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Abstract

The fragmentation process in rockfalls is a complex phenomenon that is not well understood and
only a few rockfall simulation models consider it explicitly. Fragmentation significantly affects
the evaluation of the hazard and therefore of the risk. This thesis aims to develop a rockfall
propagation model that is capable of reproducing the fragmentation phenomenon in rockfalls
and to assess its consequences in the risk analysis. Four real-scale tests in a quarry and one
laboratory test were performed for a better understanding of the fragmentation process. During
these tests, several remote sensing techniques were used to capture the motion of the blocks
and the fragment size distributions of the resulting deposit. The analysis of the empirical data
acquired confirmed that the mass distribution produced by the fragmentation of a single block
can be adequately described using fractal theory. Moreover, it was observed that the envelope
of the trajectories of the newly generated fragments adopted the shape of a cone.

The knowledge gathered with these experiments led to the development of RockGIS, a stochastic
program based on a lumped mass approach for the numerical simulation of rockfalls and their
fragmentation using a fractal model. The model simulates the trajectories of the blocks using
state-of-the-art methodologies and implements an innovative fragmentation module to consider
block breakage using fractal theory. The code was developed within the framework of the
Rockmodels project (https://rockmodels.upc.edu). In the simulation, the parameters that define
the sizes of the fragments generated are computed at each impact according to the kinematic
conditions. This approach allows different fragmentation patterns to be reproduced depending
on the energy conditions of the impacts.

The performance of the RockGIS code was verified and validated by the real-scale rockfall tests
carried out and by reconstructing three inventoried natural rockfall events that took place in
Spain: a 10,000 m? rockfall near Vilanova de Banat (Eastern Pyrenees) in 2011, a 800 m? rockfall
in Monasterio de Piedra in 2017 (Zaragoza) and a 10 m? rockfall on the Ma-10 road (Mallorca).
For the calibration of the model different goodness-of-fit indicators were considered depending
on the information available in each case study. Two main calibration criteria were used: the
runout distance and the size distributions of all the fragments generated. Moreover, the fragment
scattering along the slope, the number of blocks crossing a reference line, the position of the
center of gravity of the whole deposit and other criteria were used in some scenarios to validate
the simulation results. The parametric analysis showed that the model is highly sensitive to the
parameters that control the fragmentation process.

The performance of the fragmentation model developed is satisfactory and accomplishes the
goal of representing the fragmentation process, as it is able to reproduce the field observations
accurately. To use this approach for risk analysis and the design of protective measures, precise
calibration is required to ensure the parameters are appropriate for each case study considered.
Regarding the risk analysis, fragmentation has both a significant and a contrasting effect on
the risk value and should not be ignored. The most significant effect is on the rockfall runout
distance. Fragmentation may significantly reduce rockfall propagation if the slope is sufficiently
gentle and long. In this case, the new fragments generated mobilize less energy and can be
trapped by the topographic irregularities, obstacles and protection works. Conversely, a wide
range of block sizes are able to reach corridors running below steep slopes. In such a situ-
ation, fragmentation facilitates the divergence of the blocks’ trajectories, which increases the
probability of impact on people and vehicles and consequently the risk.



Resum

La fragmentaci6 en despreniments rocosos és un fenomen complex, poc compres i només alguns
models de simulacié de caigudes de roques la consideren explicitament. La fragmentacié afecta
I’avaluacio del perill i conseqiientment ’avaluacié del risc. L’objectiu d’aquesta tesi és desen-
volupar un model de propagacié de despreniments rocosos capag de reproduir la fragmentacid
i avaluar les conseqiiencies de considerar-la en I'analisi del risc. Per millorar la comprensié del
fenomen, s’han realitzat quatre assajos a escala real i un assaig al laboratori. L’analisi de les
dades experimentals adquirides confirma que la distribucié de volums produida per un procés
de fragmentacié d’un bloc es pot descriure adequadament mitjancant la teoria del fractal. A
més, han permes confirmar la hipotesi que les trajectories dels fragments que resulten de la
fragmentacié d’un bloc es mantenen dins d’un limit en forma de con.

El coneixement recollit en aquestes campanyes experimentals ha permes el desenvolupament
de RockGIS, un programa estocastic basat en una aproximacié puntual de la massa per a la
simulacié numerica de despreniments rocosos i la fragmentacié mitjancant un model fractal. El
model simula les trajectories dels blocs basant-se en les metodologies més recents i implementa un
modul de fragmentacié innovador que contempla la ruptura dels blocs gracies a un model de frag-
mentacié fractal desenvolupat en el marc del projecte Rockmodels (https://rockmodels.upc.edu).
Segons les condicions cinematiques, a cada impacte es calculen els parametres del model de frag-
mentacié que defineixen els volums dels nous fragments. Aquest enfocament permet reproduir
diferents escenaris de fraccionament en funcié de les condicions energetiques dels impactes.

El funcionament del codi RockGIS ha estat verificat i validat per mitja d’assajos a escala real
i segons tres despreniments rocosos naturals inventariats que han tingut lloc a Espanya: un
despreniment de 10.000 m? a prop del poble de Vilanova de Banat (Pirineus orientals) el 2011,
una caiguda de 800 m? a Monasterio de Piedra el 2017 (Saragossa) i una caiguda de roca de 10
m? a la carretera Ma-10 (Mallorca). Per calibrar el model es van considerar diferents indicadors
de bondat d’ajust segons les dades disponibles en cada cas d’estudi. Es van utilitzar dos criteris
principals de calibratge: 1’abast, o distancia recorreguda, dels fragments generats i la distribucio
de volums. A més, en alguns dels escenaris estudiats es van considerar criteris addicionals de
calibratge com ara la dispersié lateral dels fragments al llarg del vessant, el nombre de fragments
que traspassaven una linia de referéncia, la posicié del centre de gravetat de tot el diposit, etc.

Els resultats del model desenvolupat sén satisfactoris i compleixen amb ’objectiu de representar
la fragmentacié en els despreniments rocosos, ja que és capa¢ de reproduir les observacions de
camp de manera precisa. Per emprar la metodologia proposada en ’estimacié del risc i el disseny
de mesures de proteccid, cal un calibratge precis per tal de garantir que els parametres seran
adequats a cada cas d’estudi considerat. Pel que fa a I’analisi del risc, la fragmentacié té un
efecte significatiu i contrastat sobre el valor del risc i no s’ha d’ignorar. Principalment afecta
al calcul de I’abast maxim dels blocs. La fragmentacié pot reduir significativament la propa-
gacio dels despreniments si el pendent és prou suau i llarg. En aquest cas, els nous fragments
generats mobilitzen menys energia i poden quedar atrapats per les irregularitats topografiques,
els obstacles i les obres de proteccid. Per contra, una amplia gamma de mides de blocs poden
arribar als elements exposats que es troben sota de vessants amb inclinacions altes. En aquests
casos, la fragmentacié facilita la divergencia de les trajectories de blocs, cosa que augmenta la
probabilitat d’impacte amb els elements exposats i el risc consegiient.



Resumen

La fragmentacién en desprendimientos rocosos es un fenémeno complejo, poco comprendido
y s6lo algunos modelos de simulacién de caidas de rocas la consideran explicitamente. La
fragmentacion afecta la evaluacién del peligro, y consecuentemente la evaluacién del riesgo. El
objetivo de la presente tesis es desarrollar un modelo de propagacién de desprendimientos rocosos
capaz de reproducir la fragmentacién y evaluar las consecuencias de considerarla en el andlisis
del riesgo. Para mejorar la comprension del fenémeno, se realizaron cuatro ensayos a escala real
y un ensayo en el laboratorio. El andlisis de los datos experimentales adquiridas confirma que
la distribucién de volimenes producida por un proceso de fragmentacién de un bloque se puede
describir adecuadamente mediante la teoria del fractal. Ademéds, han permitido confirmar la
hipotesis de que las trayectorias de los fragmentos resultantes de la fragmentacion de un bloque
se mantienen dentro de un limite en forma de cono.

El conocimiento recogido en estas campanas experimentales ha permitido el desarrollo de Rock-
GIS, un programa estocéastico basado en una aproximacién puntual de la masa para la simu-
lacién numérica de desprendimientos rocosos y su fragmentacion mediante un modelo fractal.
El modelo simula las trayectorias de los bloques basdndose en las metodologias mas recientes
e implementa un moédulo de fragmentacién innovador que contempla la ruptura de los bloques
gracias a un modelo de fragmentacién fractal desarrollado en el marco del proyecto Rockmod-
els (https://rockmodels.upc.edu). Los parametros del modelo de fragmentacién que definen los
volimenes de los fragmentos generados utilizados en la simulacién, se calculan en cada impacto
segun las condiciones cinematicas. Este enfoque permite reproducir diferentes escenarios de
fragmentacién en funcién de las condiciones energéticas de los impactos.

El funcionamiento del cédigo RockGIS ha sido verificado y validado mediante ensayos a escala
real y segun tres desprendimientos rocosos naturales inventariados que han tenido lugar en
Espafna: uno de 10.000 m? cerca de Vilanova de Banat (Pirineos orientales) el 2011, uno de
800 m3 en Monasterio de Piedra en 2017 (Zaragoza) y uno de 10 m3 en la carretera Ma-10
(Mallorca). Para calibrar el modelo se consideraron diferentes indicadores de bondad de ajuste
segun los datos disponibles en cada caso de estudio. Se utilizaron dos criterios principales de
calibracién: el alcance, o distancia recorrida, de los fragmentos generados y su distribucién de
volimenes. Ademds, en algunos casos se usaron criterios adicionales de calibraciéon como la
dispersion lateral de los fragmentos a lo largo de la vertiente, el nimero de fragmentos que
traspasaban una linea de referencia, la posicién del centro de gravedad de todo el depdsito etc.

Los resultados del modelo desarrollado son satisfactorios y cumplen con el objetivo de representar
la fragmentacién en los desprendimientos rocosos, ya que es capaz de reproducir las observaciones
de campo de manera precisa. Para emplear la metodologia propuesta en la estimacién del riesgo
y el diseno de medidas de proteccién, se requiere una calibracién precisa para garantizar que
los parametros son adecuados a cada caso de estudio considerado. En cuanto al andlisis del
riesgo, la fragmentacion tiene un efecto significativo y contrastado sobre el valor del riesgo y
no se debe obviar. Principalmente afecta al cdlculo del alcance maximo de los bloques. La
fragmentaciéon puede reducir significativamente la propagacion de los desprendimientos si la
pendiente es bastante suave y largo. En este caso, los nuevos fragmentos generados movilizan
menos energia y pueden quedar atrapados por las irregularidades topograficas, los obstaculos y
las obras de proteccion. Por el contrario, una amplia gama de tamanos de bloques pueden llegar
a los elementos expuestos que se encuentran debajo de laderas con inclinaciones altas. En estos
casos, la fragmentacion facilita la divergencia de las trayectorias de bloques, aumentando asi la
probabilidad de impacto con los elementos expuestos y el consecuente riesgo.


https://rockmodels.upc.edu/es
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Chapter 1

Introduction

Rockfalls are rapid mass movements generated by the detachment of a rock volume from
a slope. They often threaten civil infrastructures, buildings and transportation networks
in mountainous regions. These phenomena have great destructive potential due to the
high speed and, consequently, the high kinetic energy the rockfall can reach during its
propagation.

During the last few years some important accidents due to rockfalls occurred in Spain,
some of them causing fatalities. A major rockfall trapped a car in the LV-9124 road on
April 2018 producing the death of the two occupants of the vehicle. In 2002 another
rockfall affected the same road and in May 2020, the access to the villages of Burgo and
Llavorre was closed. A person lost her life in June 2018 while driving along the C-16 road
when a rock fragment broke through the roof of his vehicle and impacted her. Another
person was killed in a beach in Mallorca when a huge rock detached from the cliff behind
the sand on July 2019; 8 people were rescued by the sea in June 2020 as the access to
Porto Pi beach in Tossa de Mar was blocked. In the lucky cases where no fatalities occur,
the economic consequences of rockfalls can be significant. For example, a major rockfall
occurred in CV-428 road near Cortes de Pallas affecting a hydroelectric power station and
isolating the village. In December 2019 a rockfall blocked C-13 road between Rialp and
Llavorsi. The access to the to the ski resorts was closed for several days. Economical losses
in the region were significant as it was high season and the event forced locals to take
a 2.5hr detour. Similarly, the C-242 road, which is one of the accesses to Cornudella de
Montsant, was closed for three months. The frequency of these events could be increased
during the next decades due to climate change (Palomo, 2017) even some authors have
found no correlation between warming and rockfall frequency in their countries (Sass and
Oberlechner, 2012).

Researchers have developed methodologies to predict, control and mitigate rockfall risk.
These methodologies allow to estimate rockfall susceptible areas and the potential runout
or maximum reach of the events both using empirical indexes or computer numerical simu-
lations (Dorren and Seijmonsbergen, 2003b). Extensive studies have also been carried out
to design mitigation infrastructures and to evaluate the forest contribution as a natural
protection. However, until present, few researchers had paid attention to fragmentation of
rockfalls during their propagation. In some of the cited cases presented before, fragmen-
tation took an important role on the development of the events. Moreover, rockfall inven-
tories previously collected by our research group (https://rockmodels.upc.edu/en/work-



team) suggested that fragmentation can modify significantly the final behavior of a rockfall
(Corominas et al., 2012).

At this point, the main research question was: How does the fragmentation influence
rockfall propagation? Fragmentation in rockfalls causes the size reduction of the moving
blocks and consequently, the reduction of the kinetic energy of each of the fragments.
However, it increases the impacting probability since the number of moving blocks in-
creases. Also the total runout may be affected depending on the topographical conditions
since the different block sizes interact in a different way with the ground surface and due
to the divergence of the trajectories. All these features generate contrasting effects on the
resulting risk value, and thus no direct answer to this question can be given.

This thesis aimed at the understanding of the fragmentation phenomena during rockfalls
in order to introduce it in the modelling rockfall propagation. To achieve that, it was
decided to follow this work plan: first, to carry out some experimental campaigns including
real scale and laboratory tests; and then, to develop a rockfall propagation simulator that
incorporates the processes and parameters observed in the field. This tool will allow to
model the complete process of risk quantification in fragmental rockfalls.

1.1 Thesis objectives

The main goal of this thesis is to increase the understanding of fragmentation in rockfalls
and its modelling during propagation. This thesis has three specific objectives:

1. Develop a methodology for the consideration of fragmentation in rockfall propaga-
tion simulations.

2. Develop, implement and validate a 3D rockfall propagation code able to consider
block fragmentation.

3. Calibrate and validate of the developed code and the fragmentation model.

4. Integrate the consideration of fragmentation in the rockfall quantitative risk assess-
ment method.

Fragmentation is still a very poorly understood phenomena (Giacomini et al., 2009) and
few empirical data has been gathered by scientist. To improve the knowledge of the
phenomena, the development of testing methodologies at both real and laboratory scales
and for inventorying real scale cases is required. Data gathered during the realization of
these campaigns will also be used for the calibration and validation of the developed code.

1.2 Framework of this thesis

This thesis has been carried out within the framework of the research project entitled
“Rockfalls in cliffs: risk quantification and its prevention” with acronym Rockrisk (2014-
2016, ref. BIA2013-42582-P,), and funded by the Spanish Ministry of Economy and



Competitiveness (MINECO), and a FPI grant from the MINECO (2015-2018,.ref. BES-
2014-069795). The aim of RockRisk project was the quantification of risk induced by
rockfalls and providing tools to improve its prevention and protection in case of occur-
rence and mitigation of its effects. To reach the main goal these three objectives where
proposed: 1) definition of potential volumes of breakage in rocky slopes, 2) determining
fragmentation of rock masses and their integration into propagation analysis and 3) Rock-
fall quantitative risk assessment. The content of the present research focus on the second
objective.

During the development of the project, several natural rockfall events where inventoried
and real scale fragmentation tests were performed in quarries. This knowledge allowed
the formulation of a rockfall fractal fragmentation model. The rockfall propagation code
considering fragmentation, RockGIS, was developed by the author of this thesis and tested
in several real scenarios. However, during the development of the project several other
research questions outcropped regarding the data capture process both in natural events
and in real scale test. Moreover, the developed tools gave room for improvement through
more testing in real cases.

To keep on with these research lines a new project entitled “Characterization and mod-
eling of rockfalls” with acronym Rockmodels (2017-2020, with ref. BIA2016-75668-P,
AEI/FEDER,UE) was funded by the Spanish Ministry of Economy and Competitive-
ness. In this project the three main objectives were: 1) Explicit identification of unstable
rock volumes and stability assessment, 2) Validation of the fragmentation model, and 3)
Analysis of the propagation and set-up of the RockGIS model. Additionally, and with
the experience of the real scale testing campaigns performed during the first research
project, this project aimed at the development of a code for the capture of kinematic
parameters of the falling of blocks and their fragmentation in the trials of launching of
blocks recorded by high-speed video cameras. The obtained kinematic parameters were
used as a database for the Fragmentation Fractal Model and the RockGIS model. Also
a semi-automatic procedure would be proposed to obtain the spatial distribution of the
roughness and the calculation of fragments volumes. This last aspect seeks to find an
alternative to the manual procedures to obtain the rock block size distribution (RBSD)
at the base of the cliffs that require a long, tedious and often dangerous work.

During the Rockmodels project, which at the time of writing this document was still
going on, many improvements on RockGIS were done. In particular, an upgrade of the
fragmentation model, which now accounts for the impacting conditions to define the
parameters to use when computing new generated fragments; the inclusion of protective
structures in the simulations like dynamic barriers etc. A new real scale fragmentation
test was been carried which, with all accumulated knowledge, has provided many valuable
data on the fragmentation process and allowed a precise calibration. Finally, a laboratory
test was performed to investigate the effect of comminution in rockfalls, when several
blocks fall together in a stack.

At the time of writing this thesis, the research group is awaiting final confirmation for a
new project that will provide continuity to the research lines and allows a technological
transfer of all the knowledge obtained to all interested agents, including private companies
and public agencies. The interest gathered by the research done during these years and
the continuity it is going to have, show the clear interest on the improvement of the
methodologies to deal with natural risks.



1.3 Thesis Outline

This thesis is presented as a compendium of three publications in journals indexed in the
JCR, two as a first author and one as second author. This document brings together
and summarizes the research that resulted in the publication of the three articles. This
first chapter explain the motivation and objectives of this thesis and the framework of the
research projects within it has been developed. The Chapter 2, Literature review summa-
rizes the state of the art on of rockfall fragmentation, its numerical simulation and risk
assessment. It highlights the points where the research started from. The work of differ-
ent research groups has been also summarized in this review. Chapter 3, Understanding
fragmentation process, reports all the experimental research carried out including real
scale fragmentation tests, laboratory tests and natural events inventories. The results of
all this experimental research are the basis for the development of RockGIS, a 3D propa-
gation numerical code able to consider fragmentation. The description of this code is and
its calibration are presented in Chapter 4, Methodology: Development of RockGIS code.
The obtained results in different scenarios including natural events and real scale tests are
presented in Chapter 5, Results: RockGIS performance and applications. Finally, Chapter
6 Conclusions and future perspectives summarizes the main conclusions obtained from the
research and proposes future research lines to continue advancing in the understanding of
rockfall fragmentation.

The three publications forming the compendium are:

1. Matas, G., Lantada, N., Corominas, J., Gili, J. A., Ruiz-Carulla, R., and Prades,
A. (2017). “RockGIS:a GIS-based model for the analysis of fragmentation in rock-
falls”. In: Landslides 14.5, pp. 1565-1578. doi: 10.1007/s10346-017-0818-7

2. Corominas, J., Matas, G., and Ruiz-Carulla, R. (2019). “Quantitative analysis of
risk from fragmental rockfalls”. In: Landslides 16.1, pp. 5-21. doi: 10.1007/s10346-
018-1087-9.

3. Matas, G., Lantada, N., Corominas, J., Gili, J., Ruiz-Carulla, R., and Prades, A.
(2020). “Simulation of full-scale rockfall tests with a fragmentation model”. In:
Geosciences (Switzerland) 10.5. doi: 10.3390/geosciences10050168.

Although these were the three articles selected to form the compendium, other works have
been published as a result of the research carried out in this thesis. The following table
summarizes the total scientific production, including the 3 articles of the compendium.
Reference to all these publications is found in appendix #1.

Publication type Total As first-author
Articles in journals included in the JCR 5+1 submitted 2
Articles in peer-reviewed conferences and symposia 14 6
Contributions to non peer-reviewed conferences and symposia 4 4




Chapter 2

Literature review

A rockfall is a rapid mass movement generated by the detachment of a rock volume from
a slope that falls, bounces, and rolls during its propagation downhill (Varnes, 1978; Hungr
et al., 2014). Rockfalls often threaten civil infrastructures, buildings and transportation
networks in mountainous regions (Chau et al., 2003; Guzzetti et al., 2009; Giacomini
et al., 2009; Thoeni et al., 2014; Crosta et al., 2015; Mitchell and Hungr, 2017; Asteriou
and Tsiambaos, 2016; Mavrouli et al., 2019).These phenomena have great destructive
potential due to the high speed and, consequently, the high kinetic energy the rockfall
can reach during its propagation (Hoek, 2000).

In a rockfall, the initial mobilized mass can be either a single massive block or a set
of blocks defined by the joint system in the massif. The concept of in situ block size
distribution (IBSD) was introduced to describe the initial distribution of block sizes within
the rock mass (Lu and Latham, 1999; Elmouttie and Poropat, 2012; Ruiz-Carulla et al.,
2017). During propagation, the block or blocks that originally form the IBSD may break
on collision with the ground to produce fragments that are smaller than the original ones
(Figure 2.1). The term “fragmental rockfall” is used to refer to this phenomenon (Evans
and Hungr, 1993; Hungr et al., 2014; Ruiz-Carulla et al., 2015; Corominas et al., 2017)
to distinguish from the term “rock avalanche”, which refers to masses of fragments that
move as a granular flow. The final distribution of the fragments is called the rockfall
block size distribution (RBSD). In some cases, a young debris cover is formed on the first
impacts where slope gradient is high and some blocks fall above the others producing
comminution (Matas et al., 2020Db).

There are three main strategies to mitigate the risk from rockfalls (Corominas, 2013):

1. Hazard reduction by means of reinforcement and stabilization works. This strategy
aims at decreasing the occurrence probability by making potentially unstable blocks
more stable. Examples of stabilization works are anchoring specific unstable blocks
using bolts, clearing unstable rock masses by forcing them to fall in controlled
situations, areal stabilization using meshes fixed to the slope with bolts etc.

2. Constraining and obstructing the progression of the rockfall mass by means of
defense structures with the consequent reduction of its magnitude, velocity, and
runout. Dynamic barriers, earth embankments, protection galleries etc. are exam-
ples of structures used both to stop or diverge rockfalls.
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Figure 2.1: Example of fragmental rockfall with its conceptualization. An initial block
distribution (IBSD) is detached from the cliff, these blocks are mobilized and broken
during propagation producing a final different block size distribution (RBSD).

3. Protecting the exposed elements. The purpose is to make exposed elements less
vulnerable to rockfall impacts, for example, by constructing sheds and galleries or
by reinforcing the protection structure of a backhoe cabin to protect the operator.

For both options 2 and 3, the kinematics of the blocks such as the kinetic energy, velocity,
passing height and reach probability must be estimated at the exposed areas. Modern
techniques for determining these values use computational simulations for performing
trajectory analyses of rockfalls (Volkwein et al., 2011).

Rockfall models simulate the kinematics of the boulders, calculating their movement
downslope using Newton’s second law neglecting air friction. Some of these models also
include explicitly the rolling motion of blocks (Agliardi and Crosta, 2003; Lan et al.,
2007), but the study of the interaction of the blocks with the topographic surface during
the successive contacts (impacts) is the main scientific challenge in rockfall modelling
(Bourrier and Hungr, 2013a).

Considering the blocks unbreakable during their propagation is a common hypothesis in



most of the existing propagation models (Dorren and Seijmonsbergen, 2003b; Volkwein
et al., 2011; Turner and Duffy, 2012; Li and Lan, 2015). However, fragmentation is a
process frequently observed in rockfalls and it is defined as the separation of the initial
rock mass into smaller pieces upon impact with the ground (Hungr and Evans, 1988;
Evans and Hungr, 1993). This definition covers both the disaggregation of the block
fragments delimited by pre-existing fractures in the initial mass and the generation of
new fragments due to the breakage of intact rock (Ruiz-Carulla et al., 2015).

The fragmentation mechanism is considered to be the most complicated and the least
understood process in rockfall propagation (Giacomini et al., 2009) and very few contri-
butions address this topic specifically. Two main consequences of the fragmentation are
the generation of multiple fragments and the divergence of the fragment trajectories down-
hill from the impact point. After an impact involving fragmentation, the initial rock mass
generates a number of block fragments that can be characterized by a volume distribu-
tion (Ruiz-Carulla et al., 2015). Further features are higher bounces, higher post-impact
velocities (Agliardi and Crosta, 2003) and the ejection of small fragments (Cuervo et al.,
2015). These physical effects may change significantly the way rockfalls interact with the
terrain, the defense structures and the exposed elements. In the following sections this
effects will be discussed in detail regarding their implications when numerically modelling
the phenomena.

The resultant fragments propagate downslope following independent trajectories, which
is crucial for the trajectory analyses and for hazard assessment. Note that when the
interaction between particles is the predominant mechanism during the propagation of
the fragments, a flow-like behavior develops and the process would be classified as a rock
avalanche instead of a fragmental rockfall (Hungr et al., 2014). The simulation of the
trajectories of a rockfall with or without considering the fragmentation may differ notably.
Furthermore, analyses which ignore fragmentation tend to overestimate both the kinetic
energy and runout (Corominas et al., 2012). On the other hand, the probability of an
impact with the exposed elements is largely underestimated because the blocks generated
during fragmentation define multiple and divergent trajectories (Corominas et al., 2012).
The possibility of multiple impacts with fences or buildings due to the increased number
of blocks have to be added to the list of fragmentation consequences.

2.1 Modelling rockfalls

To describe the existing susceptibility or hazard affecting a certain area and for the design
of protective structures it is important to describe the movement of a falling rock along
a slope regarding its trajectory, kinetic energy, passing height, maximum runout etc.

The first approaches to describe the maximum runout of the blocks were empirical. The
Fahrboschung or travel angle was defined by Heim, Albert (1932) as the angle between a
horizontal line and the segment connecting the top of the rockfall source to the deposition
point. The travel angle has been used to characterize the mobility of rockfalls and rock
avalanches (Hsii, 1975; Scheidegger, 1973; Li, Tianchi, 1983; Corominas, 1996) and to
define the potentially affected areas (Finlay et al., 1999; Ayala-Carcedo et al., 2003;
Jaboyedoff and Labiouse, 2011). This concept was modified by Lied (1977) and later by
Evans and Hungr (1993) into the “shadow angle” concept, which links the highest point



of the apex, with the deposition point of the block which stopped the farthest. Figure
2.2 shows the geometrical variables defining both concepts. This approaches are easy to
use, since only the topography and the starting point are taken into account, and allow
a fast estimation of the potential maximum runout of a susceptible slope. Both methods
were applied by Corominas et al. (2003) and Copons et al. (2009) in the Central Pyrenees
in order to assess the rockfall susceptibility for a range of rockfall magnitudes. However,
these approaches cannot be used for the design of protective structures since the physics
of the process is not considered and thus the required dynamic parameters can not be
properly stated. A review of these approaches is found in Hungr et al. (2005).

Farthest
outlying
block

Figure 2.2: Geometrical variables: vertical drop (H), travel distance (L), reach angle
(av), shadow angle (f3), source-talus angle (¢), and shadow distance (S;) (from Hungr
et al. (2005))

When the use of computers began to generalize, numerical models which accounted for the
dynamics of rockfalls during their descent downslope appeared. These models consider
the kinematics of the blocks using different approaches regarding the spatial dimension
considered, the physical representation of the block during the simulation and how the
interaction between the slope and the blocks is represented. These also called process
based models allowed to obtain information on the block velocity, jump heights and
spatial distribution, which are the basis for a reliable design and the verification of pro-
tective measures. Examples of these models are Rotomap, RocPro3d, Hy-Stone, Rockfall
Analyst, CRSP-3D, RAMMS, RokyFor3D. This approach requires the use of several pa-
rameters that must be properly set in order to represent faithfully the natural phenomena
(Wyllie, 2014). The experience in applying the model and a knowledge of its sensitivity
to parameter settings, as well as how to determine model parameter values in the field, is
a prerequisite to obtaining acceptable results (Volkwein et al., 2011).

For the calibration and validation of these models, scientist have performed several experi-
mental investigations, which are listed in the great review by (Volkwein et al., 2011), where
more than 30 publications regarding experimental testing to calibrate rockfalls models are
shown and summarized. However, since the year of this publication, additional tests both
in real or laboratory scales have been performed. They show how important the exper-
imental data are for the proper calibration of the numerical models and to reproduce



accurately the phenomenon (Asteriou et al., 2012; Gili et al., 2016; Zhao et al., 2017; Cui
et al., 2017; Noél et al., 2018a; Asteriou and Tsiambaos, 2018; Wang et al., 2018; Hu
et al., 2018; Ye et al., 2019a; Ji et al., 2019; Caviezel et al., 2019; Feng et al., 2019; Lu
et al., 2019; Luo et al., 2019).

2.1.1 Modelling hypotheses

Propagation models can be classified by how they simplify reality and the hypotheses
they consider with respect to the following aspects (Matas et al., 2017):

e Spatial dimension: The calculation of the trajectories can be performed in a 2D
(Van Dijkem and van Westen, 1990; Meissl, 1998) or 3D space (Agliardi and Crosta,
2003; Dorren et al., 2005; Lan et al., 2007; Leine et al., 2014; Gischig et al., 2015).
Some models use a 2.5D approach (Dorren and Seijmonsbergen, 2003a) in which
the slope profiles required for performing the 2D analysis are obtained from Digital
Elevation Models using algorithms like the maximum slope path for determining
the possible propagation direction of rockfalls.

e Block kinematics: The kinematics of falling rocks can be described as rolling,
sliding and bouncing over the substratum (Ritchie, 1963). However, it is not always
necessary to account for all of them to simulate rockfalls, and each model considers
different combinations of these types of motion. The kinematics of the blocks is
closely related to the shape considered in each model.

e Block shape: The shape of the blocks can be explicitly accounted for (rigid body
approach) or simplified by treating all the mass of the block as concentrated in one
point (lumped mass approach). In the rigid body approach the shape of the blocks
can be considered as a sphere or a cylinder, as a 3D mesh (Leine et al., 2014), or
as a combination of spheres using the Discrete Element Method (DEM) (Giacomini
et al., 2012; Paluszny et al., 2016). Some models consider a combination of both
approximations at different stages of the calculation process (hybrid approach).
Examples of models using these different approaches are shown in Volkwein et al.
(2011).

e Impact modelling: Impact detection routines depend on the block shape consid-
ered and once the impact with the ground is detected, a rebound model is applied in
order to estimate the post-impact velocity of the block. There are several rebound
models, from simpler ones that consider only a percentage loss of the velocity with
respect to a local coordinate system at the impact point, to the ones that account
for the mechanical properties of the ground, impact angle, angular velocity, block
size, etc. A review of the different existing rebound models can be found in Bourrier
and Hungr (2013a). Some models also consider impacts with trees (Dorren et al.,
2005; Dupire et al., 2016; Toe et al., 2018) or mitigation structures such as fences
and ditches using specific impact models (Lambert et al., 2013).

e Dealing with uncertainty: Every impact of a rock particle is a random process
(Bourrier et al., 2009). There are many sources of randomness when performing
numerical rockfall analyses, such as the source location, the rock properties, the



initial kinematic conditions, the slope properties during impacts, etc. Li and Lan
(2015) present an exhaustive review of how existing models deal with uncertainties.

2.1.2 Interaction between block and slope

The interactions between blocks and the slope during the propagation depend on the
modelling hypotheses chosen for each simulation code. Different approaches are taken for
the sliding, rolling, free falling and bouncing motions of rockfalls. Most rockfall models
simulate trajectories as a succession of free fall and bouncing phases since due to the
slope surface irregularity, both rolling and sliding motions are more a succession of small
bounces (Volkwein et al., 2011; Turner and Duffy, 2012). In the models that explicitly
account for sliding and rolling motions, a tangential damping coefficient related to friction
is introduced. This sliding friction is, according to Coulomb’s law, defined as the normal
component with respect to the soil surface of the block’s weight. In order to change the
motion mode during the simulations, transition criteria have to be defined. Bozzolo et al.
(1988) defined the transition from sliding to rolling and Hungr and Evans (1988) and
Giani (1992) discussed the transition between bouncing and rolling modes.

When a falling block collides with the slop surface bouncing, or rebound, occurs. Sev-
eral variables influence on the resultant trajectory of a block after an impact, and it is
considered the most difficult to predict type of motion in rockfalls. Figure 2.3 shows the
definition of the problem, where the outcoming velocities after an impact must be esti-
mated considering the incident velocities, the topographical conditions, the shape of the
block etc. depending on the modelling approaches. In the case of lumped-mass approach,
a collinear impact is assumed, which means that the normal to the contact surface passes
through the center of gravity of the particle. This assumption implies that no momen-
tum is transmitted by the normal contact force and this permits a separate balancing of
momentum in normal and parallel directions to the impact surface (Stronge, 2000).

As per Volkwein et al. (2011), the most common definition of a block rebound involves
differentiation into tangential R; and normal R, restitution coefficients (Budetta and
Santo, 1994; Evans and Hungr, 1993; Fornaro et al., 1990; Giani, 1992; Guzzetti et al.,
2002) as defined in equation 2.1.

Vt+
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R, = and R; = (2.1)
where V- and V;~ are the normal and tangential velocities of the block before the rebound

and V.7 and V;" are the velocities after the rebound as shown in Figure 2.3.

Several authors have performed real scale tests in order to estimate the values of the resti-
tution coefficients in different lithologies and impacting conditions (Piteau and Clayton,
1977; Hoek, 1987; Pfeiffer and Bowen, 1989; Giani, 1992; Azzoni et al., 1992; Evans and
Hungr, 1993; Robotham et al., 1995; Chau et al., 1998; Budetta and Santo, 1994; Peng,
2000; Richards et al., 2001; Chau et al., 2002; Giani et al., 2004; Imre et al., 2008; Giaco-
mini et al., 2009; Giacomini et al., 2012; Asteriou et al., 2012; Wyllie, 2014; Sabatakakis
et al., 2015; Noél et al., 2018a; Asteriou and Tsiambaos, 2018) among others. Results ob-
tained in these works show that the restitution values depend on the impact velocity, the
incidence angle and the incident momentum. Asteriou and Tsiambaos (2018) concluded
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Figure 2.3: Definitions of reflected (V;*, V.F w™) and incident (V,”, V., w™) velocity
components and deviation angle ¢ characterizing changes in boulder fall direction due to
the rebound (Bourrier et al., 2009).

that (i) the coefficients of restitution (COR) are significantly affected by both the incident
velocity and the block mass and they can be better interpreted using incident momentum
and (ii) the COR is affected by the stiffness of both the block and the impact surface.
Then, scaling functions depending on these variables are used to estimate the COR value
at each impact. Some authors, thus, prefer to name this parameters as “restitution fac-
tors” instead of “restitution coefficient” since they are not a fixed value but defined by
variable functions. In Bourrier and Hungr (2013b), Gischig et al. (2015) and Asteriou
and Tsiambaos (2018) reviews of the different approaches to scale restitution factors can
be found. These approaches use the incidence angle, incidence momentum or incidence
velocity with different mathematical curves to estimate how the incident conditions de-
termine the COR value at each impact, for example using hyperbolic functions (Gischig
et al., 2015).

2.1.3 Fragmentation in rockfalls

Understanding the fragmentation process in rockfalls is fundamental for the analysis of the
rockfall hazard, since it is a critical input datum for calculating the trajectories and the
runout of the rock fragments, the encounter probability with the elements at risk and the
expected impact energies. The mining industry has historically been the most interested
in fragmentation to assess the efficiency of blasting operations (Lilly, 1986; Hudaverdi
et al., 2012). More recently, several research groups paid attention to fragmentation as an
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important factor in the study of rockfalls (Wang and Tonon, 2011; Bourrier and Hungr,
2013b; Gischig et al., 2015; Sala et al., 2019; Luo et al., 2019) and rock avalanches (Davies
et al., 1999; Davies and McSaveney, 2002; Blasio and Crosta, 2015; Blasio et al., 2018).
In rockfall events, three main consequences are observed when a block fragments:

1. Reduction of the initial block size. This can range from 6 to 9 orders of
magnitude in single isolated blocks from 1 to 2 m? (Gili et al., 2016), and 15 to 18
orders of magnitude in events that mobilize over 20,000 m?* (Blasio et al., 2018).
To study the block size distributions, Ruiz-Carulla et al. (2017) proposed a fractal
approach in which a finite number of iterations was adopted, based on Mandelbrot
(1982) and Turcotte (1986) who had already developed fractal theory to deal with
complex natural phenomena. This type of approach has been used to derive the
RBSD from the ISBD of past rockfall events (Ruiz-Carulla et al., 2017; Marchelli
and De Biagi, 2019). Recently, a continuous approach using fractal theory and the
scale-variant fractal probability model has been proposed for rockfalls (Ruiz-Carulla
and Corominas, 2019).

2. Divergence of trajectories. After breakage, fragments adopt fan-like diverging
trajectories from the collision point (Davies et al., 1999; Ruiz-Carulla et al., 2015;
Mavrouli and Corominas, 2017; Corominas et al., 2017; Prades et al., 2017; Blasio
et al., 2018). Despite the fact that dispersion of trajectories have been observed in
rockfalls (Crosta and Agliardi, 2004), few studies have targeted the evaluation of
trajectory divergence after fragmentation in rockfalls, including numerical modelling
(Zhao et al., 2018) and field experiments (Giacomini et al., 2009; Gili et al., 2016).

3. Momentum boost effect. After fragmentation, small fragments may reach veloc-
ities higher than big ones (Blasio et al., 2018; Zhao et al., 2018; Ye et al., 2019b; Ye
et al., 2019a). Discrete element simulations of the vertical impact of a sphere show
that the maximum fragment velocity after breakage can double the impact velocity
(Ye et al., 2019b). The distribution of energy after breakage is still unknown and,
in some numerical investigations, no correlation has been found between the frag-
ment size and fragment kinetic energy for a given impact velocity (Ye et al., 2019a).
So far, only a few studies have attempted to measure the energy distribution after
fragmentation in rockfalls (Prades et al., 2017; Guccione et al., 2020).

The combination of these three effects can produce a range of scenarios. Although the
fragment size is reduced, the potential increment in velocity due to the momentum boost
effect may lead to high energies concentrated in a small area. It has been observed that
in this scenario blocks with significantly less energy than the design value can punch
out dynamic rockfall barriers (Spadari et al., 2012). This is called the “bullet effect”.
Moreover, trajectory divergence, combined with size reduction, may have opposite effects
depending on the topography. In scenarios where propagation takes place on gentle slopes,
the overall runout of the fragments may decrease when compared to the unbroken blocks.
This effect disappears on steep slopes (Corominas et al., 2019).

For a better understanding of the fragmentation phenomenon, some authors have used
energetic considerations in attempts to understand the effect of the loading rate on the
rockfall breakage (Grady and Kipp, 1987; Zhang et al., 2000). Giacomini et al. (2009)
performed several fragmentation field tests with emphasis on the influence of the impact
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angle in case of foliated materials. In the cited study, the idea of an impact energy
threshold to trigger breakage of the blocks proposed by Fornaro et al. (1990) was not
confirmed. Recently, Gili et al. (2016) and Gili et al. (2020) performed several rockfall
fragmentation field tests in which this concept of an energy threshold was not observed
either, but a correlation of the number of blocks generated during breakage and the fractal
dimension of the generated volumetric distribution was found (Ruiz-Carulla et al., 2017;
Ruiz-Carulla et al., 2020).

2.2 Risk assessment in rockfalls

Risk is defined by three basic concepts (Einstein, 1988; IUGS, 1997; Fell et al., 2005;
Fell et al., 2008; Corominas et al., 2014): the hazard, the exposure of the elements at
risk, and their vulnerability. There can be characterized by both spatial and non-spatial
attributes. The growing societal demand for road safety requires managing this risk and
places a high priority on the identification of problematic areas to effectively manage the
mitigation works (Mavrouli et al., 2019). The hazard refers to the expected magnitude (or
intensity) of the event, for example in terms of volume or kinetic energy, and its probability
of occurrence (Hungr et al., 1999; Dussauge-Peisser et al., 2002; Chau et al., 2003; Crosta
and Agliardi, 2003; Guzzetti et al., 2003; Jaboyedoff et al., 2005; Abbruzzese et al., 2009;
Hantz, 2011). The exposure is given by the spatial and temporal probabilities that the
element at risk is actually located in the area affected by the potential event (threat) at
the time of its occurrence (Ferlisi et al., 2012; Nicolet et al., 2016; Macciotta et al., 2016).
Finally the vulnerability is the expected degree of loss of the element at risk depending
on the intensity (or magnitude) of the phenomenon and ranging from 0 (no damage) to
1 (total destruction) (Mavrouli and Corominas, 2010; Vallero et al., 2020). An extended
description of these required components to estimate risk can be found in recent reviews
for landslides and rockfalls such as Lee and Jones (2006), van Westen et al. (2006), Fell
et al. (2008), Corominas et al. (2014), Budetta et al. (2016), Ferrari et al. (2016), and
Mavrouli et al. (2019).

Risk can be approached qualitatively or quantitatively. Qualitative methods define haz-
ards, elements at risk and their vulnerabilities using qualitative descriptors, such as ranked
attributes, weighted indices, rating systems, scoring schemes, ranking matrices and clas-
sifications (Cruden and Fell, 1997). Quantitative methods use numerical values or ranges
of values instead of qualitative terms to estimate each one of the components of a rick
analysis (Ferrari et al., 2016).

The quantitative risk analysis (hereinafter QRA) has received an increasing interest in
recent years (Corominas et al., 2014). One of the main advantages of QRA against quali-
tative methods is that it provides an objective evaluation of risk because the assumptions
and uncertainties are declared (Straub and Schubert, 2008). It yields reproducible results,
allowing the analysis of different scenarios, the comparison of their results, evaluation of
the effectiveness of protection structures and the consideration of risk acceptability cri-
teria. Equation 2.2 shows how risk using QRA approach is calculated (IUGS, 1997; Ho
et al., 2000; Fell et al., 2005).
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R= i Z]: N;-P(X/D);- P(T/X); -V (2.2)

where:

R : Risk due to the detachment from a cliff of a rock mass of magnitude (volume) 7 on
an exposed element j located at a reference distance X from the source.

N; : annual frequency of rockfalls of volume class i.

P(X/D); : probability that the detached rock mass of the size class i reaches a point
located at a distance X from the source (reach probability).

P(T/X); : exposure or the probability that an element j be in the trajectory of the
rockfall at the distance X, at the timing of the arrival of the rock fall debris.

V;: : vulnerability of an exposed element j being impacted by a block of magnitude i.

This approach has been used in recent publications (Agliardi et al., 2009; Macciotta et
al., 2016; Budetta et al., 2016; Moos et al., 2018; Corominas et al., 2019), but requires a
special treatment when considering fragmentation as is explained in Chapter 4.
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Chapter 3

Understanding fragmentation
processes

The scientific method is based on empirical evidence. Wikipedia defines empirical evi-
dence as “information received by means of the senses, particularly by observation and
documentation of patterns and behavior through experimentation”. In this chapter, the
procedures used and developed to observe and understand natural behavior of fragmenta-
tion in rockfalls are presented. This task was very challenging since only few publications
had specifically addressed the characterization of fragmentation in rockfalls when this
research started (Ruiz-Carulla et al., 2015). The following paragraphs briefly describe
the approaches adopted to gather empirical evidences in this research and then, following
subchapters explain each one in detail. The goal of improving the knowledge of the phe-
nomenon is to implement a propagation model that is capable of reproducing fragmetation
in rockfalls.

The first approach has been the direct observation of fragmental rockfalls in nature by
means of inventories. Once a rockfall occurs lots of information can be gathered from
direct observation of the resultant deposit like the maximum runout distance and the
block size distribution of the fragments (the RBSD). The main drawback of the study of
natural rockfall events is that it is done posterior to its occurrence. It means that the
only available data on the field is the final state of rockfall deposit, and no additional
features of the process are usually available (i.e. kinematic features). In this scenario
back-analysis is carried out to make a virtual reconstruction of the phenomenon. For
example, an estimation of the trajectories followed by the generated fragments during
propagation can be done by locating the marks they left when impacting on the ground
surface or on trees. Also, an estimation of the initial block size distribution of the detached
rock mass, the IBSD, can be made by studying the fracture pattern of the massif and
using digital surface models of the detached rock mass prior to the event (which are not
always available). Despite some natural rockfall events have been recorded by scientist
who were specifically monitoring rockfall susceptible regions, or by modern real time early
warning systems (Yan et al., 2019), direct observation of natural rockfall events are very
infrequent and sometimes they are caught by chance. Although the observation of natural
past fragmental rockfalls is essential to understand the phenomenon globally, it usually
does not allow a detailed observation of how the fragmentation of a single block occurs.

The second approach has addressed the direct observation of the fragmentation process of
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single blocks by means of real scale tests. The goal was to gather empirical information of
the fragmentation process that can not be obtained from past natural occurred events. A
series of real scale test were performed in controlled scenarios in quarries in the framework
of the Rockrisk and Rockmodels projects. These experiments allowed direct observations
of the fragmentation process. In this chapter the procedure developed during this research
to carry out this experiments is described. However, real scale tests also have some
limitations. Heavy machinery is required for their realization, and the range of block
volumes that can be tested is limited by its loading capacity. In addition, the reproduction
of the fall of a set of stacked blocks together, as it usually occurs in nature, is technically
very difficult.

The third approach aimed at observing fragmentation process in scenarios that were
unfeasible to reproduce in real scale tests. In natural rockfalls, having a group of stacked
blocks that are detached together from the cliffs is a common scenario. To reproduce this
scenario, reduced scale laboratory tests were performed to study fragmentation behavior
when blocks are subject to overburden stress produced by the stack of blocks over them
when impacting the ground. These tests were performed in a controlled environment
and more variables controlling the phenomenon could be defined and measured. To the
author’s knowledge no attempts have been made so far to test the fall of a set of stacked
blocks.

Both real scale and laboratory testing approaches introduced are costly and time consum-
ing since they require lot of preparation and the use of expensive materials and machinery.
In addition, the treatment of the huge amount of information gathered during their re-
alization is a challenge and requires a lot of processing in order to obtain measurable
information. Moreover, there are some details controlling fragmentation process that can
not be directly observed using video cameras, accelerometers or geophones, like the prop-
agation of the cracks during fragmentation and the tension waves produced inside the
blocks when impacting the surface. The last approach for understanding fragmentation
process adopted in this research has been the use the Discrete Element Method to per-
form numerical simulation of the phenomena. Even just preliminary tests could be done
using this methodology due to time constraints, it showed a lot of potential regarding the
capacity of performing virtual simulations of real scale tests in different scenarios and ob-
servation of the crack propagation and tension waves inside blocks. Note that this is not a
direct observational method, since it requires a precise calibration of the model to obtain
good results. However, when a model is properly set up it allows testing infinite scenarios
that would be impossible to test in real scale tests nor in laboratory scale. Considering
the high stochasticity of the fragmentation phenomenon, the ability of statistically testing
several possible event scenarios is very appropriate and powerful. In this approach, the
main limitation is the available parallel computing potential, since simulations require
large computing time.

3.1 Natural event inventories

Inventorying a natural rockfall consists of gathering as much information as possible once
the event has occurred regarding the total volume of the detached mass, the final position
of the blocks in the deposit, the impacting points of the blocs with the slope surface to
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reconstruct the trajectories etc. It is an intense field work that allows to characterize the
failure mechanism, the present lithology, the topographical conditions of the propagation
path, the characterization of the detached mass and the characterization of the final
deposit. This information is crucial for rockfall simulations since it determines the initial
boundary conditions and allows to calibrate propagation models.

This section summarizes the general process of inventorying a fragmental rockfall. All the
data obtained and tools used to collect them are also described. The most important data
to obtain in an inventory of a fragmental rockfall are: (1) The digital elevation model,
which allows a virtual reconstruction of the same; (2) the in situ block size distribution
(IBSD) of the rock mass formerly to the detachment and (2) the rockfall block size dis-
tribution (RBSD) of the final deposited fragments. In addition, other data can help to
understand each event, such as the position of the impacts, the lithology, the pattern of
joints in the massif, etc. To facilitate the comprehension, all the explanation is aided by
some examples of natural event inventories carried out during this research.

All information gathered in natural events allows the characterization of fragmentation
by using fractal theory (Ruiz-Carulla et al., 2015). This characterization was crucial in
this thesis for the development of a methodology to consider fragmentation in a rockfall
propagation code.

Figure 3.1 shows an example of a fragmental rockfall that occurred in 2017 at Monasterio
de Piedra in the central Iberian Range, NE Spain. It shows the main features of a rockfall:
the detachment area, the propagation path and the final deposit. The geological setting in
this site corresponds to a series of Mesozoic carbonate rocks, Miocene detrital formations,
and Quaternary tufa. An extended description of the site can be found in (Corominas
et al., 2019). The following subsections detail the steps of the data gathering process to
inventory a fragmental rockfall.

3.1.1 Topographic surface model

A three dimension detailed model of the event and the affected area allows a virtual
reconstruction of the scene which can be processed and analysed. To obtain this surface
model, UAV flights were carried out taking both zenithal and oblique images of the scene.
The images were then processed using a photogrammetric software Agisoft Photoscan.
To increase the accuracy of the model it is common to use ground control points which
are accurately measured using GPS-RTK. Depending on the photogrammetric software,
a classification of the 3D points computed from the images in ground, vegetation etc.
is required. In the case of Agisoft Photoscan it has a specific module to perform this
task. After all processing, a 3D model of the scene is obtained. Figure 3.2 shows an
example of the obtained 3D model of the Monasterio de Piedra rockfall including a zoom
to the detachment area. This model has been used to generate other subproducts like a
digital elevation model, a soil classification, an ortophoto, contours etc. Thanks to the
good quality results in terms of ground pixel resolution achieved using photogrammetric
techniques and modern UAV, the produced 3D models allow direct identification of joints
in the massif and measurement of the size of deposited fragments. With this precise
identification of the joints, it is possible to identify unstable rock masses (Francioni et
al., 2020). These models are also essential for rockfall simulation since they provide the
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Figure 3.1: Aerial photo of the 2017 event in Monasterio de Piedra. The IBSD defines
the volumes and positions of the blocks in the source area prior to the event. In the
propagation zone these blocks broke and the generated fragments deposited forming the

RBSD.

virtual representation of the terrain on which the blocks interact during the computation.

3.1.2 IBSD

The in situ block size distribution (IBSD) of the detached mass is required for the simula-
tion of fragmental rockfalls. First, the total detached volume is estimated by computing
the difference between digital surface models prior and post event. It is not usual to
have a highly detailed surface model of the affected area prior to the event. However,
aerial lidar information provided by some governmental topographic services were used
in case of large rockfalls. In case no topographical information of the area is available, an
heuristic reconstruction of the original detached mass can be estimated by analyzing and
extruding the scar. In Figure 3.3 an example of the reconstructed volume in Monasterio
de Piedra 2017 event is shown. For this rockfall the total estimated detached volume was
780 m3.
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Figure 3.2: Example of the 3D surface model obtained by UAV photogrammetry of
the Monasterio de Piedra rockfall in 2017. The detachment area is enlarged to
appreciate the details.

Figure 3.3: Example of a 3D reconstruction of the detached mass in the 2017
Monasterio de Piedra rockfall. Image provided by Roger Ruiz-Carulla.

Once the detached volume was estimated and its 3D model isolated, the IBSD was esti-
mated by intersecting the volume with a discrete fracture network (DFN). This DNF was
estimated by direct observation of the produced scar and extruding the visually identified
discontinuities in the high resolution model. The intersection of the detached volume with
the DFN generates a set of polyhedra representing the initial blocks. Figure 3.4 shows the
identified set of joints on the detachment zone of the 2017 Monasterio de Piedra rockfall
that were used to cut the identified detached volume. Note that this approach assumes
an infinite persistence of the joints and thus it may underestimate the biggest volumes.
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Measuring the volume of each one of this polyhedron the IBSD was obtained.
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Figure 3.4: Main set of joins identified in the massif used to cut the detached
estimated volume in the 2017 Monasterio de Piedra rockfall. The result of the
intersection of these joints and the volume gave a set of small volumes which correspond
to the in situ block size distribution (IBSD). Image provided by Roger Ruiz-Carulla.

3.1.3 RBSD

The first step when characterizing the RBSD is the differentiation of the fragments that
correspond to the studied rockfall from the ones from previous events. In vegetated
slopes it may be very easy if there are not many blocks present on the surface and the
paths followed by blocks are easily traceable following ground scars. However, in case
of a rockfall occurs on an old debris scree cover this identification may be tricky. The
main criteria was then using the color difference between newly generated surfaces on the
fragments to identify the most recent ones.

Once the fragments are identified, different approaches are used for the estimation of the
rockfall block size distribution of the deposit. The classical is tape measuring the produced
fragments. By measuring three axes of each fragment an estimation of its volume can
be obtained. This method is slow and force the operator to work on a probably risky
zone while gathering data. Moreover, in case of large rockfalls with several thousands of
produced fragments measuring them one by one can be unfeasible. Instead of measuring
all fragments it is common to make samplings on representative areas in order to make
extrapolations of the fragment size distribution (Ruiz-Carulla et al., 2015). However, in
the presented study case here a significant part of the deposit was hand measured in
order to have a ground truth to compare with other semi automatic methods. Figure
3.5 shows the hand measured area of the deposit including some significant blocks which
were georreferenced. In this case the polygons just delimit measuring areas for practical
purposes during the measurement.

20



Singular blocks
o <0,15m?
O 0,15-0.8m3

B © o0s2me
Q>2.00m3

Figure 3.5: Part of the 2017 event deposit hand measured using tape. Significant
blocks were georreferenced. Zoning shown was used for practical purposes during the
measurements.

To overcome these limitations the high resolution digital surface model obtained and its
derivative products were used. The fragment size can be estimated both in 2D or 3D using
the ortophoto or directly the 3D mesh. In 2D case, all fragments were manually delimited
in a GIS environment using polygons and then the area of each polygon was computed.
This list of areas was then converted to volumes by using some approaches like adjusting
ellipsoids or using relations of X,Y axis and Z axis obtained from manual sampling plots.
Modern image segmenting techniques also allow an automatic classification of the blocks.
These algorithms analyze raster images and subtract a set of polygons representing the
fragment margins. Figure 3.6 shows an example of the segmentation result using ImageQ
software. First, the ortophoto is cropped to contain exclusively the fragments produced
of the studied event. Image on left of Figure 3.6 shows the cropped deposit for the 2017
Monasterio de Piedra event. Then, the process results in the classified raster image shown
on the right side of the same figure.

Even this automatic method is fast, sometimes the segmentation of fragments can be
imprecise due to overlapping of fragments or shadows. A combination of manual and
automatic segmentation gives great results. The RBSD could also be estimated from the
3D mesh of the deposit. To do so, manual segmentation of the polygons, corresponding
to the projection of the fragments on the ortophoto, must be determined and then their
volumes estimated. This is a very time consuming process and the bottom part of the
fragments is usually not well represented in 3D due to the shadow effect. To improve
the RBSD measurement, some authors are working on 3D segmentation algorithms of
fragments (Kitahra et al., 2016; Bonneau et al., 2019). These authors face similar limi-
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tations than 2D segmentation technique since some stacked fragments may be delimited
as a single fragment. The combination of color analysis and 3D segmentation seems very
promising. For example, color analysis has been used in point clouds for automatic joint
identification on rock massifs (Guo et al., 2019).

Figure 3.6: Automatic classification of the fragments of the 2017 event deposit using
ImageQ software. Results give a list of areas corresponding to each identified fragment.

3.2 Real scale rockfall fragmentation tests

A total of four real scale rockfall fragmentation tests were performed during the course of
this research and in the framework of Rockrisk and Rockmodels projects. These tests were
performed in quarries of different lithologies: limestone, granite and dacites. they basically
consisted of throwing individual blocks against the slope using backhoes. More than one
hundred blocks were tested and more than three terabytes of data were totally recorded.
In this section the testing methodology and the obtained results are summarized. The
detailed explanations of these tests are found in Gili et al. (2016), Gili et al. (2020), and
Matas et al. (2020Db).

The aim of these tests was to improve the knowledge of fragmentation phenomena of a
single block impacting on a surface. Few experiments had previously addressed direct
observations of the fragmentation phenomena in rockfalls (Giacomini et al., 2009) since
most of the rockfall experiments focused on unbroken blocks (Dorren et al., 2006; Bour-
rier et al., 2012; Volkwein and Klette, 2014). The information to be collected in these
experiments was the initial volume and 3D shape of the blocks, different video recordings
to allow the 3D trajectory reconstruction of the fragments, deposition position of the
fragments, fragment size distribution after breakage (RBSD) and seismic recordings of
the impacts.
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3.2.1 Tests set up

The first step was selecting testing profiles inside the quarries. The main criterion for
selecting the profiles was having maximum hardness of the impact point to achieve a high
percentage of fragmenting blocks. However, in some cases quarry operations restricted
the choice of profile. Figure 3.7 shows an example of the profile of testing site #4. In this
site the first impact of the blocks was directly against a hard rock plane with a 42° angle.

Then a set of blocks to be tested were chosen from leftover blocks from mining operations.
These blocks were first manually measured and photographed so as to later build 3D
models. Three ellipsoids were painted around the blocks so as to facilitate its identification
in the video footage. In some of the blocks L-Hammer tests were performed to evaluate
their strength. Figures 3.8 and 3.9 show the blocks prepared prior to their release in test
sites #1 and #3 respectively. The lithology on test site #1 and #2 were limestone and
granite respectively.

Several sensors were placed in each one of the testing sites to gather all desired data.
Ground control points were placed in each profile to provide scale, and georeference pho-
tographs and video images taken. Both printed targets and direct paint on the rock were
used. These points were precisely surveyed using GNSS technology. The disposition of
the sensors was very similar in all testing sites, and Figure 3.10 shows an example of the
disposition of all sensors for testing site #4.

Three high speed cameras recording at 400fps were strategically placed pointing the scene.
The location of these tree cameras was strategically designed so as to get best results
when performing video-triangulation of the fragments trajectories (Figure 3.11). The
used cameras did not have a synchronization function between them since they were
cinematographic cameras. Since it was technically unfeasible to directly synchronize these
three cameras, a flashlight was placed at the bottom of the slope pointing to a reflective
surface so that it was seen in the frame of the three cameras. The flash was fired several
times during each release to allow frame synchronization during the post-processing of
the footage with a minimal error of 1/400 seconds. Some other cameras were also used
to record the tests. In the last test performed, a UAV recorded each of the releases from
a zenithal point of view and then captured several images of the deposit that allowed a
3D reconstruction using photogrammetry.
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Figure 3.7: Selected profile of the testing site #4 (Matas et al., 2020b).
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Figure 3.8: Blocks prepared for their release in testing site #1 being limestone the
block lithology.

Figure 3.9: Blocks prepared for their release in testing site #3 being granite the block
lithology.
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Figure 3.10: Position of the sensors used in test site #4 including high speed cameras,
other regular cameras, the ground control points and the reflective device used for
synchronization purposes.(Matas et al., 2020b)

Figure 3.11: One of the high speed cameras used to record the tests and the total
station used to georrefenrence the ground control points placed on the scene.

3.2.2 Tests realization

During the realization of the tests safety was a priority issue. Once no operator was
in the risky area all cameras started recording and the backhoe operator released the
block. During its fall, the flashlight was shot several times for synchronization purposes
as explained before. A UAV also recorded the releases from a zenith perspective in testing
site #4. An example of the release of a block in test site #4 is shown on Figure 3.12.
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Figure 3.12: Example of the release of a block in test site #4. The time step between
selected frames is 0.33 seconds. (Matas et al., 2020b)

Once all fragments were stopped the UAV stopped video-recording and took pictures for
building the photogrammetric model of each release. The zenithal UAV recordings at 4K
gave great footage of the block fragmentation instant in which the block cracking pattern
upon impact can be observed (Figure 3.13). Finally after checking the stability of the
slope, measurements of the deposited fragments where done by tape and then another
machine cleared the deposition area for the following release (in testing sites where a
second machine was available).

Figure 3.13: Detail of the fragmentation process of a block in test site #4 recorded
from a UAV. The cracking pattern upon impact is perfectly visible.
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3.2.3 Data processing and results

All data gathered during the tests was then processed. About 3TB of data were generated
in the four testing sites including the high speed video cameras, the UAV zenithal videos
and photos, auxiliary cameras footage and seismic signal. Although the methodology
evolved after each testing site, the targets of processing all data were the same in the four
cases: 1) Measurement of the size of each single released block; 2) in case a block frag-
mented, obtain its RBSD; 3) extract blocks’ trajectories from video footage to determine
their cinematics when falling through the slope and 4) correlate the seismic signal with
the footage to investigate the effect of fragmentation on the seismic signature of impacts.

Size of the tested blocks

Different techniques were used to measure tested blocks before they were released. The
simplest one was to hand measure them using tape. This approach requires taking three
measurements corresponding to the edges of an approximate polyhedron that contain
all the mass of the block. This is a tricky method and may be little subjective. For a
better measurements, a 3D circular photo-survey was performed to each block in order
to generate a 3D model using photogrammetry. This method gave high precision models
of the blocks and allowed to measure their volume, center of gravity, inertial tensor etc.
Figure 3.14 shows an example of the resultant model of block #11 in testing site #1.

Figure 3.14: Example of a 3D model obtained from circular photogrammetry of block
#11 in testing site #1. In the left image the texture is shown while in the right just the
model with shades to see its details.

Fragments’ volume distribution

The measurement of the deposited fragment volume distribution, also evolved after each
testing site. The basic approach was to measure the fragments by hand using tape. The
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criteria in this controlled scenario was to measure all identifiable fragments with a mini-
mum smallest side of one centimeter. Smaller fragments measured where about 1x2x2 cm
giving an estimated volume of 4-10-6 m3. As far as the knowledge of the authors, experi-
ments carried out during this research are the first ones to measure produced fragments
in a fragmental rockfall with this level of detail.

Hand measuring method was very time consuming but effective and allowed a proper
characterization of the RBSD of each release. However, this approach did not georref-
erenciate the fragment position and doing it using the total station was not feasible. In
the last testing site a UAV flight was performed after every block release and allowed
a generation of a 3D model of each deposit. Using the generated ortophotos from this
models, measurement of all fragments area was manually done by the assistance of the
videos to ensure the fragments correspond to the analyzed release (note that even the ma-
chine cleared the base of the talus after each release some small fragments could escape
the shovel and stay in place). Identified fragments using this method in test site #4 are
shown on Figure 3.15.

Fragment volume
1 0-0.09m?

[ 0.09-0.36 m?
Bl 036-0,76 m?
Bl 076-1.19m?
Bl 1.19-2.03m°

Figure 3.15: Superposition of all fragments measured on the ortophoto for each
released block in testing site #4. The volume has been estimated from the measured
area (Matas et al., 2020b)

This method allowed a proper positioning of the fragments and a measurement of the
projected area, which were required for a proper calibration of RockGIS model in this
scenario. However, since the RBSD must be expressed in terms of cubic meters, some
assumptions had to be taken to transform this area distribution into volume distribution.
This procedure is explained in Matas et al. (2020b). An extensive analysis of the obtained
fragment distributions can be found in Ruiz-Carulla et al. (2020). Figure 3.16 shows the
summary of the fragment distributions obtained for each released block for the four testing
sites.
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Figure 3.16: Block size distributions of all the fragments measures on each tested
block, arranged by testing site. The distributions are colored with: low (purple),
medium (orange) and high (green) values of the exponent of the fitter power law.

(Ruiz-Carulla et al., 2020)

Block trajectories

To obtain block trajectories the footage obtained from the high speed cameras were used
to triangulate the position of the block and the generated fragments during their release.
The footage of these cameras was first synchronized using the flashlight placed in the
scene and visible to each one of the three cameras. Then the center of gravity of each
tracked block was determined in each of the three frames (corresponding to each camera
footage). During the course of the research project, different methods were used to track
the displacement of the center of gravity. It was first manually done by clicking on the
gravity center of each frame of interest on the three images. This proved to be a very slow
and tedious process since when a block broke it could produce several tens of fragments
increasing substantially the amount of tracking time. In this first iteration of trajectory
capturing process just the biggest blocks produced during fragmentation were measured.
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To overcome these limitations, a member of the research group started a new research line
for a semi automatic detection of the gravity center of the blocks (Prades et al., 2017).
However, in this work just the results regarding the manual tracking of the blocks are
included.

Once the gravity centers of the tracked blocks are defined on each one of the three images
corresponding to a certain time, the computation of the position in the space is done. To
do this computation, cameras must be first oriented and the relative position between then
has to be computed. This is done by using the ground control points that where placed
in the scenes and precisely georreferenced using GNSS technology and a total station.
Once the position of all cameras is known, a spatial intersection of the light ray from the
focal point of the camera passing through the marked gravity center point on the image
is computed. Due to measurement errors it is very unlikely that the three traced rays
intersect in the space and a minimization of the distance between them was performed
using least squares to get the final three dimensional position of the blocks. Note that
this video triangulation could be done by just using two video cameras pointing at the
scene, but the third one proved to add extra accuracy on the intersection process and also
reliability in the cases when one camera failed.

An example of the tracking of a block in testing site #1 is shown on Figure 3.17, and the
corresponding vertical velocity obtained is shown on Figure 3.18. A non fragmenting block
has been chosen in this figure for a better visualization. First, the block is released from
the backhoe and it falls freely until it impacts with the inclined plane at an approximate
speed of 13 m/s. This first impact corresponds to the first crest on Figure 3.18. Then, it
follows a parabolic flight until it impacts again with the ground at 14 m/s, as can be seen
in the second crest of Figure 3.18. The direction of the block is much more perpendicular
to the impacting surface in this case and more energy is dissipated during the impact.
Finally, the block follows little parabolas near the ground before stopping. In these last
parabolas negative vertical velocities are observed since the reference system is pointing
to the ground and the block has a vertical component towards the sky.

The shown process for capturing a single block trajectory was performed on the biggest
produced fragment of each release of testing site #1 and #3. In testing site #2 the
cameras had to be placed so far from the scene that the resolution did not allow a proper
identification of the gravity center of the blocks in the frames of the video. Data of testing
site #4 is being processed by the new in house software being developed at the time of
writing this document. Figures 3.19 and 3.20 show the resultant measured trajectories
on test sites #1 and #3 respectively. These measurements allow the characterization
of the incidence velocity before an impact and the reflected velocity, which characterize
the energy lost during the impact. Moreover, when a block fragments, the trajectory
followed by each individual fragment is described. After breakage, fragments trajectories
were observed to stay within a cone, which lead to one of the main hypothesis of the
fragmentation module developed in this work. Figure 3.19 shows an example of a cone
observed in the test site #4.
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Figure 3.17: Sequence of the release of block #25 in testing site #1. For visualization
purposes, a non fragmenting block was chosen. There are tho main impacts, the first on
the slope and the second on the base of the talus.
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Figure 3.18: Vertical velocity profile obtained from video-triangulating block #25 in

testing site #1. The two crests correspond to the two main impacts that can be

observed in Figure 3.17.
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Figure 3.19: Example of a cone-shaped distribution of fragments produced after the
impact of a block against a 42.4° inclined slope surface during a real-scale test
performed in this study.
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Figure 3.20: Measured trajectories of the blocks and, in case of fragmentation, the
biggest fragment in testing site #1. Trajectories are overlapped with the 3D model
obtained by UAV photogrammetry.
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Figure 3.21: Measured trajectories of the blocks and, in case of fragmentation, the
biggest fragment in testing site #2. Trajectories are overlapped with the 3D model
obtained by UAV photogrammetry.

3.3 Reduced scale comminution test

Comminution is the breakage mechanism that occurs when multiple stacked blocks impact
together. The analysis of inventoried rockfall events suggest that comminution tends to
increase with the size of the falling mass (Ruiz-Carulla et al., 2016).

Real scale rockfall tests are typically performed to characterize rockfall motion parameters
(Ritchie, 1963; Labiouse and Heidenreich, 2009; Spadari et al., 2012) and very few of these
tests study the effect of primary fragmentation (Giacomini et al., 2009; Gili et al., 2016).
In some rockfall events, a young debris cover is formed during the first impacts, with a
substantial reduction of the particle size. The large amount of small particles generated
in the debris cover suggests that beside the breakage of the particles, comminution by
crushing and grinding may also occur during the impact. However, as far as the author
is aware, the effect of comminution in rockfalls has not been studied yet.

The laboratory experiments done in this research aimed at studying the effect of block
confinement on the dynamic fragmentation and on the resultant grain size distribution.
The main hypotheses to check are that as lower is the position of a block in the stack: i)
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the smaller are the fragments generated, ii) the greater the number of fragments created,
and iii) both effects should intensify with the number of stacked blocks. The results have
been published in Matas et al. (2020a).

3.3.1 Materials

The tested material was selected based on two main criteria. First, the material must be
weak enough to break under the impacting energy conditions of the test and secondly, the
commercial availability of enough quantity from different colors to be able to distinguish
which fragments correspond to each initial piece. The material selected for the test were
baked clay bricks. We discarded using low strength concrete pieces because the maximum
fall height of our testing site was not enough to reach a high fragmentation degree with
this material. Bricks have a standard size of 5 x 10 x 20 cm and five different colors.
Figure 3.22 shows a sample of the bricks types with their relative position on the stacks.
Their density ranges between 1.81 and 2.24 g/cm?® depending on the color. Three settings
were tested to evaluate the effect of the added dynamic load due to piece stacking: single
piece, three stacked pieces and five stacked pieces (Figure 3.22).

Figure 3.22: Possible stack distribution of bricks tested: single brick, three stacked
and five stacked.

3.3.2 Test set up

The tests were carried out in the Laboratory of Technology of Structures and Materials
(UPC). A device was specially designed to place and release the bricks. It allowed the
bricks to fall vertically without rotational velocity (Figure 3.23a). The total fall height
was 4.26 m, which determined the impacting energy of the bricks stack. The concrete slab
of the floor was protected with a 10mm thick steel plate placed on the impacting area.
To stop the fragments ejected after breakage, a wood frame was built around the steel
plate. This protective frame had wood boards around the perimeter with a height of 1.2
m and a plastic rack above the boards to allow light to enter the scene (Figure 3.23a).
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Each one of the releases was recorded using a high-speed camera recording at 400 fps in
HD and a GoPro camera. This high frame rate avoided blurring effect of the bricks at each
frame. Since the tests were performed indoor, artificial light sources had to be used. To
match light requirements of the high-speed camera, four spotlights were placed pointing
the scene with a total power of 4000 W. The camera and the spotlights pointed the scene
through holes in the wood boards protected with polycarbonate sheets and metal mesh
respectively to avoid melting due to generated heat (Figure 3.23b). Several targets were
placed both in the floor and the wood boards to allow cinematic estimations using the
video records.

ol |
Spotlights
\\

High Speed Camera

Protection box
L

Figure 3.23: (a) Experimental test in laboratory with bricks release device and wood
frame around the impact area. (b) Position of the high speed camera and spotlights
protected by polycarbonate sheet and metal mesh respectively.

3.3.3 Test realization

A strict security protocol was designed to minimize risks during the execution of the tests.
For each release, the procedure followed consisted of:
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1. Placement of tracing paper and graphical targets in the impacting point to record
the contact area during impact. In Figure 3.24 the graphical targets just behind the
stack of blocks in the impacting point is shown.

Turning on the spotlights and the cameras.

Security check: everybody is placed and at a safe distance.

Release of the bricks’ stack (see an example in Figures 3.24 and 3.25).

Turning off all cameras.

A T

Photogrammetry: place a control volume in the scene for calibration and take a
photographic coverage to build a 3D model of the fragment deposit.

7. After each release the tracing paper and all fragments were carefully removed, stored
and marked with the release reference number to later proceed to the fragment
classification and measurement.

Figure 3.24: Sequence of test #60 where a stack of five bricks was dropped. Note how
the brick on the bottom stays in place in the last frame.
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Figure 3.25: Sequence of test #60 from the high speed camera footage. Note that this
camera pointed at the scene from the reversed side than footage in Figure 3.24.

3.3.4 Data processing and results

The grain size distribution of each brick was obtained to characterize different fragmen-
tation degree for each position within the stack. For each stack, first all fragments where
sieved using a 4.76 mm sieve to discard very fine particles or dust. Figure 3.26a shows
the sieve used while Figure 3.26b shows an example of the fragments that passed, which
were discarded for the measurements. All the fragments retained in the sieve were visu-
ally classified by color (based on the position on the stack in Figure 3.27). The average

amount of discarded mass was 5%.
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Figure 3.26: Example of the sieving used to discard the smallest fragments (a)
Fragments not passing through the sieve and considered for the measurements; (b)
fragments crossing the sieve and discarded.
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Figure 3.27: Classified fragments produced by test #60.

Once classified by color, the weight of each fragment was measured using a high precision
weighing scale. The weighing scale available in the lab had an old interface to connect
to a computer and the measurements had to be manually annotated. This process was
extremely slow and to speed it up a semi automatic capturing system was build using a
webcam. The webcam pointed the LCD screen of the weighing scales and a specifically
designed python code captured the numbers (Figure 3.28). The code used the open source
computer vision library OpenCV. When the operator pressed enter key the recording was
automatically stored in a spreadsheet file. This trick speed up the process by 3 and was a
significant time saving considering that we measured several thousand fragments. Finally,
knowing the density of each of the bricks, the weights could be transformed to volumes
thus obtaining the grain size curve of each tested brick. This whole process lasted a couple
of weeks.

Captured measurements

Webcam

" Weighing scales

Figure 3.28: Weighing station set up to overcome the weighing scales available
limitations. A computer vision code with a camera pointing to the LCD screen records
the measurement directly to a file.

After the color classification and measurement of the fragments, the maximum volume
and number of fragments of each tested brick were known. Moreover, since each color
corresponded to a specific position in the stacks, the different fragmentation behavior
depending on how many bricks had each one on top was observed.
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Figure 3.29a and 3.29b show the grain size distributions obtained on a test of 3 and 5
stacked bricks respectively. The relative position of the bricks within the stack is indicated
from 1 to 3 or 5, being the brick ”1” the located at the bottom.
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Figure 3.29: Cumulative number of fragments against fragment volume in (a) test
number 62, corresponding to a 3 bricks stack and (b) test number 33 corresponding to a
5 bricks stack.

The plots 3.29a and 3.29b highlight the influence of the brick position on the number and
size of the resultant fragments. The lower the position of the brick, the smaller the size of
the maximum fragment and the greater the number of generated fragments. The slopes
of the distributions look pretty similar except by brick in position 5 on test 33 (Figure
3.29b) which broke in three main fragments only.

The number of generated fragments on each position of the stacks for 5 bricks tests are
shown in on Figure 3.30 It clearly shows how the number of fragments generated increases
when lowering the position of the brick on the stack. The maximum number of fragments
was 378 for the brick at the bottom position of test #84. The maximum, minimum and
average number of fragments generated at each position are shown on Table 3.1. In a few
cases, there was a brick that did not break at all. Analyzing the videos, we observed that

the unbroken bricks landed on an edge or on top of a fragments’ pile of the bottom brick
which had already broke.
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Table 3.1: Statistics on generated fragments depending on the position of
the bricks in the 5 bricks stacks. Position 1 corresponds to the bottom brick.

Position Max # frag Min # frag Average # frag

3 o8 1 20.2
4 223 1 63.4
3 301 1 114
2 307 3 143
1 378 39 227.5
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Position 2
300 M Position 1
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6 9 152427333948515460666972788082848688
Test number [-]

Number of generated fragments [-]

Figure 3.30: Number of generated fragments in 5 brick stacked tests for each position
in the stack. Position 1 corresponds to the bottom brick while position 5 to the top
block in the stack.

In many tests most of the fragments generated by the brick placed at the bottom of the
stack remained in place at the same point where they contacted the steel plate (Figure
3.31). In Figure 3.24, a sequence of test #60 (5 brick stack) shows how fragments are
quickly ejected except those of the bottom brick, which remain in place. At the first
contact with the steel plate, the fragments generated in the outer edge are ejected but
the ones at the center cannot escape and tend to stay at the impact point. Then the
deposit shows the brick broken in several fragments but maintaining the general shape of
the initial brick, as in a puzzle (Figure 3.31).
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Figure 3.31: Detail of the bottom block of the release #60 (Figure 3.24) The cracking
pattern is observed but the fragments in the middle remain in in place like a puzzle

3.3.5 Test conclusions

The grain size distribution of fragments obtained from this experimental test confirms that
the blocks undergoing greater confinement (which increase towards the lowest position on
the stack) generate a greater number of fragments while decreasing their maximum size.

This phenomenon, combined with the reduction of mobility of the confined fragments,
which remain in place at the impact point, may explain the formation of Young Debris
Cover in real cases where the initial released rock masses are big enough to produce
both the confinement and comminution effect. The fragments generated at the edges
of the bricks were quickly ejected. In this case, the release velocity increased with the
confinement.

When considering fractal theory and adjusting power laws to the fragment distribution of
each brick in the pile, the slope defining the curve decreased as higher was the position of
the block on the stack. This information is useful when simulating huge rockfalls formed
by several blocks since the parameters controlling the fragmentation law may be adjusted
consequently so as to reproduce this conminution effect and increase the fragmentation
degree of the blocks placed on the lower positions.

As a final remark, many researchers have focused on fragmentation recently since new
technologies allow better data acquisition in field and laboratory tests and new method-
ologies for numerical simulations. However, there are still few publications in which the
kinematics of the fragments is analyzed and/or experimentally measured. The energy
distribution after fragmentation and subsequent momentum increase of some of the frag-
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ments remains as unexplored topic.

3.4 Modelling real scale fragmentation tests in Yade

During the realization of this research the author visited the Institut national de Recherche
en Sciences et Technologies pour I’Environnement et I’Agriculture (IRSTEA) in Grenoble
(which has currently been recently renamed INRAE). At this research institute, they have
a lot of experience in the study of rockfalls. They have made important contributions in
the field of real-scale experimentation as well as in the numerical simulation of rockfalls.
For the numerical simulations they have contributed to both stochastic and deterministic
approaches using the Discrete Element Method (DEM) for simulating the interaction
between rockfalls and forests (Toe et al., 2018) and with different mitigation structures
(Lambert et al., 2013; Mentani et al., 2016; Coulibaly et al., 2019; Lambert et al., 2019).

The aim of this research stay was to evaluate the feasibility of performing full scale DEM
simulations of the real scale rockfall fragmentation tests performed in quarries (section
3.2) taking advantage of hosts great expertise in the use of Yade DEM code. Stochasticity
is a key factor in rockfalls but when performing real scale or laboratory tests the amount
of possible configurations is limited (for example regarding the falling height, restricted
by the available machinery and the topography of the site or the initial kinematics of
the blocks). With a functional DEM model, calibrated with field tests, several thousands
of different configurations could be numerically tested for a better understanding of the
fragmentation phenomena and the limit would just be the available computing power.
Results from this kind of numerical simulations can be used for feeding meta-models that
can be implemented in stochastic rockfall simulation programs.

In the short period of time that the stay lasted, it was possible to build a functional model
and carry out preliminary simulations with promising results, but an exhaustive calibra-
tion of the model was not possible due to time constraints. However, the feasibility of
simulating real-scale fragmentation tests was demonstrated and the ground was paved for
future lines of research. In this section, the reader will find first a very brief introduction
to DEM method including a description of the code used Yade. Then, the build process
of the scene in the program, the python code written for the specific analysis of fragmen-
tation and the usage of a High Processing Computer (HPC) to run the simulations are
described. Finally the obtained results are shown and discussed.

3.4.1 Discrete element method and Yade

The Discrete Element Method (DEM) is a numerical method for modelling the dynamics
of solid particles which interact with each other at discrete contact points (Zaho 2017).
This method was first proposed by Cundall and Strack (1979) to study the mechanical
behaviour of rock at the microscopic level. The use of this method was extended to sim-
ulate other materials like liquids and solutions, granular matter, bulk materials, powders
and blocky or jointed rock masses.

In DEM materials are represented by rigid spheres or sets of interacting rigid spheres and
other geometries. The simulations accounts for particles stress state and kinematic state
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of each one (position, linear velocity, rotational velocity and contact forces), updating
them at every numerical time step iteration. An explicit integration of Newtons’ second
law motion is used to obtain the translational and rotational displacement of each particle.
Contact forces between particles are calculated using force-displacement contact models
(Cundall and Strack 1979; Itasca 2003). It is assumed that the velocity is constant during
the time step, then small time steps have to be used to achieve stable numerical solutions.
This time step also has to account for the specific conditions of the simulated scene since
stiffness of the particles and high linear velocities could produce unwanted results if the
time step is too high. In case of particles with high stiffness, high time steps may result
in high indentation between particles that produce an extremely large elastic force and
make them reach high accelerations that may make the whole simulation unstable. If
expected velocities during the simulation are high and the time step chosen is not small
enough some particles may be moving in intersecting trajectories but the contact would
not be detected by the algorithm. During all the simulation, all spheres state variables
are tracked and stored for evolution visualization purposes.

The numerical calculation cycle in DEM starts by detecting the interactions between
particles. With the contact points and the overlapping distance, the force exerted by the
particles is calculated using the force-displacement models. Once the forces are computed,
they are applied to the center of the sphere and particle displacement, velocity and ac-
celerations are computes according to Newtons’ second law of motion at each numerical
iteration. State variables of all particles are updated and the loop continues by detecting
again the contacts between particles in the newly computed configuration (Figure 3.32).
This loop continues until some stop conditions are reached, for example a specific number
of iterations or a specific state of the spheres like low velocities.

Displacements Interactions

29 .

Compute movement |
produced by applied |00p
forces and upgrade '

particles state variables

., Detect colisions and
. intendation between
particles

Compute applied forces
considering Force-
Displacement contact laws

Figure 3.32: Calculation cycle in Discrete Element Method

There are several implementations of the DEM method, both commercial (PFC3D, EDEM,
Chute Maven etc.) and open source (LIGGGHTS, MFIX-DEM, YADE, PyGranESyS-
Particle etc.). In this research, Yade DEM code was used. It is an extensible open-source
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framework for discrete numerical models, focused on Discrete Element Method. The
computation parts are written in c4++ using flexible object model, allowing independent
implementation of new algorithms and interfaces. Python is used for rapid and con-
cise scene construction, simulation control, postprocessing and debugging (Smilauer and
Chareyre, 2015).

To build an object in Yade, several spherical particles are filled in a confined space defined
by the user. This space is defined by geometric shapes produced by CAD-programs such
as stl or meshes. In case of rigid breakable bodies, like rocks, once the shape is filled
with spheres bonds are created between them to ensure they are attached and form a
rigid structure. These bonds act as a spring between the particles and can use different
bonding laws implemented in the code. In case the limit stress is reached in the bond, it
breaks. This is how a crack may start in a simulated rock mass.

3.4.2 Modelling real scale fragmentation tests in Yade

For simulating the real scale rockfall tests in Yade the first step was to geometrically
define the scene. The scene is composed by two main elements: the released block and
the ground surface. The shape of each block was obtained, as explained in previous
sections, using photogrammetric techniques to build a 3D model. This 3D model is used
as a boundary geometry to build the sphere packing. Packing algorithms considering a
boundary surface require that all normal vectors point inside the block so as to make a
proper intersection. Otherwise, the result is a cube with a hole of the desired shape inside
it. This basic pre-process was done using open source software Blender. The packing
method used in Yade was random dense pack. Figure 3.33 shows of block #8 original
mesh and the obtained packing considering a sphere radius of 2 cm. For this block, a
total of 24k spheres with a radius of 2 cm were required. The packing process tends to be
slow since several iterations compressing the set of spheres are performed before reaching
the desired initial state. However, well-known techniques such as using pre-packed sets of
specific sphere radius are accelerate the packing process.

Figure 3.33: Example of the sphere packing inside a 3D mesh of block #8 formed by
25k spheres. The radii of the spheres is 2 cm.
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Once the packing is done, the particles are bonded together following a linear elas-
tic—plastic law which has proven to be well adapted to simulate cohesive-frictional materi-
als (Scholtes and Donzé, 2013). The material definition used in Yade was the JCFcpMat
(Jointed Cohesive Frictional Material). This material definition allows the introduction
of joints and allows the simulation of crack propagation inside rigid bodies (Scholtes and
Donzé, 2012). The interactions between spheres are created for each sphere with the sur-
rounding spheres at a user defined distance d = 7;,¢ -7 (where r is the sphere radius). This
definition of the bindings allow the generation of a bond between particles that are almost
together but not mathematically in touch. Figure 3.34a shows the interactions that would
be created in case of just considering contacting spheres. In case of considering a value of
Yint = 1.5 the grain interlocking in higher as shown in Figure 3.34b.

Figure 3.34: Example of the effect of the interaction range on the contact fabric and
grain interlocking. In (a) 7;,; = 1 while in (b) ~;,; = 1.5. This figure has been adapted
from Scholtes and Donzé (2012).

To complete the block building in Yade, a first single time step must be run in order
to detect contacts inside the interaction range, build the actual interactions and finally
reset equilibrium distance between particles. The interaction law between particles is
considered elastic in compression and traction with a cohesion and a tensile strength
to break the interactions and allow breakage. For setting the initial state of the block
(velocities), formed by the set of spheres, no specific function was available in Yade and
it had to be coded. The known variables extracted from field experimentation were the
linear and angular velocities of the block with respect to its center of mass. In DEM when
imposing a velocity it has to be done individually to each sphere. Using basic rigid body
kinematics physics each particle linear velocity was calculated and imposed using a simple
python script. In this point, the block is built in the scene and has the field measured
linear and angular velocities.

The material definition used (JCFcpMat) allows, as the name indicates, the consideration
of joints inside the bodies. The joints are introduced in Yade as planes and different
material properties can be assigned to all spheres intersecting with this planes. Spheres
directly interacting with other spheres intersected by the joint plane are also detected and
their material properties can also be modified. Figure 3.35 shows the same block that
in Figure 3.33 but with two joints. The dark blue spheres are directly intersecting the
defined joints planes while the particles in red are interacting with the first ones. In the
real scale test performed the boulders were mostly massive. However, when considering
natural rockfalls the presence of joints or weak planes is common. Some simulations were

45



carried out considering presence of joints to test the method.

Figure 3.35: Example of a block with two joints. Dark blue spheres intersect the
defined joint planes. Red spheres do not intersect with the plane but interact with dark
blue spheres.

Once the block is built, it is time for the ground surface. The shape of the ground surface
was also obtained using photogrammetry, but in this case using photos taken from a UAV
(see section 3.2). When using 3D meshes in DEM, it is important to note that there
is a singularity line in the intersections of the planes. For smooth contact and avoiding
unexpected behavior and computational problems, the use of Pfacets is recommended in
some scenarios. Pfacets are polyhedrons composed by three spheres which act like nodes,
three cylinders that join the spherical nodes and two triangular facets or planes that cover
the cylinder (Figure 3.36). The use of Pfacets overcomes the problems produced in the
planes intersections by smoothing the contact with a cylinder or a sphere in the vertexes.

Figure 3.36: Geometrical definition of a Pfaced composed of three sphere nodes, three
cylinders and two facets. (Effeindzourou et al., 2017).

The 3D terrain mesh was very precise and had more than 1M faces. When converting
this high number of faces to Pfacets, more than 8M elements would have been considered
in the simulations, drastically increasing the computational time due to the high number
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of interacting elements in the scene. To overcome this limitation, the mesh was simplified
while maintaining its representative geometric characteristics. Figure 3.37 shows the
original highly detailed mesh in the left side and the simplified Pfaced mesh in the right
side used for the simulations.
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Figure 3.37: Simplification of the UAV high definition mesh (left side) to a simplified
Pfacet mesh in Yade (right side).

Both the terrain and the block have to be placed in the virtual space reproducing the
initial conditions of the release. The positions of the released blocks were recorded during
the tests and just a local reference system conversion was required to place them on the
right initial position in the simulation. With the elements in place everything was ready
to launch the simulation.

As a first approach, the time step used in the simulations was 10~%s. During the simulation
the position and state variables of each sphere were recorded in a vtk file that could then
be visualized in the open source scientific visualization software Paraview. Computation
time for a whole realization ranged from 10-30h running on eight cores and depended on
the number of generated fragments. The most demanding engine in the Yade iteration
loop was the interaction one (approximately six interactions per sphere for about 25k
spheres). Computations were run on Titani cluster in UPC, a HPC formed by 5 DELL
PowerEdge R630 computing nodes running CentOS. Some hacking into Yade code was
required in order to compile it in Titani since several dependencies had to be adapted lo
local libraries. Once compiled, it run smoothly and a fast parallel queue with a maximum
of 6 jobs using 8 to 12 cores during 24h and a slow processing queue with 2 processes
for a maximum of 14 days were used depending on the expected duration time of the
simulations.

3.4.3 Results and discussion

During each simulation Yade exported the state of all spheres in the scene to a vtk file.
However, this raw results gave no information about how many fragments were produced
nor their volumes since it just stored the stare variables for each individual sphere. A
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python fragment segmentation post processing algorithm was developed to identify which
subsets of spheres were bonded at each simulation time step. This algorithm recursively
looped through all spheres. It takes a first sphere, checks with which neighbors spheres it
has an active binding and stores them in a list. Then for each added sphere the process is
repeated and all bonded spheres are also included to the list (excluding the ones that are
already in the list). Repeating this process until no new bonded spheres are found gives
a list of all spheres belonging to the same fragment.

After the fragment segmentation algorithm was run and all spheres where associated
to a fragment identifier, the fragment state variables could be computed by finding the
gravity center of the fragment considering all corresponding spheres. Then, using again
the rigid body dynamics, both the linear and angular velocities of the fragment could be
computed. The total fragment volume was also computed by adding all individual sphere
mass. After this process, a separate vtk file containing spheres representing each fragment
was obtained. Figure 3.38 shows an example of block #8 impacting against a flat plane
and the results of the fragment segmentation algorithm. Each red sphere corresponds to
a segmented fragment and its size is proportional to the fragment size. In t=0.1s the
block has started to break, however since not all bonds are yet broken the algorithm
associates all the spheres to a single fragment. In t=0.2s more bonds are broken and the
segmentation algorithm properly discriminates between fragments and creates a sphere
in the center of mass of each one while storing all state variables (linear and angular
velocities, mass, number of spheres etc.)

Figure 3.38: Example of a fragmentation upon an impact with a plane and the results
of fragment segmentation. Red spheres size are proportional to fragment volume.

The simulation of a single block impacting with a plane were able to reproduce fragmen-
tation phenomena including crack propagation and tension waves propagation inside the
mass. Figure 3.39 shows an example of a block impacting a plane at 10 m/s and 0.5 rad/s
where the color of the spheres depends on the corresponding normal stress. When tension
in the bonds reach the critical value they break and causes them to repel each other and
a crack begins to spread.
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Figure 3.39: Example of the normal stress on the spheres forming a block when
impacting against a plane at 10 m/s and 0.5 rad/s.

When considering fractures inside the blocks, the simulations gave consistent results.
Figure 3.40 shows a sequence of the simulation of a block with an initial weakened plane
representing a fracture. When impacting the plane, the first bonds to break are the ones
in the weakened plane as expected but rapidly other cracks appear in the massive parts
of the block where no joints were imposed. The energy release after bonds brake eject
the fragments and convert what initially was just vertical linear momentum into lateral
momentum. In this figure, the colors of the spheres represent the remaining bonds with
interacting particles with respect the initial bonds. Spheres are blue if no bonds have
been broken and red when all bond are broken. Newly generated faces are shown in light
blue since approximately half of the bonds have been broken (the ones corresponding to
the other side of the new face).

The simulations on the real scenario confirmed the feasibility of performing virtual testing
campaigns. Figure 3.41 shows an example of block #8 test with a linear impacting velocity
of 8 m/s and a rotational velocity of 0.7 rad/s.

Even the results were really promising, some more work should be done to make this model
absolutely functional. The next step would be the calibration of the parameters controlling
the definition of the materials and the interactions between the spheres and the surface so
as the results match satisfactory the field data. The goodness-of-fit indicators to calibrate
the model would be similar to the one shown in Matas et al. (2020b), considering both the
size distribution of the generated fragments and the final deposition runout. The model
is very sensitive to the stiffness of the materials and the size of the particles used. Both
conditions the iteration time step to use and if not properly adjusted it may lead to small
computation time steps requiring unfeasible computational time. Although Yade can run
in multiple cores, there is a limitation on how many cores increment the real computation
speed since at a certain number of cores in between 6-10 depending on the simulation,
the overhead produced by the information exchange between the cores counteracts the
increase of computation power.
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Figure 3.40: Sequence of the breakage of a block with a preexisting weak plane representing an
internal fracture. Color scale shows the number of initial bonds that are broken (blue none, red all).
The crack propagation starts in the weak plane but rapidly several other cracks appear in non-weakened
parts of the block and then fragments are ejected.
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Figure 3.41: Simulation of block #8 on the real slope with a packing spheres radius of
2 c¢m, an impacting velocity of 9 m/s and a rotational velocity of 0.7 rad/s.

As final remarks, DEM has shown to be a very promising technique and can help under-
standing a highly stochastic phenomena like rockfall fragmentation. The model built in
Yade during the research stay in IRSTEA, is capable of reproducing the phenomena, but
it should go through an entire calibration process in order to be absolutely functional.
All tools needed for the specific analysis of the fragmentation process in Yade have been
developed and are ready for this future line of research, including specific fragment seg-
mentation algorithms which also computes fragment state variables like linear and angular
velocities and an algorithm to impose initial kinematic conditions on a block formed by
several spheres to match field test initial conditions.
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Chapter 4

Methodology: Development of
RockGIS code

The new acquired knowledge on fragmentation process in rockfalls during the development
of this thesis (Chapter 3) was used to develop a new rockfall simulation model that
accounts for fragmentation. This new model was named RockGIS (Matas et al., 2017;
Matas et al., 2020b). It implements state of the art of rockfall propagation methodologies
while adapting them for the consideration of fragmentation. It works with a lumped mass
approach, which means blocks are simulated in the space as non dimensional points and all
their mass is concentrated in these points. The name of the code includes the acronym GIS
for the close relationship with Geographic Information Systems, since RockGIS takes the
spatial information from digital terrain models in GIS raster format, and therefore, uses
GIS tools to manage input and output data. However, the simulations run on a 3D space
defined by a raster digital elevation model (DEM in this chapter refers to Digital Elevation
Model and not to Discrete Element Method as in the previous chapter). Using this raster
model has some spatial limitations as, for instance, not being able to consider detachment
points from overhangs, but it allows for a better performance in terms of contact detection
between the rock block and the slope surface, and thus a better computational efficiency.

To run the model, first the DEM and the initial block conditions (release points and
kinematics) have to be defined. Then from these points, the kinematic propagation of
each one of the blocks is computed considering its interaction with the ground surface and
the possibility of breakage during this interaction. In case of a block breakage, each one of
the fragments is simulated as a new block with its initial kinematic conditions and volume
coming from the fragmentation model. In the following sections, first, the required input
data for running RockGIS are explained. Then, the internal functioning of RockGIS and
all its components are described.

4.1 Input data

To run a simulation three main inputs are required: the digital elevation model (DEM)
representing the terrain where the propagation occurs, the blocks initial conditions and a
file containing the set of parameters controlling the model (some of them geographically
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distributed along the digital elevation model). Following subsections describe in detail
the topographic model and initial block kinematics. The required parameters contained
in the parameters file are described later.

4.1.1 Blocks initial conditions

A block is simulated in RockGIS as an object with state variables. Each block object stores
the position, linear velocity, angular velocity and its volume (related to the mass by its
density). To start a simulation, it is required to impose initial values for all of the state
variables. The position must be above the ground surface, otherwise the block will fall
to the infinity since no contact would be detected with the ground surface. Both linear
and angular velocities are initiated with low values considering the initial propagation
direction of the block. Common values are 0.5-1 m/s for liniar velocity and 0.5-1 rad/s
depending on the expected failure mechanism.

In rockfall hazard analysis, usually more than one single block is simulated for statistical
representativeness. Then the initial imposed conditions can be slightly modified using
Monte Carlo method to obtain different possible results considering very similar initial
conditions. In this case, a specific subroutine is used to generate these statistically dis-
turbed initial conditions. When considering a fragmental rockfall in which a IBSD is
expected to detach, the list of all blocks forming it has to be introduced in the code and
individually simulated. This is how RockGIS deals with the initial disaggregation of a
fractured rock mass when detached. This approach was successfully used in Matas et al.
(2017) and Matas et al. (2020b).

4.1.2 Topographic model

To represent virtually the terrain in the simulations of the RockGIS code, a high-resolution
digital elevation model is used. It consists of a raster grid containing information on the
height of the surface in each squared cell. Depending on the study site, models from
1x1 m to 0.1x0.1 m spatial resolution of cellsize were used in this work, mostly derivated
from 3D point clouds obtained from UAV photogrammetry or airbone lidar system (ALS).
Although other approaches can be taken to represent the terrain, like 3D point clouds
(Noél et al., 2018b), the raster approach is computationally very efficient. This is one of
the main raisons why raster DEM was chosen for the simulation of fragmental rockfalls,
where several number of fragments could be generated from a single falling block, what
significantly increases the number of interactions with the terrain.

The contact detection algorithm to determine when the block impacts the ground requires
the knowledge of the height of the block with respect to the surface. The Z-value of the
terrain at certain X,Y coordinates is calculated using a bilinear interpolation between
the four nearest neighboring cells. Each cell contains a single elevation value which is
used to place a point in the center of the cell with its corresponding elevation. Then
the four neightbouring points are used for the interpolation (Figure 4.1). This approach
gives a continuous interpolation of the surface based on the digital elevation model cells.
In the code, a function called “height to ground” (H2G) gives the height of the block
with respect to the slope surface. In Figure 4.1 the block is represented by the red dot,
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the green dotted line is the H2G value. The contact detection algorithm, explained in
following subsections, uses recursively this H2G function to detect the exact contact point
between the block and the interpolated surface.

h2g dx

xllcorner

xllcenter

Figure 4.1: Scheme of the bilinear interpolation approach to compute the height of the
simulated blocks from the ground surface. The grid in the bottom corresponds to the
raster digital elevation cells. In the center of each cell, the corresponding height is used
for the surface interpolation. The red dot represents a block and h2g is the height with
respect the interpolated surface.

4.2 Simulation of fragmental rockfalls

As explained in the introduction of this chapter, the knowledge acquired regarding the
fragmentation in rockfalls was used to build RockGIS. The propagation of rockfalls in
RockGIS is based on existing methodologies and was reformulated to allow the consider-
ation of fragmentation. The fragmentation module was developed using data obtained in
the field inventories and real scale experiments described in Chapter 3.

Once all the input data required are provided to RockGIS, from the chosen release points
and considering initial velocity conditions, the trajectories of the blocks are computed by
integrating movement equations that result in ballistic trajectories as described in Gischig
et al. (2015). This approach also accounts for rotational velocity of the blocks during
propagation. A contact algorithm is used to determine when the flying blocks impact
on the ground surface. This algorithm uses a bisection approach once the trajectory has
intersected the ground surface to determinethe impact point accurately. When an impact
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is detected, the rebound conditions are evaluated using a rebound model (Wyllie, 2014).
Then, the fragmentation model checks whether fragmentation occurs or not at certain
impact. In case it does not, the block continues its propagation considering the reflected
velocity provided by the rebound model. In case of fragmentation, the impacting rock
mass is distributed among the newly created fragments. Nowadays, RockGIS considers the
fractal theory described in Ruiz-Carulla and Corominas (2019). All generated fragments
are treated and simulated as new blocks with their own initial kinematic conditions. The
initial release position of each new generated fragment is the impacting point, and its
velocity is computed within an ejection cone using a stochastic process (Matas et al.,
2020b). This process keeps going on iteratively until no more fragments are generated
during the impacts and all of them stop. The stoppage criteria accounted in the model
considers a threshold velocity at which the block is assumed to be effectively stoped.
Figure 4.2 shows the basic flowchart for the propagation simulation of a single block.
Following subsections develop each part of the simulation process in detail.

Start simulation

re (7I7 Ty, rz)
Initial conditions < ¥ = (v, vy, V)
J = (wg, Wy, W,) End simulation

Rebound model

Parabolic flight, advance At ﬁincident — U’re flected
L TRUE

T Wincident —7 Wreflected

FALSE
Fragments?
FALSE
mi, ’Uql ) LJi
Each fragment is simulated 772> V2, W2 Alist of newly generated fragments .
s an ingitial single block . with its corresponding mass and ~ Fragmentation model
o outcome velocities are generated
My, Uny Wn

Figure 4.2: RockGIS flowchart for the simulation of the propagation of an individual
block.

4.2.1 Block kinematics

Blocks are considered as points in space with all the mass concentrated (lumped mass
approach) and they have, as state variables, a position 7 o= (z,y,2), linear velocity

= (vg, vy, v,), rotational velocity W = (Wg, Wy, w;) and volume. This approach does
not explicitly account for the shape of the blocks except for the rebound model in which
the blocks are assumed to be spheres (hybrid approach). Due to this simplification,
some kinematic behaviors conditioned by the shape of the blocks may not be represented
in a fully accurate way and may affect the results of the simulations. This deficiency
is overcame by a thorough calibration process. Other variables, such as information
regarding the parent fragment or the current motion state in the simulation algorithm
are stored for numerical purposes. Blocks are subject to the gravity acceleration qd =

(0,0,—g) and by integrating the movement equations with a certain time discretization,
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At, the parabolic trajectories are obtained as shown in Figure 4.3. Considering an initial
position, the linear and rotational velocities of a block in each time step of the simulation
keep producing a parabolic flight until the contact with the terrain, mitigation structures,
or virtual control sections is detected. During the interaction whith the terrain, the
rebound and fragmentation modules are applied and the resulting fragments and their
reflected velocities are determined. Then, each fragment is treated as a new individual
block and the flying phase is restarted. The internals of the fragmentation process in
RockGIS are detailed in following subsections.

Angular velocity

t\ Linear velocity

Gravity

Figure 4.3: Kinematic integration scheme considering incremental time steps which
produce parabolic flights until blocks impact with the ground surface or any other
considered object during the simulation.

4.2.2 Rebound model

The contact detection between blocks and the terrain is computed by the bisection method
(Sheng, 2005), which is frequently used in photogrammetry. At every time step, the block
moves according to its velocity and the value of H2G is checked. If the value is less than
zero, it means that the block is located under the ground surface. Then, an iterative
process, using the bisection method, determines the exact time step that makes the block
intersect with the slope surface with a certain tolerance. This tolerance is always on the
positive side of H2G to ensure that the block numerically never penetrates the ground. A
common value used for this tolerance is 0.1-1 cm. This contact detection algorithm leads
to the block positioned over the surface and ready to apply the rebound model.

Once impact with the terrain is detected, a rebound algorithm is applied to compute the
reflected velocity of the block. The aim of a rebound model is to determine the reflected
linear and angular velocities (after impact) considering the incidence velocities (before
impact) and the impact geometry. The last version of RockGIS implements the rebound
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approach proposed by Gischig et al. (2015). The first step required to apply a rebound
model is to determine the local coordinate system e_g, e_>T, ex on the impact point to be
used for the computations. In this right-handed system ex is the normal unitary vector to
the surface at the impacting point while ¢z and e are contained in the impacting plane
being parallel and transverse to the projected linear incident velocity respectively. For the
consideration of local roughness and the addition of stochasticity to the process this local
reference system is slightly rotated at each impact twice: first in the longitudinal direction
(parallel with the incident vector) and then in the transverse direction. All formulation
for this process is extensively explained in Gischig et al. (2015).

Once the local reference system is computed, the incident linear and angular velocities
must be converted from the global reference system to the local reference system using the
corresponding transformation matrix obtained from the relation between the new local
reference system and the global reference system. This matrix is obtained by projecting
one of the reference systems to the other reference system. Equation 4.1 shows 7;_,, which
is the transformation matrix to convert a vector in the local reference system to the global

reference system (e, e, , €2).

er-¢el e -ep e -en er, €1, E€n,
THg: §'€_L> §'€_>T Q'B%N = |€L, €1, €N, (4-1)
¢l el el-ef el-en er. er. en,

To perform the reverse operation and convert a vector expressed in the global reference
system to the local reference system the matrix 7,,; can be computed as the inverse
matrix of T, = leg. Equation 4.2 and 4.3 show how the block velocities expressed in
the global reference system are converted to the local reference system. In all equations
in this section the super index ¢+ means incident while the later used super index r means
reflected.

Viocal = Tg—>l ' Uglobal = (UL’ U, UN) (42)
Wiocal = Lg—1 - Wolobal = (WL’WvaN) (4.3)

At this point, the W. Goldsmith (1960) model is adopted considering nonslip impacts.
This model was derived for the impact and rebound of a spherical body with a planar
surface. It considers that the normal impulse of a block is modified by a normal restitution
factor K,,. As in Gischig et al. (2015), in RockGIS the tangential impulse is also assumed
to be reduced by a second restitution factor K;. This second factor aims at accounting for
nonfrictional momentum losses in the longitudinal direction. In the following equations,
R is the equivalent radius of the block. Equations 4.4 and 4.5 show the computation for
the transversal and longitudinal directions respectively.

r 5 2 i
Ut _ K —3 K, . vr
(a )= (2 k) -(ai) =

r 5 2 7
v\ _ ( By —EEe (v
(R) (—%Kt K) (m) (4.5)



In the normal direction the income normal velocity is scaled by the normal restitution
factor K, and the direction of the movement is inverted by changing the sign as shown
in Equation 4.6.

vy = —Ky - 0! (4.6)
And the final local reflected velocities would be as shown in Equations 4.7 and 4.8.

T

U;ocal = (027 UCTF> UJTV) (47)
R roor
Wipear = (W, wrp, 0) (4.8)

These local reflected velocities have to be converted back to the global reference system
in order to continue the block propagation. To do so, the transformation matrix from the
local to the global reference system is used in Equations 4.9 and 4.10.

v o

Uglobal = ,‘TZ—W " Vlocal (49)
r _ T

wglobal - Tl—>g " Wiocal (410)

This velocity vectors are imposed to the block and the propagation algorithm continues.
The restitution coefficients K,, and K, can be estimated using different approaches. In
RockGIS, this coefficients are computed at each impact using Wyllie (2014) and Gischig
et al. (2015) equations, respectively. The normal restitution coefficient is computed as
shown in Equation 4.11.

K, = Ky, - 05 (4.11)

Where K, was estimated by Wyllie (2014) in 19.5 and K, in -1.03 from a set of field
tests and 6; is the incidence angle, different for each impact. In RockGIS both K, and
K, are adjusted around these proposed values to match each testing site conditions. The

tangential restitution coefficient follows a hyperbolic formulation expressed in Equation
4.12.

K =05 (4.12)

Where Eyy5 is a reference deformation energy value the value at which K; equals to 0.5
and EY is the deformation energy proportional to the particle mass and the square of
incident normal velocity as per Equation 4.13, where R is the equivalent radius of the
block and is the normal incident velocity to the local reference system.

E' =R\’ (4.13)
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The value of Fy5 has to be adjusted to each study site. In RockGIS both K, and K,
can be computed using different approaches since the module is prepared to be easily
upgradable. However, during the development of this research the combination of both
of theses approaches to compute the restitution factors has shown the best results in the
studied cases.

4.2.3 The fragmentation model

RockGIS can be used to consider both the disaggregation of the initial rock mass and the
breakage of the blocks during propagation. The disaggregation of the IBSD is assumed
in all cases and the trajectory of each of the involved block is modeled individually. A
specific module is called every time a block hits the ground, to check for the breakage
criterion. This module decides whether the block remains intact or breaks. In the case of
breakage, the module generates the new fragment size distribution based on the Rockfall
Fractal Fragmentation Model (Ruiz-Carulla and Corominas, 2019) as shown in Figure
4.4.

Initial block ——>  Fragmentation model ——> Generated fragments

A
@ [nitial block

| { : ) “ /'
Power law \R"L "5‘ 8 i \‘ -

Fr[-]

Volume [m3]

Figure 4.4: Scheme of the fragmentation process using fractal theory during an
impact. The image has been adapted from Ruiz-Carulla and Corominas (2019).

In the first versions of the code (Matas et al., 2017), the power law parameters at each
impact remained unchanged throughout the entire simulation. This means that every
time fragmentation occurred the same power law was applied to distribute the initial mass
among the new generated fragments. Although this approach was able to satisfactorily
simulate fragmentation in large real rockfalls, it was limited when comparing the results of
different impacting conditions since the parameters controlling the fragmentation model
where always fixed. To overcome these limitations in the final version of the code, the
power law parameters controlling fragmentation depend on the impacting conditions. This
means that at each impact, these parameters are computed according to the incident
velocities and block volume. In this case, the power law used for the fragment generation
is unique and specific for the considered impact conditions.

The fragment volume distribution after breakage is generated by Equation 4.14. This
equation gives the volume of the nth generated fragment considering the specific impacting
conditions of a block. The impacting conditions will determine the fractal dimension Dy.
This iterative process builds the resultant fragment distribution as shown in Figure 4.4.
The fragment generation process ends when one of these two conditions are satisfied:
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1. The last generated fragment is smaller than a user-defined minimum volume. In
this study, this value was set to the minimum fragment volume measured in the
field. This criterion avoids a mathematically infinite loop reaching senselessly small
fragment sizes.

2. The sum of all generated fragments reaches the initial block volume. In this case, the
last fragment is the difference between the sum of all previous generated fragments
and the initial block volume.

—1

V., = Vi - Lyaz - n°F (4.14)
where:

V,, volume of the fragment “n”;

Vb initial block volume;

n number of fragments, running from 1 to infinite;

Lz largest generated fragment;

Dy the fractal dimension which controls the shape of the fragment distribution.

Both L,,q, and the Dy depend on the model parameters b and ¢, as defined in Equations
4.15 and 4.16 (Perfect, 1997).

Lppaz = q- 0" (4.15)
o, log(1—q)
Dy=3+ 0 (4.16)

where:

b the proportion between the fragment size generated and the initial volume;
q the probability of survival, expressed as the proportion of the block that breaks to create
new fragments.

These two model parameters, b and ¢, vary at each impact depending on the kinematic
conditions. At each impact, the new surface area generated by breakage is estimated as
a function of the normal impacting kinetic energy (Equation 4.17).

N, =1, Ek® (4.17)
where:
N, new generated surface area [m2J;

Ek,, kinetic energy in normal impact direction [J];
a1, as model parameters to calibrate.

This equation involves the impacting angle and block dimensions. The parameters aq, as
can be estimated from the potential energy of first impacts of the inventoried rockfall.
Ruiz-Carulla and Corominas (2019) found a relation between the new generated surface
area and the initial area for each impact (Equation 4.18), which can be related to the
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power law parameters (b and ¢) that control fragment distribution (Equations 4.19 and

4.20).
Na B Na
Ta ITa+ Na
Na
b=bj— +0b
YT + 02
Na+
C]—C]lTa gz
where:

Na new generated surface area [m?];
Ta total surface area [m?];

I

Ia initial surface area [m?];

I

b1, b2 linear model parameters controlling b; must be calibrated;

q1l, q2 linear model parameters controlling ¢; must be calibrated.

4.2.4 Energy transfered to the fragments

(4.18)

(4.19)

(4.20)

Finally, by adding a certain degree of stochasticity, the simulator defines the trajectories
of the new fragments that are generated. The fragments are distributed within a cone of
a given angle around the expected reflected trajectory of an intact (unfragmented) block
as shown in Figure 4.5. This approach is based on field evidences observed during the

realization of real scale tests described in Chapter 3.

Figure 4.5: Cone shaped envelope of all the possible trajectories of each rock fragment
after a fragmentary impact. The revolution axis follows the direction of the computed

velocity after the impact v
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Once the list of generated fragments is computed, linear and rotational velocities must be
assigned to each fragment. The values estimated for energy loss during the fragmentation
process in Giacomini et al. (2009) are used. The knowledge on energy transferred between
fragments is still in its early stages and for simplicity, it is assumed that the energy is
distributed throughout fragments proportionally to their mass, which leads to the equal
post-fragmentation velocity modulus of all fragments. These velocities are assumed to
remain within a cone whose revolution axis is on the outcome velocity computed by the
rebound model. The aperture of the cone is defined by the angle 6 (Figure 4.5). Normal
unitary vectors are randomly computed inside the cone following Hall (2017) method.
These unitary vectors are multiplied by the outcome velocity and assigned to each of the
generated fragments. For the reflected rotational velocity, a reduction factor is applied
to the velocity computed by the rebound model in order to reproduce energy loss during
fragmentation. From this point, each fragment is treated as a new block with its own
state variables.

Figure 4.6 shows an example of the simulation of the release of a single block in the
testing site #4 as described in section 3.2. This figure shows the difference in trajectories
for the normal case with the fragmentation module activated and another for a synthetic
case in which this module has been disabled (purple line). In the first impact, when the
fragmentation module is active, the block breaks and all new fragments are ejected inside
a cone following the methodology described in this section. Note that some fragments
are able to break again when impacting against the base of the slope producing second
fragmentations.

»

: First fragmentation

o
~

Trajectory without fragmentation

Figure 4.6: Example of a real scale test simulation of a single block with and without
(purple line) activating the fragmentation module.
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4.3 Calibration procedure

The calibration of RockGIS code in each study site was very challenging since several
parameters concerning the rebound and fragmentation models had to be adjusted to
make the results match the field observations. During the development of the code and
its testing on different real case scenarios the calibration criteria have evolved from the
first studies in Matas et al. (2017) and Corominas et al. (2019) to the last calibration in
Matas et al. (2020b). The available data vary significantly depending on the site -from
very controlled scenarios like real scale test to almost no previous information of a real
scale event-, and conditions the calibration criteria to use. Thus, in each case different
selected goodness of fit indicators where considered. The following list summarizes all
possible goodness of fit indicators used in the different calibrations performed (Matas
et al., 2017; Corominas et al., 2019; Matas et al., 2020b):

1. Similarities between the RBSD resultant from the simulations and the RBSD mea-
sured in the field.

2. Similarities between the runout distribution resultant from the simulations and the
runout distribution measured in the field.

3. The cumulative spatial distribution of the volume of the fragments as a function of
distance from the release point.

4. Comparison between the position of the center of gravity of the whole deposited
block fragment distribution.

5. Bounding polygon of the young debris cover (YDC) over the slope surface.

6. Correlation between lateral scattering of the simulated trajectories and the observed
ones

7. Total number of generated fragments.

8. Cumulative passing frequency and cumulative volume crossing a reference line (like
forest roads, hiking paths, or dynamic barriers).

When the feasible goodness of fit indicators for each site where determined, the calibration
process consisted of a trial and error iterative process trying to match field data by
minimizing the error between simulations and observations. For the sake of brevity, in
this section the more recent and complex calibration performed using RockGIS in Matas
et al. (2020b) is used as example. In this study, RockGIS was used to calibrate the
results of a real scale fragmentation test performed in a quarry and described in section
3.2. For the release point, just one seeder was considered in the average position of the
release position of the blocks during the experiments. A horizontal velocity of 0.2 m/s
was imposed to consider the initial momentum given to the blocks due to the movement
of the backhoe shovel during the release. The digital elevation model used in this study
was obtained from a UAV flight prior to the execution of the tests performed on the slope
with a resolution of 0.2 x 0.2 meters. Just one material was considered on the entire
slope, since the fine layer over the bedrock at the base of the slope, which was used to
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Table 4.1: List of parameters considered for the model calibration.

Parameter Description

Multiplier of the power law relating the normal impact velocity with the normal

Kna restitution coefficient (Equation 4.11).
K Exponent of the power law relating the normal impact velocity with the normal
nb restitution coefficient (Equation 4.11).
E Parameter that controls the hyperbolic curve of the tangential restitution co-
0.5 efficient with the tangential impact velocity (Equation 4.12).
Multiplier of the power law relating the normal impact remaining energy and
a1 the new area (Equation 4.17).
Multiplier of the power law relating the normal impact remaining energy and
a2 the new area (Equation 4.17).
b Multiplier of the power law relating the fractal dimension and the new area
1 (Equation 4.19).
b Exponent of the power law relating the fractal dimension and the new area
2 (Equation 4.19).
Multiplier of the power law relating the probability of survival with the new
g area (Equation 4.20).
Multiplier of the power law relating the probability of survival with the new
e area (Equation 4.20).
9 Angle defining the cone in which fragments may propagate after breakage (in

degrees)

make the surface even, was estimated to be around 2-5-cm thick. One simulation event
consists of the release of the 21 tested blocks along with their respective fragment volumes
measured in place. Note that, in the simulation, the rock fragments do not interact during
propagation. Having set these initial conditions, the calibration procedure could begin.

First, a list of parameter combinations was generated using combinatorics. To achieve
this, testing value ranges obtained from an iterative heuristic trial and error process were
imposed for each parameter. The combination of all possible parameter values gives a
total N = []' n; cases to be tested, where n; is the number of intervals of each parameter
and 7 is the number of considered parameters. The ten parameters that affect the most
the propagation and fragmentation process are described in Table 4.1. To determine the
cases to be simulated, a certain number intervals for each parameter has to be imposed
between the optimization ranges. In Matas et al. (2020b), for example, 20 intervals were
used leading to a total of 2.56 - 10'° simulation cases.

For each set of parameters, a certain number of rockfall propagation simulations were
run varying the stochastic seed for statistical representativeness. The number of repet-
itive simulations performed could be increased as the code became more performant,
and the value used in the final version for statistical representativeness was established
around 1000 simulations. The initial seed determines the random numbers used during
the stochastic processes in the simulation and may change the results of a single simula-
tion if modified. The results of the simulations are averaged to obtain a mean behavior
representative of the parameter set that is independent of the initial randomness seed. If
just one simulation is performed, the calibration would only be meaningful for a specific
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seed. Once averaged, the resultant distributions were compared against the experimental
data.

The goodness of the optimization for each one of the numerically comparable criteria
(1, 2, and 3) is evaluated as a function of the residuals. The statistic ¢ (Equation 4.21)
computes a mean error between two discrete distributions by considering the squared
distance between simulation and measurement results and dividing by the total number
of checkpoints.

1 = (0; — E;)?
= — - 7 4.21
=22 F (4.21)
where:

n total number of checkpoints;
E; expected value on the checkpoint (field data);
O, observed value on the checkpoint (simulation result).

To evaluate the experimental and simulated distributions at the same points, n = 1000
samples were examined between the maximum and minimum range of the distributions
using linear interpolation between points.

The optimization of the calibration consists of finding the combination of parameters
that minimizes the value of € for the three considered criteria. To achieve this, both the
product and the sum of the resulting ¢ were compared between parameter sets, and the
set giving the lowest value was selected. Figure 4.7 shows the workflow for the entire
calibration process.

To perform the huge amount of simulations, a parallelization script was written so that
a full simulation can be run in the RockGIS program for the 21 blocks, considering a
specific parameter set in multiple CPU cores at a time. Each thread stored the e values
and, when all sets were tested, the best fitting ones were chosen. This entire process ran
on an HPC using 24 cores. It took about 24 hours.
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Iterative process :

List of parameters

For each parameter set C,
P[P, P, |

run a rockfall simulation

v

Compute goodness of fit
indicator ¢ for the

Parameter combinatorics | three considered criteria
C,=[P, ,P,....P,] | Y
: I €1,€5,85
Ck:[PlA)PQk)"') ”A] ....................................

Parameter combination C, resulting
in lowest values of €, €, and g,

are considered as optimal

Figure 4.7: Workflow of the calibration process used to adjust the volume, runout and
cumulative volume distributions of the field tests.

4.4 Quantitative risk assessment considering fragmen-
tation

Risk is estimated as the product of the annual probability of a block reaching a reference
location, the spatio-temporal probability of the exposed element and the vulnerability
of the element for a certain intensity level (Corominas et al., 2014). When considering
fragmentation, the established procedure to estimate the runout probability by computer
simulations has to be adapted. When not considering fragmentation some blocks are re-
leased from expected sources, then the runout probability at each reference location is
computed by dividing total number of blocks reaching the site by total simulated blocks.
However, when considering fragmentation one single rockfall may lead to multiple frag-
ments reaching the location and thus obtaining runout probabilities mathematically higher
than one. For the estimation of exposure, fragmentation will also have a significant effect
since one single rockfall may produce a number of fragments with divergent trajectories,
thus increasing the width of the area affected by the rockfall. Consequently, the proba-
bility of any trajectory intersecting the exposed element will increase as shown in Figure
4.8 In this scheme a single block falling produces three impacts on the exposed element
and would just be possible to have one impact in case of not considering fragmentation.
Note that despite the impact probability may increase depending on the topographic con-
ditions, the impacting kinetic energy may decrease due to the reduction of the fragments
sizes.

66



Single block rockfall

N Breakage during propagation

Exposed element

Figure 4.8: Example of a single block falling and producing more than one impact on
an exposed element. The same example would apply to linear infrastructures like roads
or hiking paths.

To integrate fragmentation in QRA analysis we have modified the formulation presented
by Agliardi et al. (2009). We calculate the probability that a certain number of fragments
f produced during an event of magnitude 7, that could reach the exposed element 7 and
then, integrate it for all number of possible fragments reaching the element. Thus, instead
of having a single runout probability for each event magnitude we have a probability
distribution that a certain number of fragments could reach the element. Equation 4.22
shows the modified expression to estimate the risk R, due to the occurrence of a rock fall
of magnitude (volume) i that produces f fragments during its propagation on an exposed
element j located at a reference distance X from the source;

R=> "> N P{(X/D);- P(T/X); - Vijy (4.22)

j=1 i=1 f=1

where:

N; : the annual frequency of rockfalls of volume class 7; .

P¢(X/D); : the probability that f fragments generated by the detached rock mass of the
size class 7 reach a point located at a distance X from the source;

P¢(T/X); : the exposure or the probability that an element j be in the trajectory of the
f fragments generated by the rock fall at the distance X, at the timing of the event;

Vi 1 the vulnerability of a exposed element j in the case of being impacted by f fragments
generated by the ¢ magnitude block.

In the study case of Monasterio de Piedra, (Spain) (Corominas et al., 2019) the exposed
elements are visitors walking through a hiking path around a touristic lake. In this
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situation, fragmentation also modifies the exposure of the elements, since the affected
width of the linear path may increase when more fragments reach the path. Equation
4.23 shows the expression considered for the exposure (modified from Nicolet et al. (2016)).

fp ) (Wf + lp)

PyT/X) =
r(T/X) 241000 - v,

(4.23)

Where:

fp is the flow of visitors (persons/day);

Wy is the width of the rockfall debris front depending on number of impacting fragments
f computed in the simulation (m);

l, is the width of the person (m);

v, is the mean velocity of persons (km/h).

This approach was applied to Monasterio de Piedra study case and was published in
Corominas et al. (2019). For more details, the paper can be found in the annex and
obtained results will be shown and discussed in the following chapter.
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Chapter 5

Results: RockGIS performance and
applications

Although this thesis focuses on the development of a numerical tool to simulate fragmen-
tal rockfalls, an extensive experimental research was also carried out in order to increase
the knowledge of the phenomenon and design improved modelling approaches. The Ex-
perimental methodologies and examples of the obtained results can be found in Chapter 2
and all experimental results are published and can be consulted in the recent publications
in which the author of this thesis was involved (Gili et al., 2016; Matas et al., 2020b;
Matas et al., 2020a; Gili et al., 2020). In this chapterthe results regarding the numerical
part and the use of RockGIS code are presented.

The developed methodology for the simulation of fragmentation in rockfalls and its nu-
merical materialization into RockGIS was used for the representation of the phenomenon
in several study cases and different scenarios. In each case, the parameters controlling
both the propagation and the fragmentation processes had to be adjusted and calibrated.
Especially the ones controlling fragmentation since the knowledge on the range of values
of these parameters is still in its early stage. Moreover, during the development of this
thesis the model has evolved, and different approaches for the consideration of fragmen-
tation have been considered (Moya et al., 2013; Ruiz-Carulla et al., 2017; Ruiz-Carulla
and Corominas, 2019), thus not allowing direct comparison of the model parameters. In
this section the results obtained in all tested scenarios are shown and discussed, including
the comparison of the fragment distribution curves and the runout distributions. The
scenarios where RockGIS has been tested will be referred as per the following list:

1. Vilanova de Benat rockfall: A 10,000 m? rockfall occurred on a limestone cliff in
the Cadi Sierra, Eastern Pyrenees near Vilanova de Banat village in November 2011.
A reconstruction of the event considering fragmentation was done and published in
Matas et al. (2017).

2. Monasterio de Piedra rockfall: After a 800 m? rockfall on February 2017 in
a touristic path in the Monasterio de Piedra natural space, a full risk assesment
of the hiking path was performed. To do so, RockGIS was first calibrated using
the known rockfalls and the 2017 event. When the model was calibrated a full set
of simulations considering different block volumes, fragmentation degrees and the
presence of protections structures were computed. Results allowed the quantification
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of the hazard in the hiking path, and a quantitative risk asessment of the different
alternative routes. The inventorying process of the 2017 event can be found on
section 3.1 and results of this study were published in Corominas et al. (2019).

3. Mallorca Ma-10 road rockfall: The Ma-10 road has some sections which are
placed just under the cliffs of the Serra de Tramuntana massif. The road is equiped
with several protection structutres like concrete galleries and rockfall fences. How-
ever, local authorities have reported some rockfalls which destroyed the protections
and reached the road. A 10 m? rockfall occurred in 2017 was used to calibrate the
model in that scenario and preliminary tests were done to design the methodology
to develop a quantitative risk assessment in the road so as to have a prioritization
criteria for road maintenance. The process and results of this preliminary study
were published in Ruiz-Carulla et al. (2020).

4. Real scale test in Foj quarry: In the last real scale test performed in a quarry
and described in section 3.2, the field data collected allowed a precise calibration of
RockGIS in order to reproduce the observed fragments distributions and runout dis-
tributions. This test gave large amount of information regarding the fragmentation
process of a single block, which can not be observed in a natural event concerning
several cubic meters. The methodology and the obtained results were published in
Matas et al. (2020Db).

5.1 Rockfall block size distributions

For a proper representation of a fragmental rockfall in a simulation, the resultant fragment
size distribution (or RBSD) has to match with the observed in the field. In RockGIS,
from a starting in situ block size distribution (IBSD) the program computes the trajectory
of each block and all fragments that may generate after breakage during its propagation.
The in situ block size distributions for the study cases 1 and 2 was estimated using 3D
reconstructions of the mass previously to the failure considering the corresponding fracture
network. In study case 3 the IBSD was an individual 10 m?3 block. In the study case 4,
the IBSD was the aggregation of all single simulated blocks, which where measured by
different techniques such as manual tape and 3D reconstruction using photogrammetry
from UAV.

The RBSD can be measured using different techniques explained in section 3.1 (manual
tape measurement in the field, 2D post processing of orthophotos taken from UAV both
manually or semi-automatic, or 3D measurement from point clouds). In all 4 study cases
the RBSD was estimated with different levels of accuracy. In a very controlled scenario
like the real scale test performed in the study case 4 this distribution could be measured
with more accuracy than events involving several cubic meters like in cases 1 and 2. In
the study case 3 the deposited fragments measurements were provided by the Mallorca
Government and where hand measured by tape.

In Figure 5.1 the results of the simulated RBSD in each study case compared to the field
RBSD are shown. These figures also show the IBSD used as an input for the simulations
except in Figure 5.1c, corresponding to Mallorca case, where no IBSD is shown since this
case was a single block.
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Figure 5.1: Comparison between the RBSD measured in the field with the simulations
in the four main study cases (a) Vilanova de Benat; (b) Monasterio de Piedra; (c)
Mallorca Ma-10 and (d) Real scale test in Foj quarry.

5.2 Runout and maximum reach

The maximum expected reach of a potential rockfall is a key parameter for assessing
hazard and thus the risk. In the studied cases, the parameters where calibrated in order
to make the runouts match the ones observed. Different accuracy levels where achieved
when measuring the runouts in the different cases. As explained in the last section, in a
more controlled scenarios the quality of the data was higher. In testing site 4 both the
final position and volume could be measured for each deposited fragment. This allowed a
precise reconstruction of the runout distribution. In study case 1, an approach based on
field interpolation considering sampling plots was done. In the latter study, the runout
validation criteria used are described in the following list:

71



1. Position of the center of gravity of the final distribution: A mean error of 2.92 m was
measured in 5 simulations. This represents a 1,08% of relative error with respect to
the runout of the center of gravity of the whole deposit, which reached 268m.

2. Comparison of the number of blocks reaching a certain travel distance. Figure 5.2a
shows the comparison between the field estimation and the simulation results of 5
different runs. Note that in this graph, a few large scattered blocks which reached
longer runouts cannot be appreciated since the total number is relatively small (they
can be appreciated in Figure 5.2c). This figure shows how most of the simulated
block reached a runout between 200 and 250 meters, similar to the ones observed in
the field. However, the simulation show a tail of fragments reaching larger distances.
This can be due to some unmeasured blocks in the field, as discussed in Matas et al.
(2017).

3. The number of blocks passing a reference line: The number of blocks crossing the
forest road used for validation was slightly overestimated in the simulations, but the
total volume of the blocks crossing the forest road was similar to the field data (-
10% to +21%). This overestimation may be explained by the incompleteness of the
inventory as the smallest blocks outside the YDC were not measured. Figure 5.2b
shows the longest runout fragments of the five simulations crossing the reference
line (the ones inside the orange polygon).

4. Dispersion of the young debris cover (YDC): It is observed that the YDC perimeter
is quite similar to the contour of the polygon containing 80% of the simulated blocks
(Figure 5.2c¢). Moreover, most of the large scattered blocks remain inside the 99%
polygon. In this density analysis, the simulated blocks with the largest runout
cannot be observed as they are not quantitatively representative relative to the
total amount of simulated blocks (less than 1%).

In both study cases 2 and 3 the runouts were measured qualitatively. In Monasterio de
Piedra, case 2, the deposit produced by the simulation was superposed to the ortophoto
of the real deposit and the simulation parameters where adjusted until they qualitatively
matched (Figure 5.3a). The fragments reaching maximum runout were also considered,
and their volumes were coherent with the ones observed on the field. Figure 5.3b shows
the resultant trajectories of a simulation in this case. In the study case 3, in Mallorca, the
author could not have direct access to the final deposit since the blocks affecting the road
where rapidly removed in order to reestablish the road traffic. However, data provided
by the road authority allowed for a qualitative approach considering how many blocks
reached the road. The simulation was, like in the previous case, adjusted until the results
matched the observations explained in their reports (Figure 5.4).
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Figure 5.3: (a) Final deposit of the simulated blocks superposed to the deposit of the
2017 event in Monasterio de Piedra. The runout calibration was performed qualitatively
taking into account the maximum runout reached by the fragments impacting into the
train and the lake. (b) Resultant trajectories of the simulation of the 2017 event.

Figure 5.4: Reconstruction of the 10 m? rockfall in Ma-10 Road in Mallorca. The
runout calibration was done qualitatively considering the final position of the fragments
reaching the road.

In the study case 4, a real-scale test in a quarry, all fragments were georreferenced and their
volume estimated. This information allowed a quantitative calibration considering both
distributions. Calibration criteria used in this scenario (rockfall block size distribution
in Figure 5.1d, runout distribution in Figure 5.5a and runout vs cumulative volume in
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Figure 5.5b) gave values of € of 0.028, 0.0015 and 0.4 respectively following Equation
4.21. The values of the parameters resulting from the calibration were: na; = 0.0031,
nas = 0.7562, by =-1.6125, by = 2.4875, ¢1 = -0.5125, ¢» = 1.0, Kn, = 19.54, Kn;, =
-1.03, Kt, = 22.6 and # = 83°. The average runout distribution among 1000 simulations
matched the field measured distribution well, although the maximum runout was slightly
overestimated (Figure 5.5a). In the tests, the maximum measured runout distance was
35.2 m, while the average obtained in the simulations was 38.9 m. This distribution is
very sensitive to the seed (the number used to generate a sequence of random numbers)
as shown in Figure 5.5a, where simulations resulted in distributions that differed from
the average curve. The variability of ejecting velocities after fragmentation, which were
randomly assigned inside a cone, made some blocks follow high parabolic trajectories,
while others were ejected almost tangentially to the surface. This variability explains
why, in some simulations, the blocks may travel significantly long distances.

The cumulative volume curve (Figure 5.5b) shows that the model tends to accumulate
more volume at the bottom of the slope than observed in the tests. Furthermore, some
big blocks traveled longer distances than in the simulations. After analyzing in depth
the videos of all fragments greater than 0.3 m? that traveled a runout distance of more
than 20 m, we qualitatively observed that they acquired high rotational velocities and
ended their propagation by a rolling motion. Although our model accounts for rolling in
a simplified way by small jumps, and considering its rotational motion on the rebound
algorithm, the shape effect seems to allow some of the blocks to travel a few more meters.

In this case 4 the extend of the deposit was also checked with the polygons containing
a specific number of fragments as shown in Figure 5.6. As in the cumulative volume
curve, the simulation tended to accumulate more fragments in the base of the slope, but
the overall shape of the curves was qualitatively similar. Note that test results show
more scattering, for example on contours of 60%, where the width of the test polygon is
50% greater than the simulation width. This higher dispersion may be explained by the
variability of the backhoe when blocks were released, since there was between 1-2 m of
variability in the release operation.

Finally, as a last check for the goodness of the results, all measured fragments in the field
are shown classified by volumes in Figure 5.7. The contours containing a defined percent-
age of total cumulative volume are also plotted. Note that a large fragment traveled a
very long distance (the blue block shown on the left of Figure 5.7). This corresponds to
an initial released block of 1.8 m? that, after fragmenting on the first impact, projected
the 0.9 m? fragment at an almost horizontal angle and with significant rotational velocity.
This fragment travelled the last 6-8 m of its trajectory by rolling. However, most of the
fragments remained within the 95% volume contour.
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Figure 5.5: Runout calibration results of the study case 4, a real scale test in a quarry.
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Figure 5.6: Isolines containing a certain percentage of stopped fragments for both field
measurements and simulation results in the study case 4. (Matas et al., 2020b)
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et al., 2020b)

5.2.1 Protection structures

RockGIS is able to simulate the effect of risk mitigation structures during the simulations.
Every time a fragment hits a protection structure a special subroutine is called which
decide how to proceed. In case of dynamic barriers, a simple comparison between the
actual kinetic energy of the block and the design energy of the barrier determines if the
block can be stopped or not. In case it is not, the absorbed energy by the fence is
subtracted from the kinetic energy of the block and it continues its propagation assuming
it broke the fence. This approach allows to easily check the performance of existing
rockfall mitigation structures or improve its design in the planning phase. In the study
case 2, a full quantitative risk assessment (QRA) was performed considering different
scenarios with or without fragmentation and with or without the dynamic barriers that
were actually present in the site. Figure 5.10 shows the trajectory results of the simulation
of a 5 m3 block both considering and not considering the effect of the dynamic barriers.
During the performance of a QRA several block sizes are checked, and Figure 5.8 shows
the mitigation effect of the dynamic barrier by reducing the number of blocks that are able
to reach the trail. In case of small blocks from 0.05 to 1 m? the reduction is significant
going from 60% reach to 14% in the case of 1 m3. For bigger blocks the reduction is slight
since the developed kinetic energies during the propagation allow the blocks to break the
fences. The reduction for the 5 m? is a 13% while just 3% for the 10 m? blocks.
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In the study case 3, the 10 m? block fragmented and some of the fragments where stopped
by a dynamic barrier. For the qualitative calibration of the runout the barrier was con-
sidered, but the expected trajectories in case the barrier had not been present can be
estimated. Figure 5.9 shows the comparison between considering or not the effect of the
barrier. Without the barrier several more fragments would have reached the road.
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Figure 5.8: Comparison of the percentage of blocks reaching the hiking path when
considering or not the dynamic barriers or fences for different block volumes.

Figure 5.9: Simulation of the 10 m? event in Ma-10 (case study 3) without considering
the effect of the dynamic barrier (left) and considering it (right).
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the Monasterio de Piedra study case. In (a) dynamic barriers are not accounted for
while they are in in (b).
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5.3 Quantitative risk assessment

A full QRA was performed on Monasterio de Piedra study case. The aim was assessing
the risk of different hiking trail alternatives to see which option was the safest. The hiking
trail studied was divided into different sections, and risk was assessed section by section.
In this section the results of the trail section affected by the 2017 rockfall, and published
in Corominas et al. (2019) are shown. Figure 5.11 shows the scenario, with two possible
paths to cross from one side of the lake to the other, the deposit of the 2017 rockfall and
the cliffs whose blocks may reach the corresponding paths.

|1 Legend

ssmezn Trajl 1

wassmn Trail 2

D Rockfall deposit

T T

Figure 5.11: Scheme of the Monasterio de Piedra scenario with the scar and deposit of
the 2017 event and the affected trail (Corominas et al., 2019).

As explained in previous sections, for a quantitative assessment of risk several terms
forming the risk equation must be estimated. First, the frequency of the rockfall events
was estimated using two information sources: (i) the count of rock blocks intercepted by
the barriers installed 15 years ago (in 2002), and (ii) the inventory of three large events
(>400 m? ), two historical (1986 and 2017) and the third of unknown age. A total of 209
rock blocks were measured in four barriers. These barriers where built 10 years before
the analysis, which gave a time span for the frequency estimation. With this information
a magnitude frequency table could be estimated (Table 5.1).
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Table 5.1: Frequency of rockfall events estimated for Monasteio de Piedra study case.

Volume class (m®) Events/yr Volume/ka (m?)

< 0.005 45.1463 226
0.005<x < 0,05 5.9514 923
0.05<x <0.5 0.7846 916
0.5 <x <5 0.1034 1433

5 <x <50 0.0136 2114
50 <x <500 0.0018 3013
> 500 0.0002 4198

The next component is the probability of reach, which was estimated using RockGIS.
Once the model was calibrated considering the 2017 event and some maximum reach
points measured during cleaning works in the cliff, a set of simulations with different
configurations was performed. These simulations considered different magnitude events,
different fragmentation scenarios and the presence or not of the dynamic barriers. In
Figure 5.12 an example of the obtained results is shown for the cases of 1 m? and 10 m3,
without considering the effect of the barriers nor fragmentation. After performing the
combination of all possible scenarios, the total number of blocks reaching the path were
collected and results are shown on Table 5.2.

Table 5.2: Proportion of rockfall trajectories reaching the trail section for both
unfragmented (U) and fragmented (F) rockfalls.

Natural State  Flexible fences

U F U F

< 0.05 0.1194 0 0.0220 0

0.05 <x <05 0.3280 0 0.0647 0
0.5 <x<5b 0.5896 0.0425 0.1455 0.0124
5 <x <50 0.7647 0.2327 0.7361 0.1310
50 < x < 500 0.8320 0.6309 0.8312 0.5135
> 500 0.8735 0.7996 0.8736 0.7574

Rockfall volume

When considering fragmentation, as detailed in section 4.4, the width of the rockfall
affecting the exposed element has to be considered since the exposure is affected by this
width (Matas et al., 2018). Simulations considering different magnitudes were performed
to estimate the affected with in different sections of the path as shown in Figure 5.13.
The average results for different rockfall magnitudes are shown in Table 5.3.
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Figure 5.12: Simulation results used in the QRA in Monasterio de Piedra case without
considering the effect of the dynamic barriers for 1 m? blocks (above) and for 10 m?
blocks (below). Color scale shows the developed energies during propagation in kJ.
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Figure 5.13: Estimation of the affected length of the hiking path for a 50 m?® event
considering fragmentation.

Table 5.3: Values of the affected width W in the trail for different fragmental rockfall
volumes, calculated with the RockGIS code.

Volume class (m3) Unfragmented rockfalls Fragmental rockfalls

x <0.05 0.2 None reaching

0.05<x <0.5 0.8 None reaching
0.5 <x <5 1.5 17.5
5 <x <50 3.5 20
50 <x <500 8 40
500 <x 10 55

The last term of the equation is the vulnerability. In this study case, the exposed elements
where the humans walking trough the paths, and vulnerability was set to 1 for the events
involving blocks bigger than 0.5 m3. This means that all blocks exceeding this dimension
would kill an impacted person. This is a conservative hypothesis, but the only option since
as far as the author knows, no vulnerability curves have been documented for humans.
For smaller blocks, the vulnerability was reduced considering that the probabilities of
impact in a critical body part were also reduced by the size reduction of the blocks.

Finally, with all this information the risk could be estimated for the different scenarios.
Table 5.4 summarizes the results in the case of fragmental and unfragmented rockfalls
both considering or not the presence of the fences.
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In the case of not considering the dynamic barriers, some contrasting results of the rockfall
fragmentation must be highlighted. On one side, fragmentation reduces the risk totally
for rockfall volumes of less than 0.5 m3. This is because fragmentation prevents the
rock fragments from reaching the trail section that is, reaching probability equals to
zero. On the opposite side, for rockfall volumes larger than 50 m?, fragmentation raises
the risk to the visitors. The reason is that the generation of the cone of fragments
increases substantially the impacting probability, particularly for large rockfall events
whose fragments virtually occupy the whole cone width (Matas et al., 2018). In contrast,
for rockfall volumes ranging between 0.5 and 50 m?, the bigger of exposure is compensated
by the reduction of the run-out. These effects have a direct consequence on the overall
risk value as most of the risk originates from the high-frequency small-magnitude rockfall
events, whose runout is strongly affected by the fragmentation. The annual probability
of loss of life for individual visitors is reduced from 1.2-1072 to 3.5-10~#, which is almost
two orders of magnitude.

Table 5.4: Individual risk (annual probability of loss of life) for intact and fragmental
rockfalls considering initial situation (top) and the presence of flexible rockfall
protection fences (bottom).

Initial Unfragmented rockfalls Fragmental rockfalls

Mi (m3) Ni \Y P(X:D) P(T:X) Risk P(X:D) P(T:X) Risk

< 0,05 16.32 0.5 0.119 0.010 9.9-103  0.000 0.000 0.000
0,05 <0,5 0.25 0.9 0.328 0.019 1.4-107*  0.000 0.000 0.000
0,5 <5 3.3:1072 1.0 0.590 0.022 4.3-107%  0.042 0.034 4.7-107°
5 <50 4.3:1073 1.0 0.765 0.066 2.2:107%  0.233 0.120 1.2-1074
50 <500  5.7-107* 1.0 0.832 0.124 5.9-107°  0.631 0.374 1.4-107%
>500 8.0-107° 1.0 0.873 0.153 1.0-107%  0.800 0.678 4.2:107°
Annual probability of loss of life 0,012 3.5-10~*
Fences  Ni \Y% P(X:D) P(T:X) Risk P(X:D) P(T:X) Risk

< 0,05 16.32 0.5 0.022 0.0102  1.8-107% 0.000 0.000 0.000
0,05 <0,5 0.25 0.9 0.065 0.0189  2.8-10~* 0.000 0.000 0.000
0,5 <5 3.3-1072 1.0 0.145 0.0219  1.1-107* 0.012 0.037 1.5-107°
5 <50 4.3:1073 1.0 0.736 0.0656  2.1-107* 0.131 0.122 6.9-107°
50 <500  5.7-107* 1.0 0.831 0.1239  5.9-10° 0.513 0.359 1.1-.107*
>500 8.0-107° 1.0 0.874 0.1531  1.0-107° 0.757 0.650 3.8:107°
Annual probability of loss of life 2.5-107° 2.3-10~*

When considering the dynamic barriers, the effects observed in the natural conditions,
such as the runout reduction and the increase of exposure are found here as well. However,
the efficacy of the flexible rockfall fences in stopping the falling blocks and the subsequent
risk reduction is better observed in the analysis of unfragmented rockfalls. There is a
reduction of 80% of the annual risk for visitors. Most of the reduction is due to the
trapping of small-size rockfall events. The reduction of risk for fragmental rockfall is less
significant. The annual risk is reduced around 35% only. The reason is that most of
the mid and large-size fragmental rockfalls cannot be stopped by the fences. There exist
however an additional cause for this particular example. The probability of reach for
fragmental rockfalls in the volume range of 0.5 to 5 m?3, has been reduced from 0.04 to 0.01
only. This contrast with the significant reduction observed for the non-fragmented events
which is from 0.59 to 0.15. This is because a small percentage of modelled trajectories
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are not intercepted by the fences while some rebounds are higher than the height of the
fences. This percentage cannot be reduced unless further protection works are carried
out. A significant percentage (over 50%) of the large rockfalls for both unfragmented and
fragmental rockfalls reach the trail. The existing protection fences are not capable to
intercept their trajectories. It is worth noticing however, that for the range of fragmental
rockfall volumes between 5 and 50 m?, the reach probability is reduced up to 0.13.

5.4 Sensitivity to parameters

The sensitivity analysis of the model to the controlling parameters was checked in two
of the study cases. In the case of Vilanova de Benat rockfall, simulations varying the
angle of the cone 6 and parameter b controlling the fragmentation law (Ruiz-Carulla
et al., 2017) where performed, keeping constant all the parameters obtained with the
calibration process. For the cone, 10°, 20°, 40° and 60° apertures were chosen. The
location of the center of gravity and the line defining the area containing 80% of the
deposited blocks for each case are shown in Figure 5.14a. This figure shows how in this
scenario fragmentation reduces the runout of the gravity center of the whole distribution,
reduces also the maximum runout and increases the lateral dispersion of the fragments.
To appreciate the influence of parameter b, five simulations were performed considering
values 0.5, 0.75, 1.0, 1.25 and 1.5. Figure 5.14b shows the cumulative number of blocks
of each obtained RBSD. An inflexion point can be observed due to the slope variation
of the power law. In this figure, the limitation of the model to generate a maximum
volume of fragments each time breakage occurs depends on parameter b. Note that the
results with b equal to 0.75 seem to fit the field RBSD better, but the total number of
blocks generated in this case was more than double the estimated number of blocks in the
field. Additionally, during the calibration phase with b equal to 0.75, the other calibration
criteria gave unsatisfactory results.

The sensitivity was also check in study case 4, the real scale fragmentation test performed
in a quarry (Matas et al., 2020b). In this case the parameter set considered as a reference
was the result of the calibration process. Each plot in Figure 5.15a—j shows the values
of the three e statistics of each one of the calibration criteria, as a function of the tested
parameter. The simulations showed high sensitivity to the pairs of parameters controlling
fragmentation: nay, nas; by, be; and qq, g2 (Figures 5.15a—f). Each pair displayed similar
behavior within the testing range, as expected. Slight variations in the shape of these
pairs of curves was due to discretization of the evaluation interval in each case. Note
that by, by and qq, g2 define a line, so the shape of the distributions must be very similar
regardless of the parameter that varies (but with its corresponding value interval). In the
case of b, with a focus on runout only, two minimums could be found in the optimization
curve but the volume curve showed a clear minimum around b; = -1.6 and by = 2.49. The
same occurred with ¢ where the optimum value was found to be around ¢; = -0.54 and
g2 = 1. A zoom on the interval of values that gives, for example, a value of the indicator
e smaller than one in the case of runouts reveals that the range of acceptance of nay, by
and ¢ represents respectively 29%, 8% and 7% variation with respect to the optimum
value, while for parameters nas, by and ¢, the values are, respectively, 5%, 2% and 1.3%.
As expected, slight changes in the exponent of the potential function controlling the new
generated area and the slopes of the lines controlling b and ¢ were found to have more
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influence on the final result (Matas et al., 2020b).
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Figure 5.14: Results of the parameter sensibility analysis in Vilanova de Benat study
case: (a) Density map of the accumulated blocks of four simulations varying the angle of
the cone 6 and their centre of gravity. Isolines represent the percentage of the blocks
that came to a stop within the corresponding polygon; (b) Cumulative number of blocks
of the five simulations performed keeping all the parameters constant except the slope of
the power law.
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Figure 5.15: Results of the sensitivity analysis in the study case 4, a real scale rockfall fragmentation
test performed in a quarry. Each plot shows the evolution of the three calibration criteria (volumes,
runout and cumulative volume versus runout) within the testing range for each one of the tested
parameters. The dashed vertical lines mark the optimal value of the parameter. (a-f): fragmentation
law parameters; (g-h): parameters controlling normal restitution coefficients; (i): tangential restitution
coefficient parameter and (j) cone aperture when fragmentation occurs. (Matas et al., 2020b)
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5.5 The effect of fragmentation

In all the test sites, the effect of considering or not the fragmentation phenomenon was
checked. One of the most important effects of fragmentation is on the rockfall runout.
Fragmentation may significantly reduce the rockfall propagation if the slope is sufficiently
gentle and long. This is clearly illustrated in the analysis of the trail section affected by
the 2017 rockfall in the Monasterio de Piedra study case (Figure 5.16). None of the rock
fragments of the small size (less than 0.5m3) fragmented rock masses reaches the trail
section (Corominas et al., 2019). This is the reason for the substantial reduction (more
than one order of magnitude) of the risk compared to the value of risk for intact blocks
for this magnitude range. However, the favorable effect of fragmentation disappears when
rockfalls propagate along steep slopes. The blocks cannot stop and the generated cone of
fragments increases the exposure, as shown in the trail in the opposite side of the lake.

In the study case 4, fragmentation also increased the runout of the blocks since the ejection
of the fragments following tangential trajectories to the ground or big parabolic flights
allowed the fragments to reach longer runout distances (Figure 5.17). The ejection of the
fragments due to fragmentation increases the total runout in this scenario, but reduces
the kinetic energy of each individual fragment compared to the initial block.

Figure 5.16: Trajectories of a 10 m?® block in Monasterio de Piedra study case.
Fragmentation is not considered in the image on the left while it is on the image on the
right.
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Figure 5.17: 3D trajectories of all blocks simulated in the real scale tests scenario 4:
Without considering fragmentation (left) and considering fragmentation (right).
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Chapter 6

Conclusions and future perspectives

The main research question of this thesis, as stated in the first chapter, is “How does
the fragmentation influence rockfall propagation?”. To answer this question, we carried
out a set of real scale tests and the inventory of several natural rockfall events. The
analysis of the empirical data acquired provided the bases for better understanding the
mechanism of fragmentation and, in particular, the fragmentation laws, the kinematics
of the fragments, their trajectories and runout. All this knowledge allowed designing
a methodology to consider fragmentation in rockfall propagation codes. The RockGIS
code was built from scratch implementing the new observations and findings. Once the
model was fully functional, it was used to reproduce fragmental rockfalls in different
scenarios. The results after the calibration process considering different fragmentation
scenarios showed that the model is capable of reproducing satisfactorily the observations.
Moreover, the code has proven to be a powerful tool for the analysis of the consequences of
fragmentation phenomenon in rockfalls and in the assessment of hazard and risk. Finally,
the code can be used to assess the performance of the rockfall protective works. The
conclusions of this thesis are presented here by subjects as follows:

DATA ACQUISITION

Few experimental data about fragmentation in rockfalls existed before this thesis. The
developed methodologies used to gather information of both natural events and real scale
tests gave high quality data for a better understanding of the phenomenon. The new tech-
nological advances in image capturing from UAV and the improvement on the recording
frame rate of the video cameras played an indispensable role in this acquisition. The min-
imum fragment size measured using different methods was 1072 m3 for natural big events
and reached 107° m? in the case of real scale controlled tests. The precise measurement of
the outgoing fragment trajectories after impact in the real scale tests performed allowed
the development of the methodology to consider fragmentation upon impact.

Data acquired during this thesis suggest that (i) fragment distributions can be charac-
terized by fractal laws which are easy to implement into a rockfall propagation code; (ii)
fragmentation does not depend exclusively on the impact energy, the relationship between
the stiffness of the block and that of the ground as well as the geometry of the impact are
relevant factors. The fragmentation model considers different fragmentation parameters
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as a function of the impacting conditions and can be adjusted depending on the slope
material; (iii) the energy transmission to the fragments after breakage is a key point on
reproducing fragmentation and preliminary data (still being processed) showed that in
the testing conditions of a 41° impacting slope the momentum boost of the fragments
was not significant and the reflected velocities of the fragments where similar. Thus,
the simplification of considering an energy distribution proportional to the mass in the
model, which leads to equal reflected velocities, showed satisfactory results; (iv) the re-
flected fragments trajectories after breakage were observed to stay within a cone. The
values of the cone aperture ranged between 25° and 145° with an average value of 75°;
(v) the ejected velocities after fragmentation made some fragments follow high parabolic
trajectories while others were ejected almost tangentially to the slope surface. This effect
allowed some fragments to reach higher runouts compared to unfragmented blocks; (vi)
restitution factors are strongly affected by the impacting velocity and fragmentation can
also affect its value since part of the energy is dissipated by the generation of new frac-
tures; (vii) the fragmentation process is an extremely stochastic phenomena and blocks
with very similar sizes, materials and impacting conditions gave different fragmentation
patterns depending on the geometry of the block during the impact and the stiffness of
the impacting surface.

MODELLING FRAGMENTATION IN ROCKFALLS

A stochastic modelling approach for considering fragmentation in rockfalls has been devel-
oped and implemented in the rockfall simulation code RockGIS. The code is implemented
using C++, a compiled programming language known for its performance since it has a
low abstraction level. This code is planned to be open sourced after the defence of this
thesis so as the scientific community and professionals can review, reuse and improve it
with its contributions.

In the code the propagation of the blocks is simulated using a lumped mass approach in
the space defined by a raster digital elevation model and performs the rebound calcula-
tions using restitution factors according to the land cover. The trajectory of the blocks
is computed by integrating movement equations that result in ballistic trajectories. A
contact algorithm is used to determine when the flying particles impact the ground sur-
face. This algorithm uses a bisection approach once the trajectory has intersected the
ground surface to determine with accuracy the impact point. The lumped mass approach
allows an easy detection of the contact compared to rockfall propagation models explicitly
considering the shape of the block since several more possible contacts have to be checked
at each time step. When the impact is detected, the rebound conditions are evaluated,
and the new trajectory is defined using the restitution. Then, a fragmentation module
is triggered and depending on the impacting conditions determines the parameters de-
scribing the fragmentation law to use. If the fragmentation law does not produce more
than one fragment, the block remains unbroken and keeps its propagation following the
initially computed trajectory. In case the computed parameters produce the breakage of
the block, the mass is then distributed according to the either scale invariant or variant
potential law that they define. After breakage, the hypothesis that fragment trajecto-
ries stay within a cone-shaped envelope has proven to be a simple yet effective way to
represent the phenomenon.
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The implementation of the code was done modularly to allow the modification of each
of its parts. Thus, it is possible to modify the functions that determine the restitution
factors, the laws of fragmentation to distribute the mass as well as the distribution of the
energy between the different fragments after breakage.

The implementation of these procedures in RockGIS has shown good results in different
scenarios from big natural events of 10-10,000 m? of initially detached rock mass to real
scale tests with blocks ranging 0.3 to 2 m3. The calibration process considering frag-
mentation was very challenging since in addition to the usual parameters in propagation
models that do not consider fragmentation, it was necessary to simultaneously calibrate
the parameters that control the breakage of the blocks. Moreover, it was necessary to
define novel goodness of fit indicators to evaluate the performance of the model when
considering fragmentation in terms of (i) the fragment size distribution of the final de-
posit; (ii) the lateral scattering of the fragments; (iii) the cumulative spatial distribution
of the volume of the fragments as a function of distance from the release point; (iv) the
runout distribution of the fragments. The simulations were able to reproduce, in all the
studied scenarios, the considered goodness of fit indicators. The calibration criteria for
fragmental rockfall simulations proposed in this thesis establish a solid base for future
studies.

QUANTITATIVE RISK ASSESSMENT

The quantitative risk analysis of fragmental rockfall has to overcome several challenges
related to the evaluation of the occurrence probability or frequency of the events, the
runout modeling and the behavior of the falling mass. It must also account for the
uncertainties due to inherently complex physical processes involved and the stochastic
variability of all the relevant parameters. To the author’s knowledge, this thesis includes
the first attempt to address the quantitative risk assessment of fragmental rockfalls. It has
been carried out with simulations using the RockGIS code and considering a fragmentation
law for the falling rock masses.

Fragmentation has forced us to rethink the concept of exposure since it can increase the
affected area due to the increment of the number of moving fragments and the scattering
of their trajectories. The classical risk equation had to be slightly modified to consider the
possible scattering of fragments and thus the increment on the affection area in the case
of linear structures. Differences of up two orders of magnitude in the estimation of the
annual probability of loss of life were obtained between considering or not fragmentation.

We should keep in mind that rockfalls, as well as fragmentation, are stochastic phenomena.
To use the proposed approach for risk analysis and the design of protective measures, a
precise calibration is required to ensure the parameters are appropriate for the case study
considered.

EFFECTS OF FRAGMENTATION

The answer to the main research question is that fragmentation in rockfalls has both a
significant and contrasting effect on the calculation of risk and should not be obviated in
risk analysis. Risk is significantly reduced if the slope where blocks propagate is sufficiently
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long and gentle. In this case, the new fragments generated mobilize less energy and
can be trapped by the topographic irregularities, obstacles and the protection measures.
Conversely, a wide range of block sizes are able to reach exposed elements below steep
slopes. In such a situation, fragmentation increases notably the divergence of the block
trajectories, which increases the impacting probabilities on exposed elements.

FUTURE WORKS

The RockGIS code has the ability to do forward analysis. Based on the work of Ruiz-
Carulla and Corominas (2019), the final fragment size distribution can be estimated. To
do so, it is necessary to determine both the in situ block size distribution of the unstable
rock mass and the estimated potential energy of the firsts impacts. Then, this estimation

could be used as a reference to calibrate the internal parameters or the fragmentation
module in RockGIS code.

There is room for improvement on the consideration of the rebound depending on the
size of the impacting fragment. It is common to use different sets of restitution coeffi-
cients for different block sizes, but when considering fragmentation the model has to be
able to reproduce this different behaviour depending on the size. Terrain roughness plays
a significant role in this effect, and some authors are currently working on approaches
to improve its consideration into propagation codes. Real scale tests showed that the
impacting position of the block (face, edge or a vertex with respect to the surface), the
relative orientation between the maximum impact force direction and the main weakness
anisotropy and the stiffness of the impacting surface may control the fragmentation pat-
tern. One of the limitations of considering a lumped mass approach when simulating the
breakage of a block is that its relative position when impacting with the slope is unknown
since the geometry is not explicitly accounted for. This limitation may be overcome by
considering a stochastic approach to determine how probable is that the block impacts
with a face, an edge or a vertex.

Future work should include testing the model on other real rockfall events and performing
more real scale tests to improve the mass and energy distribution algorithms used in
the fragmentation model. These improvements will allow an approximate guess of the
parameters that have to be used in the fragmentation model depending on the variables
that affect the process, such as the rock material and the coverage.

The comminution in large rockfalls has shown to significantly modify the fragmentation
pattern of the blocks placed at the bottom of the detached mass when impacting with
the slope. The experimental results regarding the laboratory test carried out during this
research may allow a first approach to considering different fragmentation parameters
on the blocks placed at the bottom of the unstable rock mass. However, this subject is
still in its early stages and more research is required for a better understanding of the
comminution mechanism. Some authors have started to use the discrete element approach
to simulate this behaviour, and the results are promising. With a good calibration,
this method allows to test several initial configurations with slight changes on the input
parameters, which is very adequate when dealing with such stochastic phenomena like
fragmental rockfalls.

In this work, a simplistic approach has been adopted for the consideration of the protection
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structures since the focus was on the fragmentation process. However, recent authors
have proposed more sophisticated approaches using discrete elements simulations to build
meta models into propagation codes. In these studies, they build virtual physical models
of dynamic fences, concrete galleries and embankments and simulate different impacting
conditions. Then, a mathematical model is adjusted to reproduce the effect of the different
impacting scenarios with the structure. The same applies to the consideration of the forest,
considered as a natural rockfall protection. This kind of metamodels could be implemented
into RockGIS code to improve the accuracy when evaluating the performance of protection
structures and the effect of vegetation.
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Abstract: In this paper, we present the upgraded version of RockGIS, a stochastic program for
the numerical simulation of rockfalls and their fragmentation, based on a fractal model. The code
has been improved to account for a range of fragmentation scenarios, depending on the impact
conditions. In the simulation, the parameters of the fractal fragmentation model that define the sizes
of the generated fragments were computed at each impact according to the kinematic conditions.
The performance of the upgraded code was verified and validated by real-scale rockfall tests performed
in a quarry. The tests consisted of the release of 21 limestone blocks. For each release, the size and
spatial distribution of the fragments generated by the impacts were measured by hand and from
orthophotos taken via drone flights. The trajectories of the blocks and the resulting fragments were
simulated with the code and calibrated with both the volume distribution and the runout distances
of the fragments. Finally, as all the relevant rockfall parameters involved were affected by strong
uncertainty and spatial variability, a parametric analysis was carried out and is discussed.

Keywords: rockfall simulator; fragmentation; fractal model; calibration; quarry

1. Introduction

A rockfall is a rapid mass movement generated by the detachment of a rock volume from
a slope that falls, bounces, and rolls during its propagation downhill [1,2]. Rockfalls often
threaten civil infrastructures, buildings and transportation networks in mountainous regions [3-10].
These phenomena have great destructive potential due to the high speed and, consequently, the high
kinetic energy the rockfall can reach during its propagation [11].

In a rockfall, the initial mobilized mass can be either a single massive block or a set of blocks defined
by the joint system in the massif. The concept of in situ block size distribution (IBSD) was introduced
to describe the initial distribution of block sizes within the rock mass [12-14]. During propagation,
the block or blocks that originally form the IBSD may break on collision with the ground to produce
fragments that are smaller than the original ones. The term fragmental rockfall is used to refer to
this phenomenon [15,16] and the final distribution of the fragments is called the rockfall block size
distribution (RBSD).

In recent years, significant improvements have been made in rockfall risk analysis
methodologies [17,18], particularly for transportation infrastructures [19-22] and wurban
areas [23-25]. The design and implementation of risk mitigation structures such as dynamic
barriers, embankments and galleries has also been improved by increasing the energy absorption and
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the diversion capacity [26-28]. Knowledge of the expected kinematic conditions of a rockfall at a
certain point, such as the impact energy and bouncing height, is required for risk assessment and
the proper design of risk mitigation structures. The impact energy depends on many variables like
the initial volume, release height, path topography, and the geomechanical properties of the slope.
Rockfall propagation models have been developed to determine the trajectories, the potential runout,
and impact energies. Some of these models are based on empirical observations [29,30] and others are
processes that are based on and simulate the physics of the phenomenon with approaches of varying
detail [31-38]. However, fragmentation is rarely considered in these analyses [39,40].

Real-scale tests [5,33,35,38,41-46] and laboratory tests [47,48] have been performed for a better
understanding of the rockfall phenomenon and proper calibration of the existing rockfall simulation
models. Some of these tests focused on calibrating the rock-slope interaction models (rebound) to
match different criteria: maximum runout, runout distribution, divergence trajectories, passing height
and passing velocity in control points. Only a few of the cited studies focused on the analysis of
fragmentation [5,46]. The latter is critical to determine trajectories and impact energy and has a
significant effect on the resulting risk [49].

The mining industry has historically been the most interested in fragmentation to assess
the efficiency of blasting operations [50,51]. However, many researchers have paid attention
to fragmentation recently, as an important factor in the study of rockfalls [37,52-55] and rock
avalanches [56-60]. In rockfall events, three main consequences are observed when a block fragments:

1.  Reduction in the initial block size. This can range from six to nine orders of magnitude in single
isolated blocks from 1 to 2 m3 [46], and 15 to 18 orders of magnitude in events that mobilize
over 20,000 m3 [61]. Macciotta et al [62] showed the influence of the structure of the rock mass
at the detachment location on the block size reduction. To study the block size distributions,
Ruiz-Carulla et al. [14] proposed a fractal approach in which a finite number of iterations was
adopted, based on Mandelbrot [63] and Turcotte [64], who had already developed fractal theory
to deal with complex natural phenomena. This type of approach has been used to derive the
RBSD from the ISBD of past rockfall events [14,65]. Recently, a continuous approach using fractal
theory and the scale-variant fractal probability model has been proposed for rockfalls [66];

2. Divergence of trajectories. After breakage, fragments adopt fan-like diverging trajectories from
the collision point [56,61,67-69]. Few studies have targeted the evaluation of trajectory divergence
after fragmentation in rockfalls, including numerical modeling [70] and field experiments [5,46];

3. Momentum boost effect. After fragmentation, small fragments may reach velocities higher than
big ones [61,70-72]. The distribution of energy after breakage is still unknown and, in some
numerical investigations, no correlation has been found between the fragment size and fragment
kinetic energy for a given impact velocity [72]. To our knowledge, only a few studies have
attempted to measure the energy distribution after fragmentation in rockfalls [69], which, under
the current state of the knowledge, is still highly uncertain.

The combination of these three effects can produce a range of scenarios. Although the fragment
size is reduced, the potential increment in velocity due to the momentum boost effect may lead to
high energies concentrated in a small area. It has been observed that in this scenario blocks with
significantly less energy than the design value can punch out dynamic rockfall barriers [44]. This is
called the “bullet effect”. Moreover, trajectory divergence, combined with size reduction, may have
opposite effects depending on the topography. In scenarios where propagation takes place on gentle
slopes, the overall runout of the fragments may decrease when compared to the unbroken blocks.
This effect disappears on steep slopes [49].

This paper presents the performance of the RockGIS code for simulating fragmentation in
rockfalls [40], which has been upgraded for this study. The code was calibrated and validated with a
set of full-scale rockfall tests, performed in a quarry to provide quality and reliable data. The results
of the experiments were used to calibrate the model focusing on the volume distribution of the
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fragments after breakage, the distances traveled, and the trajectories. The paper is organized as follows.
Firstly, we present the RockGIS code that accounts for fragmentation in the stochastic simulation of
rockfalls. The model has been upgraded by adding scale-variant laws and adaptable model parameters
for the analysis of fragmentation [66]. Secondly, we describe the experimental setup of the quarry,
the test equipment, and the data gathering procedures of the real-scale tests. These tests were carried
out in the framework of the national research project RockModels, an important part of which has
been dedicated to determining the fragmentation of rock masses and its application in fragmentation
and propagation models. Thirdly, we calibrate the model and discuss the results of the simulations.
Finally, we describe the parametric analysis.

2. Code Description

The rockfall code used for this study is RockGIS [40], which takes a lumped-mass approach and
allows for the fragmentation of blocks during their propagation. The code requires the following input
data: the digital elevation model (DEM) of the study area, the land use map to define the spatially
distributed parameters involved in the impact and the rebound parameter, the location of the source of
detachable blocks, their volumes, and their initial kinematic conditions. The trajectory of the blocks is
computed by integrating movement equations that result in ballistic trajectories. A contact algorithm is
used to determine when the flying particles impact the ground surface. This algorithm uses a bisection
approach once the trajectory has intersected the ground surface to determine, with accuracy, the impact
point. When the impact is detected, the rebound conditions are evaluated, and the new trajectory
is defined. In case of fragmentation, the impacting rock mass is distributed among the fragments,
which are treated as new blocks with their kinematic conditions.

The most recent version of RockGIS used in this study includes the following updates regarding the
first version described in [40]: the code base was moved from python to c++ to improve performance,
the kinematics of the blocks are described as in [37], and rotational velocity is also considered.
The contact detection algorithm was modified to increase performance and the fractal fragmentation
model was improved and completed [66]. This code has been developed within the frame of the
Rockmodels research project as part of the PhD thesis of the leading (first) author. The code runs in
Linux and will be made available on an open source basis at https://rockmodels.upc.edu/en once the

research project is closed. The following sections describe the details of the main improvements in the
RockGIS model.

2.1. Topographic Model

A high-resolution digital elevation model (DEM) is used. This consists of a grid containing
information on the height of the surface in each cell. It is a simplification of the slope’s topographical
surface that has some limitations. For example, overhangs cannot be considered in this approach,
since only one Z value can be assigned to a single pair of planimetric X,Y coordinates. Some authors
have prepared models that can work with point clouds [38]. These can use extremely detailed
models obtained from laser scanning or aerial photogrammetry, which overcome the DEM limitations.
However, the use of a regular DEM to describe the topography makes it easier and faster to numerically
account for the interaction between particles and the ground surface.

The Z-value of the terrain at certain X,Y coordinates is calculated using a bilinear interpolation
between the four nearest neighboring cells. This approach gives a continuous interpolation of the
surface based on the digital elevation model cells. In the code, a function called height to ground (H2G)
gives the height of the block with respect to the slope surface. This function is used to detect contact
between a flying block and the terrain.
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2.2. Block Kinematics

Blocks are considered as points in space with all the mass concentrated (lumped mass approach) and

— —
they have, as state variables, a position R = (x, y,z), linear velocity V = (vx, vy, vz), rotational velocity
—

W = (wx, wy, wz) and volume. This approach does not explicitly account for the shape of the blocks
except for the rebound model in which the blocks are assumed to be spheres (hybrid approach). Due to
this simplification, some kinematic behaviors conditioned by the shape of the blocks may not be
represented in a fully accurate way and may affect the result of the simulations. This deficiency is
overcome by a thorough calibration process. Other variables, such as information regarding the parent
fragment or the current motion state in the simulation algorithm are stored for numerical purposes.
Blocks are subject to the gravity acceleration a = (0,0, —g) and by integrating the movement equations
with a certain time discretization, At, the parabolic trajectories are obtained. Considering an initial
position, the linear and rotational velocity of a block in each time step of the simulation keeps producing
a parabolic flight until contact with the terrain, mitigation structures, or virtual control sections are
detected. During the interaction of the terrain, the rebound and fragmentation modules are applied
and the resulting fragments and their reflected velocities are determined. Then, each fragment is
treated as a new individual block and the flying phase is restarted.

2.3. Contact Detection

The contact detection between blocks and the terrain is computed by the bisection method,
which is frequently used in photogrammetry [73]. At every time step, the block moves according to its
velocity and the value of H2G is checked. If the value is less than zero, it means that the block is located
under the ground surface. Then, an iterative process, using the bisection method, determines the exact
time step that makes the block intersect with the slope surface with a certain tolerance. This tolerance is
always on the positive side of H2G to ensure that (numerically) the block never penetrates the ground.

2.4. Rebound Model

Once impact with the terrain is detected, a rebound algorithm is applied to compute the reflected
velocity of the block. The first version of RockGIS used the model described in [34]. The version
presented in this study implements the approach proposed by [37]. To determine the reflected
velocity, this approach considers the incidence velocity with respect to the normal vector of the
surface, its rotational velocity and restitution coefficients. It also considers a stochastic perturbation
of the impact surface to account for the variability of the process. The restitution coefficients can be
estimated using different approaches. In this study, the normal and tangential restitution coefficients are
computed at each impact using Wyllie [74] and Gischig et al’s [37] equations, respectively. After each
rebound, the amount of remaining normal kinetic energy is evaluated to determine whether the block
fragments or not.

2.5. The Fragmentation Model

RockGIS can be used to consider both the disaggregation of the initial rock mass and the breakage
of the blocks during propagation. The disaggregation of the IBSD is assumed in all cases and the
trajectory of each of the blocks that is involved is modelled individually. A specific module is called
every time a block hits the ground to check for the breakage criterion. This module decides whether
the block remains intact or breaks. In the case of breakage, the module generates the new fragment
size distribution based on the Rockfall Fractal Fragmentation Model [66].

The previous version of the code [40] considered invariable power law parameters at each impact
for the entire simulation. In the upgraded version, the power law parameters depend on impact
conditions and are specific for each impacting rock block. Thus, the way mass is distributed after the
breakage is specific according to the kinematic conditions of the impacting block [66].
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The fragment volume distribution after breakage is generated by Equation (1). The fragment
generation process ends when one of these two conditions are satisfied: (1) the last generated fragment
is smaller than a user-defined minimum volume. In this study, this value was set to the minimum
fragment volume measured in the field. This avoids a mathematically infinite loop reaching senselessly
small fragment sizes, or (2) the sum of all generated fragments reaching the initial block volume. In this
case, the last fragment is the difference between the sum of all previous generated fragments and the
initial block volume.

=1

Vi = Vo X Lyax X n'f (1)

where:

"1,

Vy volume of the fragment “n”;

V initial block volume;

n number of fragments, running from 1 to infinite;
Liax largest generated fragment;

Dy the fractal dimension.

Dy controls the shape of the fragment distribution. Both L;;x and the Dy depend on the model
parameters b and g, as defined in Equations (2) and (3) (Perfect, 1997).

Ly = qxb" ()
o, log(1-9)
Df = 3+—10g(b) (3)

where:

b the proportion between the fragment size generated and the initial volume;
g the probability of survival, expressed as the proportion of the block that breaks to create new fragments.

These two model parameters, b and g, vary at each impact depending on the kinematic conditions.
At each impact, the new surface area generated by breakage is estimated as a function of the normal
impacting kinetic energy (Equation (4)).

Na = a; X Ek,™ 4)

where:

Na new generated surface area [m?];
Ek;, kinetic energy in normal impact direction [J];
a1, a; model parameters to calibrate.

This equation involves the impacting angle and block dimensions. The parameters al, a2 can
be estimated from the potential energy of first impacts of the inventoried rockfall. Ruiz-Carulla and
Corominas [66] found a relation between the new generated surface area and the initial area for each
impact (Equation (5)), which can be related to the power law parameters (b and g) that control fragment
distribution (Equations (6) and (7)).

Na Na

Ta - In + Na ®)
Na

b= bi(=)+b (6)
Na

g = q1(ﬁ)+qz )

where:
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Na new generated surface area [m?];

Ta total surface area [m?];

Ia initial surface area [m?];

b1, by linear model parameters controlling b; must be calibrated;
g1, 92 linear model parameters controlling ¢; must be calibrated.

2.6. Energy Transfer to the Fragments

Finally, by adding a certain degree of stochasticity, the simulator defines the trajectories of the new
fragments that are generated. The fragments are distributed within a cone of a given angle around the
expected trajectory of the unbroken block. This approach is based on field observations (Figure 1).

£ - &
~ generated
- 7

Figure 1. Example of a cone-shaped distribution of fragments produced after the impact of a block
against a 42.4° inclined slope surface during a real-scale test performed in this study.

Once the list of generated fragments has been computed, linear and rotational velocities must be
assigned to each fragment. The values estimated for energy loss during the fragmentation process in
Giacomini et al. [5] are used. The knowledge on energy transferred between fragments is still in its
early stages and for simplicity, in this study, it is assumed that the energy is distributed throughout
fragments proportionally to mass, which leads to the equal post-fragmentation velocity of all fragments.
These velocities are assumed to remain within a cone whose revolution axis is on the outcome velocity
computed by the rebound model. The aperture of the cone is defined by the angle 6. Normal unitary
vectors are randomly computed inside the cone, following Hall’s [75] method. These unitary vectors
are multiplied by the outcome velocity and assigned to each of the generated fragments. From this
point, each fragment is treated as a new block with its own state variables.

3. Experimental Testing

3.1. Experimental Site

To verify the performance of the code and validate the results, a set of real-scale rockfall
fragmentation tests were carried out in a quarry in Vallirana municipality (41.3635 N, 1.9067 E),
Barcelona, Spain. The lithology of the rock blocks is massive limestone. Six samples were extracted
and tested in the laboratory resulting in an average density of 2650 kg/m® and uniaxial compressive
and tensile strengths of 103 MPa and 4.1 MPa, respectively.
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The testing profile was selected inside the quarry in a zone of the steep slope bench where the rock
was barely fractured, to ensure enough stiffness to break the blocks. The selected profile consists of a
42 .4° inclined plane, which coincides with a natural discontinuity surface of the rock mass and where
the first impacts after releasing the blocks were expected. An almost horizontal platform extends at
the foot of the slope. The difference in height between the foot of the slope and the crown is 19 m
(Figure 2). The impact surface in the inclined plane is high resistance rock, and no main discontinuities
were observed. In the horizontal platform at the foot of the slope, a thin layer of fine-grained soil (a few
centimeters thick) overlays the rock mass.

25 A

20 | Fall height 8-10m

15 A

Height [m]

10 A

Fine material layer
y! —ay

0 5 10 15 20 25 30
Projected distance [m]

Figure 2. Testing profile.
3.2. Testing Set Up

A total of 21 massive limestone rock blocks were selected for this experiment and the methodology
proposed in Gili et al. [46] was followed. During the preparation of the test, three ellipses following
the major axis of each block were painted to improve their visibility in the videos. All blocks were
hand-measured using a tape measure to obtain an initial estimation of their volumes, which ranged
between 0.5 and 2.25 cubic meters. To allow easier visual identification of the fragments that were
generated, the fragments were removed after each release, so that the accumulation area was clear for
the next release.

A backhoe was used to release the blocks from the top of the slope. Two marks painted on the
edge defined the space in which blocks had to be released by the engine. The height at which each
block was released depended on the operator’s criterion, for stability reasons. It ranged between 8 and
10 meters with respect the first impact point. Once the security protocol had been checked, the blocks
were released (Figure 3).

For georeferencing purposes, a total of 29 ground control points (GCP, targets and crosses painted
on rock outcrops) were distributed throughout the scene. They were surveyed using GNSS technology
to provide scale and georeference photographs and video images.

Photogrammetric techniques using drones were applied to obtain a 3D geometric reconstruction
of the test scenario. The drone device used was a DJI Inspire 2 with a X5S camera (5280 x 3956 pixels
sensors). About 150 pictures in zenithal and oblique orientations were taken at a distance of 30 meters
from the ground, obtaining a resolution or Ground Sample Distance (GSD) of 7 mm/px. The GCP
surveyed were used to georeference the model as well as to optimize the alignment of the cameras.
The error in the control points was between 1.2 cm and 1.6 cm in planimetry and under 3 cm in
altimetry. For the photogrammetric reconstruction, the software Agisoft Photoscan was used to obtain
a dense point cloud of 74 x 10° points and the derived products, like a 3D mesh (Figure 4), the Digital
Elevation Model (DEM) of 20 cm/px and the orthophoto of 7 mm/px resolution.
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Figure 3. Example of the release of a block. The time step between selected frames is 0.33 s.

@ Target
<4 HS Camera
GoPro camera
O Reflective surface

Figure 4. Photogrammetric model with the position of some of the targets used as ground control
points and the positions of the high-speed video cameras recording the scene.

Each test was recorded using three high-speed video cameras recording at 400 fps in full-HD
definition (1920 x 1080 pixel) placed at about 60 m from the base of the slope and distributed so that
they formed approximately a 40° angle. Since it was technically unfeasible to directly synchronize
the cameras, a flashlight was placed at the bottom of the slope pointing to a reflective surface so that
it was seen in the frame of the three cameras. The flash was fired several times during each release,
to allow frame synchronization during the post-processing of the footage with a minimal error of
1/400 seconds. The tests were also recorded from a drone at 24 fps in 4K definition (3840 x 2160 pixel)
flying above the scene, and once all the fragments had stopped, the drone was used to capture a set of
photographs of the fragments scattered across the platform in order to build a 3D photogrammetric
model of each deposit.

The next section describes the post-processing that was used to extract additional data from the
field experiments that were required to calibrate the model. Finally, the calibration procedure for the
multiple parameters controlling the simulation is explained.
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3.3. Data Acquisition

After the photogrammetric flight and when the conditions were safe again, all the fragments were
hand-measured using a tape measure to check the 3D model obtained by photogrammetry.

The data that were directly collected during the experimental campaign include: the volume of
each block prior to release, measured with a tape measure; the height of the release point for each test
using a total station; and three lengths defining the volume of the fragments generated by the impact
and subsequent breakage. The latter will provide the RBSD for each test and the relation between the
area and volume of the fragment (Equation (8)). This procedure is similar to that followed by Su and
Yan [76] to estimate the 3D sizes of particles from projected 2D images.

Manual georeferencing of the location of each fragment in the field was not possible since it
would have been extremely time-consuming, considering that the volume of 1242 fragments was
measured. The runout of each fragment was measured in the orthophoto provided by the UAV flights.
The minimum fragment size measured was 8 X 10® m?, which corresponds to a 2 x 2 x 2 cm fragment.
The location and the projected area of each block in the orthophoto was measured and then the volume
of each fragment was calculated from Equation (8).

Vg = 0.453 xPa}'r‘f; 8)

where:

Vg estimated volume of measured fragments in the field;
Pagy,e the projected area of measured fragments on the orthophoto.

The distances traveled by fragments were calculated on the orthophotos as the distance between
the average release point and the centroids of the polygons that represent the fragments.

Once this correlation had been applied, a volume (Vfrag) could be assigned to each fragment drawn
on the orthophoto to obtain the cumulative volume distribution as a function of the runout. Figure 5a
shows the polygons of the fragments produced by tested block #10 measured on the orthophoto and
the estimated volume for each fragment. After estimating each fragment volume, the RBSD of block
#10 can be obtained (Figure 5b).
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Figure 5. This figure shows an example of the data obtained in tested block #10: (a) fragments
generated by breakage. The area of the projected fragment was measured on the orthophoto was
measured. The volumes were estimated from the correlation equation (Equation (8)); (b) fragment
volume distribution produced. The fractal behavior is described by the power law that is drawn.
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The aperture of the cone (6) must be set in the fragmentation model. To estimate the ranges for
this parameter, we measured, using video triangulation, the aperture of the most divergent fragments
for each test [69]. The values of the aperture ranged between 25° and 145°, with an average value of 75°.
Note that these measurements were made in the three-dimensional space, not using a 2D projection of
the cone on the orthophoto.

4. Calibration Procedure

The calibration phase of the model was challenging in this study, since several parameters
concerning the rebound and fragmentation models had to be adjusted to make the results match
the field observations. The selected goodness of fit indicators were the similarities of the simulation
results to the field experiments for three criteria: (1) the RBSD obtained for all blocks, (2) the runout
distribution, and (3) the cumulative spatial distribution of the volume of the fragments as a function of
distance from the release point. When these three criteria had been obtained from the field experiments,
the calibration process consisted of a trial and error iterative process.

Just one seeder was considered in the average position of the release position of the blocks during
the experiments. A horizontal velocity of 0.2 m/s was imposed to consider the initial momentum given
to the blocks due to the movement of the backhoe shovel during the release. The digital elevation
model used in this study was obtained from a UAV flight prior to the execution of the tests performed
on the slope with a resolution of 0.2 X 0.2 meters. Just one material was considered on the entire slope,
since the fine layer over the bedrock at the base of the slope, which was used to make the surface
even, was estimated to be around 2-5-cm thick. One simulation event consists of the release of the
21 tested blocks along with their respective fragment volumes measured in place. Note that, in the
simulation, the rock fragments do not interact during propagation. Having set these initial conditions,
the calibration procedure could begin.

First, a list of parameter combinations was generated using combinatorics. To achieve this,
testing value ranges obtained from an iterative heuristic trial and error process were imposed for each

parameter. The combination of all possible parameter values gives a total N = ]i[ n; cases to be tested,
where 1; is the number of intervals of each parameter and i is the number of considered parameters.
Considering 10 parameters (Table 1) and 20 intervals for each one, a total of 2.56 x 10!° possible cases
had to be simulated.

Table 1. List of parameters considered for the model calibration.

Parameter Description
Kna Multiplier of the power law relating the normal impact velocity
with the normal restitution coefficient [75].
Knb Exponent of the power law relating the normal impact velocity
with the normal restitution coefficient [75].
Kta Parameter that controls the hyperbolic curve of the tangential
restitution coefficient with the tangential impact velocity [37].
a Multiplier of the power law relating the normal impact
1 remaining energy and the new area (Equation (4)).
a Multiplier of the power law relating the normal impact
2 remaining energy and the new area (Equation (4)).
b Multiplier of the power law relating the fractal dimension and
1 the new area (Equation (6)).
b Exponent of the power law relating the fractal dimension and
2 the new area (Equation (6)).
Multiplier of the power law relating the probability of survival
a with the new area (Equation (7)).
Multiplier of the power law relating the probability of survival
g2 with the new area (Equation (7)).
cone Angle defining the cone in which fragments may propagate

after breakage (in degrees)
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For each set of parameters, 1000 rockfall propagation simulations were run, varying the stochastic
seed. The seed determines the random numbers used during the stochastic processes in the simulation
and may change the results of a single simulation if modified. The results of the simulations are
averaged to obtain a mean behavior representative of the parameter set that is independent of the initial
randomness seed. If just one simulation is performed, the calibration would only be meaningful for a
specific seed. Once averaged, the resultant distributions were compared against the experimental data.

The goodness of the optimization for each one of the three calibration criteria is evaluated as a
function of the residuals. The statistic ¢ (Equation (9)) computes a mean error between two discrete
distributions by considering the squared distance between simulation and measurement results and
dividing by the total number of checkpoints.

n Oi_Ei2
=L ®

n
where:

n total number of checkpoints;
E; expected value on the checkpoint (field data);
O; observed value on the checkpoint (simulation result).

To evaluate the experimental and simulated distributions at the same points, n = 1000 samples were
examined between the maximum and minimum range of both distributions using linear interpolation
between points.

The optimization of the calibration consists of finding the combination of parameters that
minimizes the value of ¢ for the three considered criteria. To achieve this, both the product and the sum
of the resulting ¢ were compared between parameter sets and the lowest value was selected. Figure 6
shows the workflow for the entire calibration process.

: Iterative process :

List of parameters

For each parameter set C; l
P.e[P,,.P,]

run arockfall simulation

'

Compute goodness of fit

F.elP,,,. F..]

'

indicator & for the
Parameter combinatorics | ¢ | threeconsidered criteria
C=[P,,P,, ... P,] : Y |
i €€, &,
CEIPL P, Pl e :

Parameter combination C, resulting
inlowest values of €, €, and ¢,
are considered as optimal

Figure 6. Workflow of the calibration process used to adjust the volume, runout and cumulative volume
distributions of the field tests.

To perform the huge amount of simulations, a parallelization script has been written so that a full
simulation can be run in the RockGIS program for the 21 blocks, considering a specific parameter set in
multiple CPU cores at a time. Each thread stored the ¢ values and, when all sets were tested, the best
fitting ones were chosen. This entire process was run on an HPC using 24 cores. It took about 24 h.
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5. Results and Discussion

After the calibration process, a set of parameters minimizing ¢ was obtained for each of the
criteria. Figures 7-9 show the resultant volume, runout and cumulative volume distributions of the
1000 simulations performed with the optimized parameter set and using different seeds. The average
curve of all simulations (blue) adjusted with values of ¢ of 0.028, 0.0015 and 0.4 for the three criteria,
respectively. The values of the parameters resulting from the calibration are: nal = 0.0031, na2 = 0.7562,
b1l =-1.6125, b2 = 2.4875, q1 = —0.5125, g2 = 1.0, Kna = 19.54, Knb = ~1.03, Kta = 22.6 and cone = 83°.

= Field
= Simulations

Cummulative numer of blocks [-]

10° . . . .
10~4 1073 102 10! 100
Volume [m3]

Figure 7. Comparison of rockfall block size distribution measured in real-scale tests with the average
of the simulation results. Results of each individual simulation are shown in gray, while the average
behavior is in blue.

103 7 — Field
= Simulations

102 4

101 4

Cummulative numer of blocks [-]

10°

10 15 20 25 30 35 40 45 50
Runout [m]

Figure 8. Comparison of rockfall runout distribution measured in real-scale tests with the average of
the simulation results. Results of each individual simulation are shown in gray, while the average
behavior is in blue.
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Figure 9. Deposited cumulative volume as a function of the runout distance from the release point.
The results of each individual simulation are shown in gray, while the average behavior is in blue.

The average volume distribution fits well with the field measurements (Figure 7). The least
accurate part of the distribution is the tail, corresponding to the biggest blocks. The biggest fragment
measured in the tests corresponded to a block that nearly did not break and measured 2.03 m?, while the
biggest fragment obtained in the simulations measured 1.53 m>. The average volume of the maximum
fragment produced in the simulations was 1.28 m®. Each of the volume distributions produced by
a single simulation remained within the average curve, which means that the volume distribution
showed little sensitivity to seed changes. Fragmentation parameters depended on kinematic incident
conditions and seed changes only affected the small stochastic perturbations applied to the terrain to
account for the variability of the phenomena.

Regarding the runout distribution, the average curve of all simulations also matched the measured
distribution well, although the maximum runout was slightly overestimated (Figure 8). In the tests,
the maximum measured runout distance was 35.2 m, while the average obtained in the simulations
was 38.9 m. This distribution is more sensitive to the seed, as shown in Figure 8, where simulations
resulted in distributions that differed from the average curve. The variability of ejecting velocities after
fragmentation, which were randomly assigned inside a cone, made some blocks follow high parabolic
trajectories, while others were ejected almost tangentially to the surface. This variability explains why,
in some simulations, the blocks may travel significantly long distances.

The cumulative volume curve (Figure 9) shows that the model tends to accumulate more volume
at the bottom of the slope than that observed in the tests. Furthermore, some big blocks traveled longer
distances than in the simulations. After analyzing in depth the videos of all fragments greater than
0.3 m? that traveled a runout distance of more than 20 m, we qualitatively observed that they acquired
high rotational speeds and ended their propagation by a rolling motion. Although our model accounts
for rolling in a simplified way by small jumps, and considering its rotational motion on the rebound
algorithm, the shape effect seems to allow some of the blocks to travel a few more meters.

The trajectory divergence of the simulations corresponded with that observed in the tests.
The velocity of each 3D trajectory obtained from one simulation of the entire test with 21 blocks
is shown in Figure 10 on the 3D photogrammetric model. Deposited fragment size and projected
trajectories of the same example of simulation are shown in Figure 11.

Field and simulation fragment deposit density was analyzed by computing closed contours
containing a defined percentage of fragments. From these contours, a map containing a specific
percentage of blocks was obtained by iteratively counting the number of blocks inside each successive
contour line. The resulting sets of lines for field data and simulations are shown in Figure 12. As in
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the cumulative volume curve, the simulation tended to accumulate more fragments in the base of the
slope, but the overall shape of the curves was qualitatively similar. Note that test results show more
dispersion, for example on contours of 60%, where the width of the test polygon is 50% greater than
the simulation width. This higher dispersion may be explained by the variability of the backhoe when
blocks were released, since there was between 1-2 m of margin in the release operation.

release point _ Velocity [m/s]

impact point

7l

Figure 10. Trajectories of all fragments produced during one simulation of the entire test
(21 blocks released).

Volume [m3]

s 0-0.0001

@ (.0001-0.01
@ 0.01-0.1

@ o0.1-1
@

Figure 11. Fragment stopping points and trajectories of one run of the test (21 blocks simulated).

All measured fragments in the field are shown classified by volumes in Figure 13. The contours
containing a defined percentage of total cumulative volume are also plotted. Note that a large fragment
traveled a very long runout distance (the blue block shown on the left of Figure 13). This corresponds
to an initial released block of 1.8 m? that, after fragmenting on the first impact, projected the 0.9 m?
fragment at an almost horizontal angle and with significant rotational velocity. This fragment travelled
the last 6-8 m of its trajectory by rolling. However, most of the fragments remained within the 95%

volume contour.
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Figure 12. Contours containing a certain percentage of stopped fragments for both field measurements
and simulation results.

3 simulation volume
Fragment volume
[]70-0.09m?

[ 0.09-0.36 m?
I 036-0,76 m?
B 076-1.19m?

Bl 1.19-2.03m®

¥

0 2. 4 6
== [

Figure 13. Contours containing a certain percentage of deposited volume and measured fragments on
the orthophoto obtained from the simulations.

6. Sensitivity Analysis

A set of simulations was performed to assess the sensitivity of results in relation to the variability
of the model parameters. Only one parameter was modified within a testing range for each simulation,
while all the others were fixed.

The parameter set considered as a reference was the result of the calibration process. Each plot in
Figure 14 a—j shows the values of the three ¢ statistics of each one of the calibration criteria (Figures 7-9),
as a function of the tested parameter. The simulations showed high sensitivity to the pairs of parameters
controlling fragmentation: nal, na2; b1, b2; and ql1, q2 (Figure 14a—f). Each pair displayed similar
behavior within the testing range, as expected. Slight variations in the shape of these pairs of curves
was due to discretization of the evaluation interval in each case. Note that b1, b2 and q1, g2 define a
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line, so the shape of the distributions must be very similar regardless of the parameter that varies (but
with its corresponding value interval). In the case of b, with a focus on runout only, two minimums
could be found in the optimization curve but the volume curve showed a clear minimum around
bl = —1.6 and b2 = 2.49. The same occurred with 4 where the optimum value was found to be around
ql =-0.54 and q2 = 1. A focus on the interval of values that give, for example, a value of the indicator ¢
smaller than one in the case of runouts reveals that the range of acceptance of nal, bl and q1 represents
respectively 29%, 8% and 7% variation with respect to the optimum value, while for parameters na2,
b2 and g2, the values are, respectively, 5%, 2% and 1.3%. As expected, slight changes in the exponent
of the potential function controlling the new generated area and the slopes of the lines controlling b
and q were found to have more influence on the final result.

l — Volumes — Runout Cumulative volume |
10% 10°
a b
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o o N
100 4 N o B 100 /_ =
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w w
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Figure 14. Results of the sensitivity analysis. Each plot shows the evolution of the three calibration
criteria (volumes, runout and cumulative volume versus runout) within the testing range for each
one of the tested parameters. The dashed vertical lines mark the optimal value of the parameter.
(a—f): fragmentation law parameters; (g-h): parameters controlling normal restitution coefficients;
(i): tangential restitution coefficient parameter and (j) cone aperture when fragmentation occurs.
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Parameters that mostly control runout yield clear minima regarding the runout optimization
curve. The optimum for Kna is 19.5 on the runout curve and 19.3 on the volume one. Knb (Figure 14g,h),
which is the exponent of the function, is extremely sensitive and departs from the minimum found at
—1.03, affecting the results significantly.

Despite showing a clear minimum, the parameter Kta, controlling the hyperbolic curve of the
tangential restitution factor, was found to be more robust than those controlling normal restitution
(Figure 14i). The optimum value is around 23 in the case of the runout criterion and did not have a
significant influence on the volume or cumulative volume criteria.

Finally, the aperture angle of the cone when a block fragment showed an optimum value around
95°, which is inside the range measured in the field (25°-145°), but differs a little from the average
measured (75°). However, the values of the cone were found to be robust in relation to slight changes.

7. Conclusions

In this study, a rockfall simulation model including fragmentation RockGIS was calibrated to
numerically reproduce real-scale rockfall fragmentation tests performed in a limestone quarry. A new
continuous approach was implemented in the RockGIS trajectories simulator to account for rock
fragmentation upon impact, which depends on the impact conditions (based on fractal theory).

The results of 21 real-scale rockfall tests provided the data to calibrate the model. The initial
block volumes and the final distribution of fragments after their breakage were measured with a
combination of techniques including a tape measure, photogrammetry from a UAV platform and video
triangulation. Data collection was a slow process due to the large number of fragments, which easily
exceeded 50 fragments on a single block release.

A statistical approach was considered for the calibration, as each set of parameters could give
different results depending on the initial stochastic seeds. The calibration was performed with the
mean behavior of a parameter set, considering 1000 simulations with random seeds. The calibration
criteria considered the runout distance and the size distributions of all generated fragments and was
performed stochastically. Both runout and volume experimental cumulative curves were properly
reproduced using these approaches. The parametric analysis showed that the model is very sensitive to
parameters that control the fragmentation process. The parameters that most affect the volume criterion
are b1, b2, ql and g2, which control the fractal laws applied for mass distribution after breakage.
In the case of runout criteria, the parameters that most affect this are nal and na2, controlling the
new generated area after fragmentation, and kta and ktb, controlling the normal restitution coefficient
after rebound. The cumulative volume versus runout criteria turned out not to be very sensitive
to parameter variations. Finally, we should keep in mind that rockfalls, as well as fragmentation,
are stochastic phenomena. To use our approach for risk analysis and the design of protective measures,
a precise calibration is required to ensure the parameters are appropriate for the case study considered.
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