaluation 
is based on the motion evolution of the mass center of the block before 
and after the impact. The most common equation is: 

CoR =
vr

vi
(4)  

where vr is the rebound velocity and vi is the incident velocity. 
As the mass of the block is known, the kinetic energy before and after 

the impact are calculated and, consequently, the energy dissipated. 
Similarly, we measure the rotational velocity and calculate the rota-
tional energy before and after impact. By considering the energy of 

Fig. 5. The pictures show views of model in surroundings of experimental place. On the left, a frontal view close to position of one high-speed camera. On the right a 
nadiral view of the scenario. 

Fig. 6. A screenshot of our program showing six views. Top: views of the three high-speed cameras. Bottom: projections of the block’s mesh seen from the calculated 
position of the cameras in this model. 
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sound and air resistance negligible, the balance of energies can be ob-
tained with the following equation: 

ED = Ei − Er =
1
2

mv2
i +

1
2

Iω2
i −

1
2

mv2
r −

1
2

Iω2
r (5)  

where Ei is the impact energy and Er is the rebound energy; vi and ωi are 
the impact velocity and the impact rotation velocity, respectively, and vr 
and ωr the rebound ones. Finally, the difference between the impact 
energy and the rebound energy is the dissipated energy, ED. 

The OpenGL libraries that we incorporate in our program offer 
functions to control the movement in translation and the rotation of an 
object; in our case, the object is a block whose axes are aligned to the 
principal axes. Therefore, we extracted the rotation angles of principal 
axes respect of the terrain reference axes. If we apply them to two or 
more different instants of the trajectory, we can calculate the rotation 
velocity with respect to the reference frame. 

3.2.2. Tracking of rock fragments 
The 3D block model is only used while the block remains complete. 

When fragmentation occurs, the program we developed (see Section 2) 
can only make approximate measurements of the position of the mass 
centre of the rock fragments. In these cases, we no longer use the initial 
3D rock models views and take the measurements of the position of the 
fragments directly in the images at different times. We measure, 
whenever possible, fragments describing parabolic trajectories. For our 
purposes, it is enough to just take two points separate in time, because it 
minimizes the transmission error, and then fit the trajectory with a 
parabola. As the value of the acceleration of gravity is known, only two 
parameters need to be adjusted: the initial position and the initial ve-
locity for the trajectory between the measured points. From the 
measured values, we interpolate the intermediate positions between 
these two instants and, in addition, we extrapolate positions for previous 
and later instants. The extrapolation to previous instants is very 
important in our approach because it is impossible to obtain measured 
coordinates of the fragments just in the impact moment. In this instant, 
most of fragments do not yet exist or they are in the background and 
hidden by other fragments in the foreground. Thus, we measure in an 
instant after impact when the fragments are far enough apart from each 
other and then we fit a parabola and use the reverse extrapolation to 
calculate positions and velocities at instant zero of impact. We use this 
method to determine the rebound velocities of the fragments. On the 
other hand, extrapolation for later instants, especially for a large para-
bolic trajectories, is applied to correct the current calculated trajectory 
and replace it with a more accurate one. 

Tracking the fragments to obtain their positions is a time-consuming 

process due to the large number of fragments, the presence of dust and 
overlapping of the trajectories. In practice, only the largest fragments 
can be tracked (Fig. 8). The trajectory of the fragment is tracked in the 
video images from the moment of its generation until the fragment 
comes to a complete stop on the ground and the volume of the fragments 
is measured. Once the mass and the velocity of each fragment are 
available, the derived magnitudes are calculated. We define the coeffi-
cient of restitution for fragmented blocks as the ratio between the sum of 
the fragments’ momenta an instant after the impact divided by the block 
momentum an instant before the impact. 

R =

∑

i
mivi

mvimpact
(6) 

In the same way, the balance of energy can be calculated from the 
rebound energy of each tracked fragment. The balance of energies can 
be expressed by: 

Ei − Er =
1
2

mv2
i −

∑N

k=1

1
2

mkv2
k −

1
2
mrṽ2 (7)  

where m and vi are the mass and the velocity of the block in the impact 
instant, mk and vk are the mass and the velocity of the kth measured 
fragment respectively, mr is the remain mass and ̃v is the median of the 
fragment measured velocities. 

4. Results 

A total of 16 from the 21 blocks released were selected, based 
exclusively on the quality of the recorded images. In this section, we 
present the measured kinematic parameters according to whether the 
blocks break or not. Then we compare the behaviour of both groups. 

First, we have checked the reliability of the photogrammetric pro-
cedure. As example, we present the measure of the free-fall positions of 
fragment # 1 of block number 15 after the impact on the discontinuity 
surface. Tracking of the fragment lasted for 1.5 s before hitting the 
quarry platform and the interval between two consecutive measure-
ments was 50 ms. A parabolic function was fitted to the Z-coordinate 
with respect to time, using the least squares approach (Fig. 9). The value 
of the acceleration of gravity is checked from the position measurements 
obtained by the photogrammetric system together with the measure-
ment of the time provided by the electronic control system. 

The system of equations allows to estimate the errors in the calcu-
lation of the parameters, ei (i = 1,2,3), using the cofactor matrix, Nii

− 1: 

Fig. 7. Top: four frames of a falling block taken by one of the high-speed cameras. Bottom: a model of surroundings of the point of impact and the moving model of 
the block following as close as possible the real partner. 
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ei =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅

σ2
0 N − 1

ii

√

(8) 

Where the cofactor matrix is the inverse of the normal matrix, N, 
calculated from the design matrix, A, of the system of equations. And 
σ0 is the standard deviation of the adjustment. 

N = AT A (9) 

The calculation of the initial position (Z0) gives a value of 478.40 ±
0.03 m. The 3 cm error of the Z component which is consistent with the 
obtained with the internal measurements of the set of targets. The value 
of the initial velocity (vz0) is − 1.82 ± 0.08 m/s. The error obtained is 
less than 0.1 m/s, which is the value that we will be taken for the 
propagation of the errors in the kinetic energy, the momentum and the 
restitution coefficient. Finally, the acceleration of gravity obtained is 
− 9.8 ± 0.1 m/s2. 

4.1. Kinematics of unbroken blocks 

To extract the position of the centre of mass and the orientation of 
the block we follow the methodology explained in Section 3.2.1. The 
data extracted from two points of the trajectory are used to measure 
translational velocities of the centre of mass and rotational velocity and 
calculate kinetic and rotational energies before and after the impact. 

By way of example in two of the blocks (# 4 and 11) that do not 
fragment, the translational and rotational kinetic energy have been 
measured in full 3D (Table 1). In the selected example, the percentage of 
rotational energy before the impact is only a small fraction (less than 
2%) of the total kinetic energy. After the impact, this fraction increases 
slightly about to 4–6%. In this particular case, the effect of rotation is not 

relevant and may be disregarded but it cannot be extrapolated to other 
situations because during the tests no rolling propagation of the blocks 
and fragments was observed. 

As the rotation velocity in this experiment is negligible, in what 
follows we will use the methodology explained in 3.2.2. The reason is 
that with the latter, it is faster and easier to measure the translational 
velocity. In this case, the data extracted from at least two points serve to 
fit a parabolic trajectory and subsequently calculate velocities and ki-
netic energies before and after the impact (Table 2). 

The results show that although the impact velocity of the blocks 
oscillates within a narrow range of values, with only a 10% difference 
(11.72 to 12.88 m/s), the coefficients of restitution do so in a greater 
range, up to 31% (between 0.35 and 0.51). The energy balance resulting 
from the rebound of the blocks on the rigid test surface shows a high 
dissipation of the impact energy. The latter is variable, depending on the 
mass of the released block. The values of energy dissipated on impact 
without fragmentation range between 74.2 and 88.0%. 

4.2. Kinematics of fragmented blocks 

To calculate velocities, momenta and energies before and after the 
impact, we follow the methodology explained in Section 3.2.2. The ve-
locities of the impacting blocks and of the resultant tracked fragments 
are presented in Table 3. 

The released blocks impacted the slope with velocities ranging be-
tween 10.0 and 13.3 m/s, being the mean velocity of 12.1 m/s. Gener-
ally, the largest and heaviest blocks were released at a slightly lower 
height while the smallest and lightest from higher one. This circum-
stance explains the observed variability in the impact velocity. 

Fig. 8. The three frames at same time obtained from three different cameras (above) and three consecutive frames of the same impact block (below) showing the 
projected velocity field of the fragments. Note the large amount of dust raised. 
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Thirty-six fragments in total were tracked and their rebound velocity 
calculated. It is interesting to compare the impact and rebound velocities 
of the blocks that fragment. While the impact velocity oscillates between 
10.0 and 13.3 m/s, the velocity of the fragments does it between 2.62 
and 9.74 m/s except a single fragment that reached 15.03 m/s. Almost 
two thirds (64%) of the tracked fragments rebound with velocities 
greater than 7 m/s, which are notably higher than the velocities 
measured for the unfragmented blocks (4.2 to 6.2 m/s). This confirms 
that fragmentation generates a momentum boost effect (Crosta and 
Agliardi, 2003; De Blasio and Crosta, 2015; Zhao et al., 2018; Ye et al., 
2019; Matas et al., 2020). It is possible to fit a Gaussian function to these 
data using a nonlinear least squares adjustment. In our case, the average 
velocity of the measured fragments is 7.1 m/s and a standard deviation 

of 2.1 m/s. However, the sample is small and probably biased because 
only the largest fragments could be measured. 

To calculate the coefficients of restitution (CoR) and the energy 
balance we have built a 3D model of each of the thirty-six tracked 
fragments (Fig. 10). We tracked the trajectory of each fragment in the 
video images from the moment of its generation until the fragment 
comes to a complete stop on the ground. Due to logistic restriction of the 
test site only the tracked fragment were georeferenced using the 
orthophoto and the volume reconstructed, the rest of the fragments 
(non-tracked) were measured by hand with a tape. 

After each launch, images of the scattered block fragments were 
taken with a camera mounted on a drone (between 20 and 40 images) as 
well as the ground coordinates of targets. The 3D model of the scene 
(Fig. 10A) was built using the Agisoft Photoscan© software. Subse-
quently, with the MeshLab program (Cignoni et al., 2008), the models of 
the individual fragments were extracted from the deposit model one by 
one (Fig. 10B). Once the fragment is isolated and closed then the vol-
umes and surfaces are calculated (Fig. 10C). 

In order to validate the procedure, we compared the initial volumes 
of the blocks that did not break with the volume of the same blocks 
calculated from the drone images (Fig. 11). In the comparison we also 
added block # 20 which did not break but could not be tracked with the 
video images. The mean error obtained is 4.3%. 

The mass for each of the 3D reconstructed fragments is presented in 
Table 4. As mentioned before, for each tested block that breaks, we were 
able to measure a variable number of fragments, which depended on the 
quality of the frames. 

Having mass and the velocity of each tracked fragment, the derived 
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Fig. 9. Parabola fitted to measured points of the tracked fragment 1 
(block, 15). 

Table 1 
Measured impact velocity (vi), angular velocity (Ωi), the translational, rotation and total energies before impact (Eki Eri, ETi) for the unbroken block.  

# vi m/s Ωi rad/s Eki kJ Eri kJ ETi kJ Eki % Eri % vr m/s Ωr rad/s Ekr kJ Err (kJ) ETr kJ Ekr (%) Err (%) 

4 12.60 4.8 142.8 2.8 145.6 98.1 1.9 5.72 3.3 30.0 1.3 31.3 96.0 4.0 
11 11.72 1.5 284.0 1.2 285.2 99.6 0.4 6.06 3.2 73.9 4.9 78.8 93.8 6.2 

The same magnitudes (vr, Ωr, Ekr, Err, ETr) for the rebound just after the impact. 

Table 2 
Measured velocities (x,y,z components), coefficients of restitution (CoR) and energies before (i) and after (r) the first impact instant for the unbroken blocks and the 
dissipated energy (Ed).  

# Mass kg v ix m/s v iy m/s v iz m/s vi m/s v rx m/s v ry m/s v rz m/s vr m/s CoR Ei kJ Er kJ Ed kJ 

4 1830.4 0.93 − 0.07 − 12.52 12.55 − 5.02 0.41 − 3.59 6.19 0.49 144.3 35.0 109.3 
7 2275.0 0.47 − 0.28 − 12.06 12.07 − 3.38 0.23 − 2.45 4.18 0.35 165.8 19.9 145.9 
11 4022.2 1.03 − 0.08 − 11.67 11.72 − 5.56 0.04 − 2.13 5.95 0.51 276.0 71.3 204.7 
12 1684.8 1.02 0.01 − 12.84 12.88 − 5.29 2.00 − 1.21 5.78 0.45 139.8 28.2 111.6 
14 4141.8 − 0.56 0.05 − 11.93 11.94 − 3.82 0.79 − 2.31 4.53 0.38 295.4 42.6 252.8 

Note that velocities of blocks # 4 and 11 differ slightly from the values of Table 1. This is due to the different codes used. 

Table 3 
Velocities (m/s) of the impacting blocs and rebounding fragments (f).  

Impacting block 
# 

Tracked rebounding fragments 

block 
# 

m/s f1(m/ 
s) 

f2(m/ 
s) 

f3(m/ 
s) 

f4(m/ 
s) 

f5(m/ 
s) 

f6(m/ 
s) 

3 11.43 6.06 4.66 7.49 6.94 3.41  
5 10.03 5.33 3.12 6.49 7.38   
6 10.24 8.12 4.05 3.90 4.63 6.99  
8 12.28 6.64 8.57     
9 12.63 4.19 2.83 2.62    
10 13.33 7.35 5.93 9.74    
13 11.24 7.83 6.63     
15 12.68 6.67 9.24 15.03 6.34 7.80 7.99 
16 12.48 9.02 8.22     
19 12.88 5.36 8.97     
21 12.58 7.99 7.05      
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magnitudes may be obtained. To calculate the rebound momentum we 
summed the fragments momenta (Table 5). In order to calculate the 
overall momentum, we made a rough calculation of the momentum of 
the non-tracked fragments. The mass of the latter was estimated by 
subtracting the mass of the tracked fragments from the original mass of 
the block. This difference ranges between 1.7 and 25.6% of original 
mass (Table 4). To calculate the momentum, we assign the median ve-
locity of tracked fragments measured to the remaining non-tracked 

mass. The median velocity is an estimator is less sensitive to outliers, 
than the mean. We understand that the error of not considering the non- 
tracked mass is much greater than that of assigning it the median 
velocity. 

The energy carried by the non-tracked smallest fragments is also 
estimated considering the rough calculation for the energy of the 
remaining mass. The balance of energies is presented in Table 6. 

Tables 4–6 present the kinematic and fragmentation parameters 
obtained. The number of tracked fragments counted just after the impact 
instant is only a percentage of the total number of fragments generated. 
The reason is that most fragments are too small to be tracked and 
furthermore, the dust generated makes it difficult to track them. In case 
the blocks experience two or more impacts with fragmentation, the 
volume distribution of the deposit does not correspond to the volume 
distribution produced during de first impact. Then, fragments produced 
by secondary impacts are tracked backwards from the final position to 
identify the fragment from which they derive. The volumes of final 
fragments are then added together to obtain the volume of the original 
fragment (generated after the first impact). 

In our experiment, for a given block, the sum of tracked fragments 
represents between 81.3 and 98.3% of the mass of the initial blocks 
(except in block # 10, where fragments only reach 74.4% of the initial 
mass) and most of the rebound energy. Thus, tracking of the largest 
fragments is considered acceptable to carry out the energy balance. To 
account for the energy of the non-tracked fragments we assign the me-
dian velocity of the tracked fragments to their mass. It is important to 
note that, although the non-tracked fragments represent a small part of 
the energy, they can travel at high velocity and in divergent trajectories 
with the consequent risk for the exposed elements. 

For the next sections, the type of impact according on how the impact 
occurs is taken into account. In this case, a subjective classification was 
taken and, watching the footage just in the impact instant, three cases 
were assumed: the first contact occurs against a vertex, an edge or a face. 

Fig. 10. (A) 3D model of the fragments resultant from breakage of block # 5, generated using drone images; (B) selection of the fragments tracked with high-speed 
cameras, from which volume and surface have been extracted; (C) close up view of the largest fragment reconstructed. 
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Fig. 11. Comparison of volumes calculated using the 3D model of the frag-
ments versus the initial volumes (Vo) of unbroken blocks. 

Table 4 
Mass of the initial block tested and mass of the variable number of fragments tracked (f1 to f6) in each release and the non-tracked (non-measured) fragment mass.  

Impacting block # Bounced fragments tracked Non tracked fragment mass 

block # Mass (kg) f1(kg) f2(kg) f3(kg) f4(kg) f5(kg) f6(kg) (kg) (%) 

3 3229.2 874.0 616.0 759.5 641.9 61.1  276.7 8.6 
5 4089.8 1473.6 1180.6 1264.6 95.1   75.79 1.9 
6 5657.6 2051.0 1157.3 904.9 353.3 135.1  1055.9 18.7 
8 2243.1 1325.2 993.4     − 75.5 3.4 
9 2215.2 1276.0 508.5 89.5    341.1 15.4 
10 2137.2 1373.3 92.9 123.0    548.1 25.6 
13 4654.0 4461.7 113.2     79.0 1.7 
15 3429.4 1326.4 1303.4 103.0 92.5 70.4 71.3 462.3 13.5 
16 1417.0 743.2 546.2     127.5 9.0 
19 1482.0 1308.7 62.7     110.5 7.5 
21 1274.0 1217.6 18.2     38.2 3.0  
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5. Discussion 

The availability of the kinematic parameters of the fragments makes 
it possible to calculate the coefficients of restitution and the energy 
balance of the fragmented blocks and to compare their values with that 
of the blocks that do not break. We are also going to show the rela-
tionship that can be established between indicators of fragmentation 
(the maximum fragment volume and the new area generated) and the 
energy components of the impact. 

5.1. CoR of unfragmented and fragmented blocks 

Most rockfall computer codes characterize the bouncing of rock 
blocks by means of the coefficients of restitution (CoR), which are often 
assumed constant for a given generic type of substratum (Pfeiffer and 
Bowen, 1989; Fornaro et al., 1990; Chau et al., 2002). However, rockfall 
tests and back analyses of natural rockfall events have shown that the 
coefficient of restitution are also affected by parameters such as the 
kinetic energy of the impacting block (Labiouse and Heidenreich, 2009), 
the impact angle (Chau et al., 2002; Asteriou et al., 2012; Wyllie, 2014), 
terrain roughness, or the vegetation cover (Turner and Duffy, 2012). In 
our work, CoR are calculated as ratio of the incident and rebound 
momenta (Tables 2 and 5). As the CoR cannot be estimated when a 
change of mass takes place, in the computation of the CoR for the blocks 
that break we have also considered the non-tracked mass of fragments, 
and calculated their velocity and moment. The velocity of the latter is 
taken as the median of the velocity of the tracked fragments. Based on 
this, we assume the coefficients of restitution obtained as representative 
of the broken blocks and reliable. 

The CoR for both broken and unbroken blocks obtained with the 
narrow range of incident kinetic energies, and geometries of the block 
contacts on the tested slope surface are shown in Fig. 12. The results 
indicate that there is no direct relation between the impact energies and 
the CoR. 

Comparing the blocks that fragment and those that do not, it is 
observed that the former show a slight tendency to increase the coeffi-
cient of restitution with breakage, which should be confirmed with the 
analysis of more cases. For unfragmented blocks no trend is observed 
and, for this particular case, the coefficients of restitution cover a wide 
range of values, between 0.35 and 0.51. It is worth noting the outlier 
behaviour of block number 9. It remains left out of the group that breaks. 
In this particular case, the video images show a lot of dust and it is 
possible that the positional measures could have noticeable errors. On 
the other hand, the geometry of the impact does not seem to exert an 
interpretable influence on the coefficients of restitution. 

In the test, although the blocks strike on the same discontinuity 
surface and show only small variations in the incidence velocities, 
impact kinetic energies and impact angles, the coefficients of restitution 
obtained present a wide range of values, both for the blocks that break 
and for those who do not. This confirms the observations of previous 
researchers in the sense that a few kinematic parameters are not enough 
to explain this scattering of values and that the rebound and rotation of 
the blocks after the impact depend on a set of factors that have not yet 
been fully understood (Labiouse and Descoeudres, 1999; Turner and 
Duffy, 2012; Crosta et al., 2015). 

5.2. Fragmentation and dissipated energy 

One descriptor of the fragmentation intensity is the size largest 
remaining fragment (Bowman et al., 2012; Haug et al., 2016). In order to 
quantify fragmentation, Ruiz-Carulla and Corominas (2020) state that 
fragmentation may be better characterized considering both the size of 
the largest fragment and the fragments’ size distribution. 

The fith column in Table 7 is the new area created (NA) by frag-
mentation of the tracked fragments (Ruiz-Carulla and Corominas, 
2020). This area is calculated directly from the 3D model built from the 
tracked fragments. Finally, the last two columns are the initial area of 
the original block (IA) and the ratio between the volume of the largest 

Table 5 
Momenta for initial block and the tracked rebounding fragments and the respective coefficients of restitution (CoR).  

Impacting block # Tracked rebounding fragments 

block # Pi kg m/s Prf1 kg m/s Prf2 kg m/s Prf3 kg m/s Prf4 kg m/s Prf5 kg m/s Prf6 kg m/s Prn/m kg m/s Total kg m/s CoR 

3 36,918 5296 2870 5687 4456 208  1677 20,194 0.55 
5 41,040 7854 3689 8213 703   448 20,906 0.51 
6 57,912 16,649 4686 3528 1636 944  4889 32,332 0.56 
8 27,539 8793 8514     − 574 16,733 0.61 
9 27,968 5340 1442 235    967 7984 0.29 
10 28,497 10,090 550 1198    4027 15,865 0.56 
13 47,123 34,915 751     571 36,237 0.69 
15 43,495 8847 12,048 1548 586 549 570 3649 27,797 0.64 
16 17,679 6707 4488     1099 12,295 0.70 
19 19,085 7013 563     792 8367 0.44 
21 16,026 9728 129     287 10,144 0.63  

Table 6 
Energies of the initial block and tracked rebounding fragments.  

Impacting block # Tracked rebounding fragments 

block # Eki (kJ) Ekrf1 (kJ) Ekrf2 (kJ) Ekrf3 (kJ) Ekrf4 (kJ) Ekrf5 (kJ) Ekrf6 (kJ) Ekrn/m (kJ) Ekrtotal (kJ) Ed (kJ) 

3 211.04 16.05 6.69 21.29 15.47 0.35  5.08 64.93 146.1 
5 205.91 20.93 5.76 26.67 2.59   1.32 57.28 148.6 
6 296.40 67.57 9.49 6.88 3.79 3.3  11.32 102.34 194.1 
8 169.05 29.17 36.48     − 2.18 63.47 105.6 
9 176.56 11.17 2.04 0.31    1.37 14.90 161.7 
10 189.99 37.06 1.63 5.84    14.79 59.32 130.7 
13 294.22 136.61 2.49     2.06 141.16 153.1 
15 275.83 29.50 55.68 11.64 1.86 2.14 2.28 14.40 117.49 158.3 
16 110.28 30.26 18.44     4.74 53.44 56.9 
19 122.88 18.79 2.52     2.84 24.15 98.7 
21 100.88 38.9 0.45     1.08 40.40 60.48  
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fragment generated and the initial volume (Vmax/Vo). 
The ratio of volume of the maximum fragment over the initial vol-

ume (Vmax/Vo) versus the coefficient of restitution is represented in 
Fig. 13. We observe two separated behaviours depending on the frag-
mentation degree: unfragmented and blocks generating big fragments 

tend to display smaller coefficients of restitution compared to those 
producing smaller fragments (blocks # 9 and 13 do not follow the 
trend). This behaviour suggest that fragmentation restricts the dissipa-
tion of energy during the impact while the bouncing fragments take 
away, in form of kinetic energy, much of the impact energy. 

Now we are going to discuss the hypothesis about the possible 
relationship between the dissipated energy during the impact and the 
created new area. 

There exists a consensus on that fragmentation and generation of 
new rock surface area requires energy. However, in our experiment no 
energy threshold is identified for fragmentation of the tested blocks. 
Impact energies of unbroken blocks range between 144 and 295 kJ 
(Table 2) which is similar to the range observed for fragmented blocks, 
between 101 and 296 kJ (Table 6). These results are consistent with the 
observations from previous real scale tests (Giacomini et al., 2009; Gili 
et al., 2016). In any case, it is observed (Fig. 14) that the blocks that 
break due to impacts at the vertex take place with a lower kinetic energy 
(100 to 200 kJ) than the blocks that break due to the impact of one of the 
faces. 

Several works (Bond, 1952; Locat et al., 2006; Crosta et al., 2007; 
Hong et al., 2009; Crosta et al., 2015) relate the area created during the 
fragmentation with the energy required to break the rock blocks. We 
have calculated the area increase associated to fragmentation per each 
individual block. Previous results indicate that the higher the energy 
consumption, the more intense the fragmentation, and the smaller the 
fragments’ size. Ruiz-Carulla and Corominas (2020) found a relation 
between the potential energy estimated at the rockfall source and 
fragmentation of number of inventoried the rockfalls. The energy was 
calculated considering the mean height of the rockfall source from the 
expected impact point at the topographical surface below. They iden-
tified a positive relationship between the potential energy and the in-
crease in the surface area of the fragments in absolute terms (area 
created in m2) and also in relative terms, the proportion of new area over 
the total area of the fragments. In our analysis, the potential energy is 
not calculated because we cannot ensure the exact height from which 
the blocks were released. Instead, we use the equivalent kinetic energy 
of the blocks just before the impact instant. Columns NA, NAt, and IA of 
Table 7 present the new generated area and the initial area for each 
broken block respectively. 

Fig. 14 shows the relation between the new area generated and the 
impact kinetic energy. Fig. 14 (left) shows a trend of increasing the new 
surface of the blocks tracked with impact energy. However, it should be 
noted that, as mentioned above, between 4 and 21% of the mass is not 
included in this count. This omission underestimates the amount of new 

Fig. 12. Impact energy and coefficients of restitution (CoR) obtained for all tested blocks. The error bars represent the propagated error from the 
measured magnitudes. 

Table 7 
Number of tracked fragments of the first impact and the total of number of 
fragments generated (include those measured with a tape); the initial block area 
(IA), the new area generated (NA, NAt) for tracked and total number of frag-
ments respectively, and the ratio volume of the maximum fragment generated 
(Vmax) over the initial block volume (Vo).  

# Tracked Frags Total Frags IA (m2) NA (m2) NAt (m2) Vmax/ 
Vo 

3 6 97 7.50 3.84 8.93 0.30 
5 4 46 8.07 6.31 9.23 0.34 
6 6 49 10.22 3.5 8.90 0.41 
8 2 45 5.56 3.43 5.07 0.55 
9 3 42 5.56 2.04 4.64 0.69 
10 5 73 5.68 0.9 5.29 0.67 
13 1 44 9.60 0 3.66 0.90 
15 8 57 7.97 2.71 6.71 0.40 
16 2 32 4.23 1.43 2.85 0.50 
19 2 60 4.93 0 2.89 0.86 
21 1 23 3.91 0.16 0.96 0.91  

Fig. 13. The maximum volume of fragment generated over the initial volume 
(during the first impact) versus the coefficients of restitution. The error bars 
represent the propagated error from the measured positions and 
measured volumes. 
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surface generated in the most fragmented blocks. To verify this, Fig. 14 
(right) also includes the area of the untracked fragments, which were 
measured by hand with a tape after each block release. With this 
incorporation, the trend becomes more evident. 

The blocks that break at the vertex are those that present the largest 
fragments (Vmax) of all those that break (Fig. 13). That is, they generate 
less fragmentation in terms of the volume of fragments produced. In this 
sense, the smaller area of fragments is consistent with the need for less 
kinetic energy to produce them shown in Fig. 14. 

Finally, we have calculated the area increase in relation to the 
dissipated energy per each individual block (Fig. 15). A positive relation 
is observed again between the dissipated energy and the increase of 
surface are of the fragments. In this case, the energy dissipated in the 
subset of blocks that break at the vertex is less than 150 kJ, while the 
subset of blocks that break by impact on one of their faces dissipates an 
energy greater than this value. In our opinion, this threshold of 150 kJ is 
only representative of the tests we have carried out and cannot be 
extrapolated. However, we do consider that the geometry of the impact 
of the block when it breaks influences the maximum size of the gener-
ated fragments as well as the amount of energy dissipated as it can be 
deduced from Fig. 15. 

High variability is observed in the new area trend that can be 
explained by different effects. On the one hand, they can be attributed to 
the propagation of uncertainty inherent in the measures of both the 
coefficient of restitution and the area calculations. Although we have not 
performed a specific analysis of the tested blocks, the location and 

lithology are the same as the study by Gili et al. (2016). In this case 
characteristics of the blocks, in particular the size, the Schmidt L 
hammer rebound and the fissuration index (normalized observable 
fissure length on the block surface) were measured before the tests. 
However, no correlation was found between the fissuration index and 
the breakage occurrence. Irregularities of blocks could affect the dissi-
pated energy, but we have not found a behaviour that justify a greater or 
lower fragmentation. 

6. Concluding remarks 

The procedure presented is new and has required the development of 
two codes. First one has been used to track blocks that do not break, for 
each of them, a 3D model has been built previously. This code allowed to 
calculate both the translational and the rotational velocities, because the 
position of the block, in particular, its center of mass, could be geore-
ferenced at any time. The second developed code tracks rock fragments, 
and determine their spatial position and translational velocity. For those 
blocks, it is not possible to build their three dimensional model. 

The complexity of the experimental setting entails several re-
strictions. The first is that, for safety reasons, the cameras must be 
located at a distance of several tens of meters from the point of impact 
(in our case, 60–65 m), which limits the accuracy of the measurements 
to ±3 cm. 

As a full-scale test, the environmental conditions can be hardly 
controlled, as occurs with the poor lighting, especially in the early 

Fig. 14. New area generated by fragmentation versus incident kinetic energy: (left) new area of only the fragments that have been tracked; (right) total new area also 
adding fragments that have been measured by hand with tape. Blocks are labeled by type of impact (face, edge and vertex). The error bars in x-axis represent the 
propagated error from the position and the volume to impact energy and in the y-axis the errors of new area from the measured volume error. 

Fig. 15. New area generated by fragmentation versus dissipated kinetic energy: (left) new area of only the fragments that have been tracked; (right) Total new area 
also adding fragments that have been measured by hand with a tape. Blocks are labeled by type of impact (face, edge and vertex). 
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morning, the presence of dust generated by the breakage of the block or 
the overlapping of the trajectories of the various fragments. All of these 
factors make image measurement a tedious and difficult task. Because of 
this, only the largest fragments (greater than 0.02 m3) could be tracked 
in the tests performed. Despite this limitation, the mass of the fragments 
represent between 81.3 and 98.1% of the mass of the initial block, with 
the exception of one of the blocks. This makes it possible to calculate the 
restitution coefficients and the energy balance of the fragmented blocks. 
To the authors’ knowledge, this is the first time it has been performed in 
a full-scale rockfall test. 

For two of the blocks that did not fragment the translational and 
rotational velocities before and after the impact were measured and the 
energies calculated. It is observed that a small part of the post-impact 
energy is in the form of rotational energy. It must be taken into ac-
count that in the experiment the propagation by rolling of the blocks was 
not observed and that, if this occurs, it can constitute a significant 
fraction of the total energy. However, by omitting the rotational energy 
of the rebound, it is wrongly included as dissipated energy. 

It has not been possible to define an energy threshold that predicts 
whether a block will fragment or not, which confirms the results of tests 
carried out by other research groups. In fact, it is difficult to differentiate 
the behaviour of both groups. The CoRs obtained show a high degree of 
overlap although a trend towards a higher CoR is detected for blocks that 
break. The discrimination between populations improves when using 
the relationship between Vmax/Vo, which appears to be a better 
descriptor of the fragmentation process. Our results also suggest that the 
geometry of the impact of the block when breaking also affects the 
maximum size of the fragments generated. This should be confirmed 
with the analysis of more cases. 

We have tracked a total of sixteen blocks of a real scale rockfall test. 
The determination of the three components of the velocity of the frag-
ments eliminates the adjustments and the errors associated to the cap-
ture of the trajectories with one or two cameras. As expected, rebound 
velocities are lower than impact velocities. However, tracking of the 
fragments has allowed us to observe some lesser-known aspects such as 
the fact that the fragments bounce with different velocities (and kinetic 
energies) and that these are significantly higher than those of the blocks 
that do not break. 

The geometry of the impact does not seem to exert an interpretable 
influence on the CoR, although the blocks that strike on one face are 
concentrated in the extremes of both groups. However, it is observed 
that those blocks that break at a vertex do so with less impact energy. In 
this case, the new generated area tends to be small. In contrast, the 
blocks that generate a greater number of fragments do so by impact on 
one face and a greater energy, which confirms the relationship between 
the energy and the new surface generated. This relationship may be 
quantified by plotting the energy dissipated against the new area 
generated of the fragments. An apparently contradictory result is that 
the greater dissipation of energy that occurs when the blocks break it 
does not imply, in our experiment, a reduction of the velocity of the 
fragments greater than that of the intact blocks. Consequently, the CoR 
of the fragmented blocks tend to be higher. 

Considering that the release conditions of the blocks are very similar, 
that blocks strike on the same discontinuity surface with only small 
variations in the incidence velocities, impact kinetic energies and impact 
angles, the coefficients of restitution obtained present a wide range of 
values, both for the blocks that break and for those who do not. This 
confirms previous observations on that a few kinematic parameters are 
not enough to determine the CoR values. 
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Núñez-Andrés, M.A., Buill, F., Puig, C., 2020. Analysis of fragmentation of rock 
blocks from real-scale tests. Geosciences 10 (8), 308. Special Issue “Rockfall Hazard”. 
https://doi.org/10.3390/geosciences10080308. 
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