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Abstract

The prediction of boulder trajectory and the design of protection structures are partic-
ularly two main interests of rockfall engineering. The prediction of boulder trajectory
largely depends on the bouncing of the boulder, and the design of protection structures,
such as embankments, is closely related to the impact force directed by the boulder.

In this context, the thesis deals with the interaction between a falling boulder and
a granular medium through numerical modelling based on a discrete element method.
The objective of the thesis is to identify and quantify the mechanisms that govern the
bouncing of boulder and the load transfer inside the impacted medium. The manuscript
consists of three parts: DEM modelling of the impact process, global bouncing of the
boulder and micromechanical behaviour of the impacted medium.

The boulder is modelled as a single sphere with an incident velocity, the medium
is modelled as an assembly composed of poly-disperse spherical particles. An elastic-
plastic contact law implemented with rolling resistance to consider particle shape effects
is used to model the dynamic impact process. The numerical impact modelling is vali-
dated by comparison with experimental results from literature in terms of impact force,
impact duration, penetration depth.

Bouncing of the boulder is investigated together with energy propagation processes
inside the impacted medium. Investigation shows that impact induces the increase
of elastic strain energy inside the medium which is followed by a fluidization process
characterized by the increase in kinetic energy and energy dissipation, as well as the
decrease in coordination number. Boulder’s bouncing occurrence considering various
boulder size and medium thickness obtained based on 3D simulations shows that three
impact regimes exist, which is consistent with the results of Bourrier et al. (2008). In
addition, shifts of bouncing occurrence curves exist between 2D and 3D impact cases due
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to the different strength and energy dissipation properties of 2D and 3D mediums during
the impact loading. Based on the two aspects of investigation, the relation between
the bouncing of boulder and the energy propagation within the impacted medium is
discussed.

The behaviour of the impacted medium is investigated from a micromechanical point
of view. The force chain network in the impacted medium is characterized based on
particle stress information. The aim is to find the role of force chains in the strength
and the microstructure evolution of the medium. Investigation of the impact force on
the boulder by impacting samples composed of different grain sizes shows that sample
composed of big grains result in a larger impact force, longer force chains with respect
to the medium thickness, and large percentage of long age force chains. In addition,
the spatial and temporal distribution of force chains are investigated. The results show
that the strength of the medium under impact is contributed by chain particles located
between the boulder and the bottom boundary, force transmission in the lateral direction
of the medium plays a secondary role. Moreover, the investigation of force chain buck-
ling mechanisms indicates that, triggered by the relative movements between the chain
particles, the increase of buckling number is related to the decrease of impact force on
the boulder as well as the increase of kinetic energy and energy dissipation within the
medium.

Keywords: Impact, granular material, rockfall, discrete element modelling, bouncing,
force chain, energy dissipation.



Résumé

La prédiction de trajectoire des blocs et la conception de structures de protection
sont deux questions importantes de l’ingénierie des chutes de pierres. La prédiction de
la trajectoire d’un bloc dépend en grande partie des rebonds de ce bloc tandis que la
conception de structures de protection, comme les merlons, est étroitement liée à la force
d’impact sur le bloc.

Dans ce contexte, la thèse traite de l’interaction entre un bloc qui tombe et un milieu
granulaire en utilisant une modélisation numérique par la méthode des éléments discrets.
L’objectif de la thèse est d’identifier les mécanismes qui contrôlent le rebond du bloc et
le transfert d’effort dans le milieu impacté. Ce travail s’articule autour de trois grands
axes: la modélisation DEM du processus d’impact, le rebond du bloc et le comportement
micromécanique du milieu impacté.

Le bloc est modélisé par une unique sphère avec une vitesse incidente tandis que
le milieu est modélisé par un assemblage de particules sphériques poly-disperses. La
loi de contact élastique-plastique, avec une résistance au roulement pour considérer
les effets de forme des particules, est utilisée pour modéliser le processus d’impact. La
modélisation numérique de l’impact est validée par des comparaisons avec des résultats
expérimentaux issus de la littérature en termes de force d’impact, de durée d’impact et
de profondeur de pénétration.

Le rebond du bloc est examiné en s’appuyant sur les processus de propagation
d’énergie dans le milieu impacté. L’étude montre que l’impact provoque l’augmentation
de l’énergie de tension élastique à l’intérieur du milieu qui est suivie par un processus de
fluidisation caractérisé par l’augmentation d’énergie cinétique et la dissipation d’énergie
ainsi que par la diminution du nombre de coordination. L’occurrence du rebond du bloc
obtenue avec des simulations 3D en considérant plusieurs tailles de bloc et plusieurs
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épaisseurs du milieu montre que trois régimes d’impact existent, ce qui est en accord
avec les résultats obtenu par Bourrier et al. (2008). De plus, il existe des différences
entre les diagrammes d’occurrence de rebond 2D et 3D en raison de résistances et de
propriétés de dissipation d’énergie différentes. En se basant sur les deux aspects de
l’étude, la relation entre le rebond du bloc et la propagation d’énergie dans le milieu est
discutée.

Le comportement du système impacté est examiné d’un point de vue micromécanique.
Le réseau de chaînes de force dans le milieu impacté est caractérisé à partir des con-
traintes moyennes au sein des particules. L’objectif est d’identifier le rôle des chaînes de
force dans l’évolution de la résistance et de la microstructure du milieu. Létudiant de
la force d’impact sur le bloc avec des impacts sur des échantillons de grains de tailles
différentes montre que l’échantillon composé de grains de taille importante induit une
force d’impact plus élevée, des chaînes de force plus longues comparées à l’épaisseur du
milieu ainsi qu’un pourcentage important de chaînes de force avec une longue durée de
vie. De plus, l’étude de la distribution spatiale et temporelle des chaînes de force montre
que la résistance du milieu pendant l’impact est due aux particules des chaînes situées
entre le bloc et la frontière inférieure du milieu impacté et que la transmission des forces
dans la direction latérale joue un rôle secondaire. Enfin, l’étude des mécanismes de flam-
bage des chaînes de force indique que, induit par les mouvements entre les particules de
la chaîne, l’augmentation de nombre d’éffondrement est liée à la diminution de la force
d’impact sur le bloc ainsi qu’à l’augmentation d’énergie cinétique et de la dissipation
d’énergie au sein du milieu.

Mots-clés : Impact, matériau granulaire, chute de blocs, modélisation par éléments
discrets, occurrence de rebond, rebond, chaîne de force, dissipation d’énergie.
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viii

max ∆Fbott
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boundary

pv p-value for chi-square test

pv Mean value of pv
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∆t Time step

σ1 The major principal stress

θ Orientation of σ1 with the z axis

θb Critical chain buckling angle

θc Chain criterion

ηb Rolling elastic limit

ηtw Twisting elastic limit

µ Local Poisson’s ratio

ρ Mass density

φ Orientation of σ1 with the x axis

ϕ Local frictional angle



Contents

Acknowledgements i

Abstract iii

Résumé v

Abbreviation vii

1 General introduction 1

1.1 Rockfall hazards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 Engineering expectations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Trajectory predictions . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.2.2 Protection structure design . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 The role of impact in rockfall predictions and mitigations . . . . . . . . . . 7
1.4 Objectives and contents of the thesis . . . . . . . . . . . . . . . . . . . . . . 8

2 State of the art 11

2.1 Interaction between a boulder and a granular medium . . . . . . . . . . . 13
2.1.1 Engineering practices . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1.2 Experimental investigations . . . . . . . . . . . . . . . . . . . . . . . 16
2.1.3 Numerical modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2 Bouncing of a boulder on a granular medium . . . . . . . . . . . . . . . . . 20
2.2.1 Experimental investigations . . . . . . . . . . . . . . . . . . . . . . . 21
2.2.2 Numerical modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3 Micromechanical properties of granular materials . . . . . . . . . . . . . . 27
2.3.1 Bimodal character of load transmission in granular materials . . . 27
2.3.2 The role of force chains in granular materials . . . . . . . . . . . . . 29

2.4 Numerical modelling based on a discrete element method . . . . . . . . . 31



x CONTENTS

2.4.1 Introduction of discrete element method . . . . . . . . . . . . . . . 31
2.4.2 Modelling of particle shape . . . . . . . . . . . . . . . . . . . . . . . 35
2.4.3 Energy dissipation in granular materials . . . . . . . . . . . . . . . 37

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3 DEM modelling of the impact process 41

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
3.2 Contact model description . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.2.1 Description of Cundall-Strack contact law . . . . . . . . . . . . . . . 44
3.2.2 Rolling resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
3.2.3 Calculation of energy items . . . . . . . . . . . . . . . . . . . . . . . 48

3.3 Contact law calibration and validation . . . . . . . . . . . . . . . . . . . . . 52
3.3.1 Triaxial experimental test . . . . . . . . . . . . . . . . . . . . . . . . 52
3.3.2 Contact law calibration . . . . . . . . . . . . . . . . . . . . . . . . . 54
3.3.3 Contact law validation . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.4 Impact simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.4.1 Modelling of a falling boulder interacting with a granular medium 65
3.4.2 Validation of the impact modelling . . . . . . . . . . . . . . . . . . . 66

3.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4 Global bouncing occurrence of the boulder 77

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.2 Variability of the results with respect to impact locations . . . . . . . . . . 79

4.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
4.2.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3 Energy propagation inside the granular medium . . . . . . . . . . . . . . . 87
4.3.1 Layer division . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
4.3.2 Evolution of kinetic energy Ek and elastic strain energy Es . . . . . 88
4.3.3 Evolution of coordination numbers . . . . . . . . . . . . . . . . . . 90
4.3.4 Evolution of incremental energy dissipation . . . . . . . . . . . . . 91
4.3.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.4 Boulder’s global bouncing occurrence . . . . . . . . . . . . . . . . . . . . . 97
4.4.1 Impact simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
4.4.2 Definition of bouncing . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.4.3 Bouncing occurrence diagrams . . . . . . . . . . . . . . . . . . . . . 102



CONTENTS xi

4.4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5 Micromechanical behaviour of the impacted medium 111

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
5.2 Characterization of force chains inside an impacted medium . . . . . . . . 113

5.2.1 Major principal stress σ1 of a particle . . . . . . . . . . . . . . . . . . 114
5.2.2 Algorithms for selecting force chain particles . . . . . . . . . . . . . 115
5.2.3 Procedures for identifying force chain network . . . . . . . . . . . . 116
5.2.4 Average major principal stress σ1 . . . . . . . . . . . . . . . . . . . . 117
5.2.5 Number of chain particles and average chain length . . . . . . . . . 118

5.3 Parametric analysis of the effects of grain sizes . . . . . . . . . . . . . . . . 121
5.3.1 Effect of grain sizes on impact force . . . . . . . . . . . . . . . . . . 121
5.3.2 Effect of grain sizes on chain length . . . . . . . . . . . . . . . . . . 122
5.3.3 Effect of grain sizes on chain age . . . . . . . . . . . . . . . . . . . . 123

5.4 Spatial and temporal evolution of force chains . . . . . . . . . . . . . . . . 125
5.4.1 Spatial structure of force chains . . . . . . . . . . . . . . . . . . . . . 126
5.4.2 Chain particle distances . . . . . . . . . . . . . . . . . . . . . . . . . 129
5.4.3 Population of chain particles and average chain distance inside the

conical volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
5.4.4 Critical length lHDCD . . . . . . . . . . . . . . . . . . . . . . . . . . 133

5.5 Force chain buckling mechanisms . . . . . . . . . . . . . . . . . . . . . . . . 137
5.5.1 Buckling angle and buckling number . . . . . . . . . . . . . . . . . 137
5.5.2 Triggering and energy dissipation of force chain buckling . . . . . 139
5.5.3 Relations between buckling, impact force and energy items . . . . 141

5.6 Potential of force chain micromechanisms for rockfall engineering . . . . . 144
5.7 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6 Conclusions and perspectives 147

6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
6.2 Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151



xii CONTENTS



List of Figures

1.1 Schematic description of rockfall movement (Highland, 2004) . . . . . . . 3

1.2 Examples of rockfall events occurred in: (a) Guilin China, (b) United States,
(c) Tramin Italy, (d) Arly Gorge in the French Alps . . . . . . . . . . . . . . 4

1.3 (a) Rockfall hazard zoning (Irstea, F. Berger),(b) Simulations of rockfall
trajectories near a residence area(Agliardi et al., 2009) . . . . . . . . . . . . 5

1.4 (a) Rockfall protection drapes (from Geobrugg company), (b) Rockfall
protection barriers (from Geobrugg comany), (c) Railways protected by
rock sheds, (d) Rockfall protection embankment (Irstea, S. Lambert) . . . 6

1.5 Schematic description of the thesis structure . . . . . . . . . . . . . . . . . 10

2.1 Impact test devices (Labiouse et al., 1996) . . . . . . . . . . . . . . . . . . . 17

2.2 Time evolution of (a) the deceleration of the boulder, (b) the force trans-
mitted to the bottom (Plassiard and Donzé, 2009) . . . . . . . . . . . . . . . 19

2.3 (a) Impact force as a function of impact energy; (b) Stresses on the plate as
function of impact force (Calvetti et al., 2005) . . . . . . . . . . . . . . . . . 20

2.4 Definition of incident (left) and rebound velocity components (right) for
the rebound . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.5 Concentric crown (Bourrier et al., 2010) . . . . . . . . . . . . . . . . . . . . 25

2.6 Definition of the impact regimes, where H is the height of the impact
granular medium, Rb is the radius of the boulder, Rm is the mean size of
the grains, Rcrit

b is the asymptotic value between regime I and II, Rmin
b is

the critical value between regime II and III (Bourrier et al., 2008). . . . . . 26

2.7 Probability density distribution of normalized force in Mueth’s experi-
ments (Mueth et al., 1998) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28



xiv LIST OF FIGURES

2.8 The force-bearing network of contacts in a biaxially compressed system
of 4000 disks. The line thickness is proportional to the normal force. The
strong and weak forces are shown in dark and light colors, respectively.
The sliding contacts are marked by small filled circles (Radjaï and Lanier,
2009) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.9 Photoelastic particles force chains obtained by Majmudar and Behringer
(2005): a low-force sheared state(left), a high-stress isotropically com-
pressed state (right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.10 Calculation cycle of DEM method . . . . . . . . . . . . . . . . . . . . . . . . 32
2.11 Isotropic polygonal grains (left) and elongated polygonal grains (right)

(Nouguier-Lehon et al., 2003) . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.12 Parallelepiped-like clumps (left) and ellipsoidal clumps (right) (Nicot et al.,

2007) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1 Two spheres in contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3.2 Description of the contact model . . . . . . . . . . . . . . . . . . . . . . . . 49
3.3 Grain size distribution (left) and main characteristic (right) of the Ticino

sand used in the experiments (Salot et al., 2009) . . . . . . . . . . . . . . . . 53
3.4 Mohr circles obtained based on experimental data of triaxial tests (Salot

et al., 2009) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.5 Procedure of numerical triaxial test . . . . . . . . . . . . . . . . . . . . . . . 54
3.6 Effects of the number of particles on (a) Deviatoric stress, (b) Volumetric

strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.7 Effects of the local modulus on (a) Deviatoric stress, (b) Volumetric strain. 58
3.8 Effects of the local stiffness ratio on (a) Deviatoric stress, (b) Volumetric

strain, (c) Zoom of deviatoric stress, (d) Zoom of volumetric strain . . . . . 59
3.9 Effects of the rolling stiffness coefficient β on (a) Deviatoric stress, (b)

Volumetric strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.10 Effects of the rolling elastic limit coefficient η on (a) Deviatoric stress, (b)

Volumetric strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.11 Comparison between the cases of "with" and "without RR" (rolling resis-

tance) in terms of (a) Deviatoric stress, (b) Volumetric strain . . . . . . . . 63
3.12 Evolution of (a) Deviatoric stresses, (b) Volumetric strains under the con-

fining pressures of 100 kPa, 200 kPa and 300 kPa . . . . . . . . . . . . . . . 64
3.13 Modelling of the boulder and the granular medium . . . . . . . . . . . . . 65
3.14 Time evolution of impact force on the boulder Fboul . . . . . . . . . . . . . 67



LIST OF FIGURES xv

3.15 (a) Maximum impact force on the boulder, (b) Impact duration obtained
in Pichler et al. (2005). The red cross points correspond to the DEM
simulation results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

3.16 Time evolution of impact force Fboul and incremental transmitted force on
the bottom ∆Fbott . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.17 Results in terms of the ratio of Max.∆Fbott to Max.Fboul obtained in Stoffel
(1998) (page 90) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.18 Time evolution of impact force Fboul, boulder’s velocity Vboul and Penetra-
tion depth Zboul . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

3.19 Positions of boulder and the granular medium at the time of (a) 0.053 s,
(b) 0.51 s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.20 Penetration depth obtained in Pichler et al. (2005). The red cross points
correspond to the DEM simulation results . . . . . . . . . . . . . . . . . . . 74

4.1 Variability of results in terms of (a) Impact force on the boulder Fboul, (b)
Vertical velocity of boulder Vboul with respect to two locations. In this
case, the radius of the boulder is 1.2 m, the layer thickness of the granular
medium is 3 m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.2 n number of impact locations on the center surface area of 2 m × 2 m,
n = a2, with a = 2, 3, 4, ..., 20. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

4.3 Probability density distributions of (a) Maximum impact force on the
boulder max Fboul, (b) Maximum reflection velocity of boulder max .Vboul

of 400 simulations; Probability density distributions of (c) max .Vboul, (d)
max .Vboul of 49 simulations. The red curves are density estimates along
the histograms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.4 Evolution of s/x (the ratio of the standard deviation to the mean value,
for the case of maximum impact force on the boulder) versus Rb/Rm . . . 86

4.5 (a) Load diffusion angle, (b) Layer division for an impact case of a 4 Rm

boulder radius and 40 Rm layer thickness . . . . . . . . . . . . . . . . . . . 87

4.6 Time evolution of kinetic energy Ek and elastic strain energy Es inside
each volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.7 Time evolution of kinetic energy Ek and elastic strain energy Es inside
each volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.8 Time evolution of coordination numbers inside each volume . . . . . . . . 92

4.9 Incremental sliding and rolling energy dissipation inside each crown volume 93

4.10 Number of sliding and rolling contacts inside each crown volume . . . . . 94



xvi LIST OF FIGURES

4.11 Schema of energy propagation process inside the impacted medium . . . 95
4.12 Evolution of collision time versus the ratio of Rb/Rm . . . . . . . . . . . . 100
4.13 Time evolution of (a) impact force Fboul, (b) zoom of Fboul, (c) velocity Vboul

and penetration depth Zboul for the case of Rb = 5Rm, H = 15Rm . . . . . 101
4.14 Bouncing occurrence diagrams for both 2D and 3D cases by adopting two

criterion parameters αcri = 0.2 and Pcri = 0.6 . . . . . . . . . . . . . . . . . 102
4.15 Bouncing occurrence diagrams for both 2D and 3D cases by adopting

various pair of criterion parameters (αcri, Pcri) . . . . . . . . . . . . . . . . . 104
4.16 Bouncing occurrence diagrams for both 2D and 3D cases by adopting two

criterion parameters αcri = 0.2 and Pcri = 0.8 . . . . . . . . . . . . . . . . . 105
4.17 Reaction of impact force on the boulder Fboul, velocity of boulder Vboul

for the case of (a) Rb = 4Rm, H = 20Rm; (b) Rb = 4Rm, H = 40Rm; (c)
Rb = 6Rm, H = 40Rm; (d) Rb = 8Rm, H = 10Rm . . . . . . . . . . . . . . . 106

4.18 Schema of the bouncing occurrence of boulders . . . . . . . . . . . . . . . . 108

5.1 The major principal stress of a particle . . . . . . . . . . . . . . . . . . . . . 115
5.2 Intersection angle of chain particles . . . . . . . . . . . . . . . . . . . . . . . 115
5.3 Time evolution of (a) Impact force on the boulder and (b) Average major

principal stress σ1 of all particles . . . . . . . . . . . . . . . . . . . . . . . . 117
5.4 Crown volumes of the medium . . . . . . . . . . . . . . . . . . . . . . . . . 118
5.5 Time evolution of (a) Impact force on the boulder Fboul, (b) number of

chain particles inside crown layers, (c) Number of chain particles for the
whole sample, (d) Average chain length . . . . . . . . . . . . . . . . . . . . 120

5.6 Experiments set up for (a) Rb/Rm = 2, (b) Rb/Rm = 5, (c) Rb/Rm = 10 . . 122
5.7 The average maximum impact force on the boulder versus the Rb/Rm . . 122
5.8 Evolution of (a) lchain and (b) lchain/Np versus Rb/Rm . . . . . . . . . . . . 124
5.9 (a) Probability density distribution of chain age, (b) Zoom of (a) . . . . . . 125
5.10 Propagating stresses at impact force for all three sets of particle used. (a)

harder particles (M′ ≈ 0.1) correspond to fast, chain-like force propaga-
tion, (b) forces for intermediate stiffness particles (M′ ≈ 0.3) are spatially
more dense, but still relatively chain-like. (c) the softest particles (M′ ≈ 0.6)
show a dense force structure which propagates with a well defined front
(Clark et al., 2014). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.11 Evolution of force chain network inside a 2D impacted medium . . . . . . 128
5.12 The radial distribution function of chain particle distances . . . . . . . . . 130
5.13 A vertical section of the conical volume . . . . . . . . . . . . . . . . . . . . 131



LIST OF FIGURES xvii

5.14 Time evolution of (a) Percentage of chain particles in the conical volume
pcv, (b) Normalized chain distance dcv

c , (c) Impact force on the boulder
Fboul and (d) Velocity of the boulder Vboul . . . . . . . . . . . . . . . . . . . 132

5.15 Description of chain section sub-divisions . . . . . . . . . . . . . . . . . . . 134
5.16 Distribution of chi-square p-values for t = 0.04 s, the dotted line represents

pv=0.01 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
5.17 Time evolution of (a) lHDCD, (b) impact force Fboul and (c) boulder velocity

Vboul . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
5.18 Geometry change of three particle segments during a force chain buckling

event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
5.19 Time evolution of (a) average buckling angle ᾱ and (b) buckling number BN138
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1.1 Rockfall hazards

Rockfall is one of major risks in mountainous areas. Triggered by the detachment
of rock fragments from cliffs, rockfall is an extremely rapid process with potentially
long travel distances (Figure 1.1). A specific definition of rockfall is one or several frag-
ments of rock blocks detached by sliding, toppling or falling, that fall along a vertical
or sub-vertical cliff, and proceed down the slope by bouncing and flying along ballistic
trajectories or by rolling and sliding (Dorren et al., 2011). The carried kinetic energies of
rock blocks along their trajectories vary from a few kilojoules to 50,000 kJ or even beyond
(Nicot et al., 2007).

Figure 1.1: Schematic description of rockfall movement (Highland, 2004)

Rockfall can cause serious damage to residential areas and infrastructures. For in-
stance, in a beautiful tourist spot of Guilin China, seven tourists were killed during a
rockfall event on 19 March 2015 (Figure 1.2(a)). In United States, a rockfall event led to
the injury of one motorist and the damage of a roadway on 24 February 2015 (Figure
1.2(b)). In south Tyrol Italy, around 4000 cubic meters of rocks detached from a near
vertical rock cliff, the major part of debris consisted of a number of enormous boulders
that slid and rolled down the slope before striking a 300 year old building on 21 January
2014 (Figure 1.2(c)). Another example of rockfall event occurred in the Arly Gorge in
the French Alps (the road built there is the most expensive one in Europe due to the
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protection structures constructed against mountain hazards: rockfalls, landslides, snow
avalanches), a car was crushed by a 20-tonne boulder in February 2012 (Figure 1.2(d)).
Moreover, due to the warming trends in world climate which have a significant influence
on mountain permafrost and destabilize rockfall starting zones, more and more rockfall
events are expected to occur (Kenner et al., 2011; Einhorn et al., 2015).

(a) (b)

(c) (d)

Figure 1.2: Examples of rockfall events occurred in: (a) Guilin China, (b) United States, (c)
Tramin Italy, (d) Arly Gorge in the French Alps

1.2 Engineering expectations

Characterized by its rapid process, the occurrence of rockfall events is difficult to
predict, while it is possible to reduce the damage by risk assessment and protection
structure design. Rockfall engineering in particular concerns two interests: the prediction
of boulder trajectory and the design of protection structures.
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1.2.1 Trajectory predictions

The prediction of rockfall trajectories is of crucial importance in rockfall engineering.
It is used not only for rockfall hazard assessment and hazard zoning, but also for the
design of rockfall mitigation structures. Both of the two engineering expectations have
high requirements upon the trajectory predictions (Evans and Hungr, 1993; Chau et al.,
2002; Dorren et al., 2006; Peila et al., 2007; Ronco et al., 2009; Peila, 2011; Dorren et al.,
2011; Volkwein et al., 2011; Lambert and Bourrier, 2013).

(a) (b)

Figure 1.3: (a) Rockfall hazard zoning (Irstea, F. Berger),(b) Simulations of rockfall trajectories
near a residence area(Agliardi et al., 2009)

Generally, rockfall hazard assessment and trajectory predictions would require evalu-
ating the temporal probability and the spatial susceptibility of rockfall events, the 3D
trajectory and maximum run-out distance of falling blocks as well as the distribution of
rockfall intensity at each location and along each falling path (Figure 1.3). Particularly,
the hazard mapping for defining levels of hazards taking into account both rockfall
occurrence frequency and the kinetic energy of boulder allows to improve the hazard as-
sessment accuracy (Figure 1.3(a) and 1.3(b)). The design of rockfall mitigation structures
is based on an estimation of the size of the rockfall as well as the kinetic energy level of
the boulder at the location where the mitigation device is to be installed.
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1.2.2 Protection structure design

Based on the knowledge of rockfall risk assessment and trajectory analysis, rockfall
mitigations which include active and passive protection systems can be carried out.
Active protection systems (Figure 1.4(a)) are designed to avoid rockfalls from occurring,
while passive protection structures are designed to protect at-risk structures from the
rockfall event. The most commonly used passive protection structures include flexible
fences and barriers (Figure 1.4(b)), rockfall galleries and rock sheds (Figure 1.4(c)), em-
bankments (Figure 1.4(d)). The choice between different protection strategies depends
on the site topography and the impact energy of falling boulders.

(a) (b)

(c) (d)

Figure 1.4: (a) Rockfall protection drapes (from Geobrugg company), (b) Rockfall protection
barriers (from Geobrugg comany), (c) Railways protected by rock sheds, (d) Rockfall
protection embankment (Irstea, S. Lambert)

In general, the sheltering structures (rock sheds or galleries) devoted to the protec-
tion of roads and railways against rockfalls consist of a reinforced concrete roof-plate
supported by a bearing structure (Figure 1.4(c)). The roof-plate is usually covered by a
cushion layer to attenuate the impact force of rockfall and diffuse transmitted impact
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stress side the concrete plate. The current engineering practice consists in using on-site
material as cushion layer, sand or other ’specific’ materials are marginally used (Calvetti
et al., 2005).

Apart from rockfall sheltering structures, embankments have shown to be an efficient
way of protecting areas where the falling blocks have volumes or velocities large enough
to break through the net fences, or where frequent rockfall events have to be faced within
a short interval of time (Lambert and Bourrier, 2013). Different types of embankments
made of natural compacted soil, huge rock blocks, gabions or reinforced ground are
used in rockfall engineering. The embankments should have the abilities of controlling
block’s trajectory and resisting against the impact force of the boulder. In addition,
embankments are usually associated with catching ditches made of loose materials to
dissipate the block’s energy (Figure 1.4(d)).

1.3 The role of impact in rockfall predictions and mitiga-

tions

The trajectory prediction particularly depends on the bouncing of boulder. The design
of protection structure relies on the impact force and the transmitted force inside the
granular medium which are sometimes used to estimate the stress within the protection
structures and verify the deformation and the stability of the structures (Labiouse et al.,
1996; Pierson et al., 2001; Peila et al., 2007; Schellenberg, 2009; Peila, 2011; Lambert and
Bourrier, 2013).

Both the trajectory prediction of boulder and the design of the protection structures
are related to the interaction of a boulder and a granular medium. This medium can
represent either natural or man-made soils, covering the slope or constituting protec-
tion structures. This boulder-medium interaction issue is of paramount importance for
governing the bouncing of the boulder and the response of the protection structure.
Therefore, this boulder-medium interaction issue is important not only for conducting
rockfall trajectory predictions, but also for defining optimum protection strategies and
design protection structures.
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The impact of a boulder on a granular medium is characterized by rapid loading and
unloading, large deformations, rapid energy exchange and compression wave propaga-
tion process (Makse et al., 2004; Crassous et al., 2007). The boulder-medium interaction is
a very complex process which depends not only on the mass, shape, velocity of boulder,
but also on the characteristics of the granular medium such as stiffness, density, porosity,
medium thickness (Ciamarra et al., 2005; Bourrier et al., 2008; Pacheco-Vázquez et al.,
2011; Kondic et al., 2012). The bouncing and the design of protection structures therefore
require well taking into account the complex mechanisms that are working during the
impact.

However, for either the design of protection structures or the bouncing of a block, the
current investigation approaches dealing with the boulder-medium interaction have limi-
tations. The analytical models were calibrated based on global measurements obtained in
specific impact and boundary conditions. These models are limited to these specific cases
and cannot be generalized, due to the lack of sufficient knowledge of the mechanisms
actually occurring in the granular material during the impact. Meanwhile, these models
are most often based on strong assumptions which also limit their reliability. Numerical
models calibrated based on experiments are relevant for predicting the bouncing and
the impact force on the boulder. However, numerical modelling does not sufficiently go
deep enough to address the micromechanisms that govern the bouncing of the boulder
and the response of the granular medium. Therefore, research-based investigations of a
boulder impacting a granular medium to well understand the mechanisms that govern
the bouncing of the boulder as well as the response of the granular medium are required.

1.4 Objectives and contents of the thesis

This thesis addresses the boulder-medium interactions from both global and mi-
cromechanical points of view through numerical modelling approach. The objective is to
identify and quantify the mechanisms involved in load transfer in the neighbourhood
of the impact and to estimate their consequences on the global response of the granular
layer. The investigations mainly focus on the bouncing of the boulder and the microme-
chanical load transfer inside the impacted medium.
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The work of the thesis includes (Figure 1.5):

Chapter 2, State of the art reviewing researches concerning rockfall impact reported
in the literature. The important issue is interaction between a boulder and a granular
medium, including the bouncing of the boulder on a granular medium. In addition,
micromechanical properties of the granular material are important issue that controls the
response of the granular medium during the impact. In the end, numerical modelling
based on a discrete element method is introduced.

Chapter 3, DEM modelling of the impact process by adopting rolling resistance in the
contact law to model the particle shape effects. The contact parameters will be calibrated
based on quasi-static triaxial tests of angular Ticino sand. This sand is chosen since it
can be used to represent the soil composing the slopes or rockfall protection structures.
The impact simulation will be validated by comparison with experimental results from
literature.

Chapter 4, Investigation of the global bouncing of the boulder on the medium. First of
all, effects of the local configuration are investigated, a specific number of simulations is
shown to be sufficient to capture the average impact force and reflect velocity of boulder.
Second, elastic strain and kinetic energy propagation inside the medium is quantified
in order to investigate the relation between energy processes within the specimen and
the rebound of he boulder. Third, the bouncing occurrence diagrams are investigated
by fixing the grain size while varying the boulder size and the medium thickness. The
studies permit to better quantifying the bouncing of boulder in 3D context, which can be
useful for improving the prediction of the boulder trajectories.

Chapter 5, Investigation of the micromechanical behaviour of the impacted medium
from a micromechanical point of view. The aim is to give the macroscopic behaviour
of the impacted medium a micromechanical explanation. First, force chain network
inside the impacted medium is characterized based on particle stress information. Sec-
ond, impacts of boulders on granular mediums composed of different grain sizes are
investigated. Third, the spatial and temporal distribution of force chains are investigated.
Finally, studies are conducted to investigate the buckling mechanism of force chains and
its relation with impact force and energy items. The investigations indicate that force
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chains play a fundamental role in governing the impact force on the boulder as well as
the microstructure strength of granular medium. The micromechanial features allow to
better serve the design of protection structures.

Chapter 6, Conclusions and perspectives.

Rockfall engineering interest

Boulder trajectory analysis Protection structure design

Bouncing of boulder Impact force

DEM modelling of Rockfall impact 

Model calibration and validation

Global behaviour Micromechanical behaviour

Energy propagation

Bouncing occurrence diagrams

Force chain structure

Force chains buckling

Figure 1.5: Schematic description of the thesis structure
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Studies have been reported in the literature to understand the boulder-medium
interaction mechanisms by analytical models (e.g. Pichler et al., 2005), experiments (e.g.
Stoffel, 1998; Calvetti et al., 2005; Plassiard et al., 2009; Plassiard and Donzé, 2009) or
numerical simulations (e.g. Calvetti et al., 2005; Bourrier et al., 2008, 2010). This state
of the art particularly reviews the studies concerning the interaction between a falling
boulder and a granular medium, including the bouncing of a boulder on a granular
medium.

2.1 Interaction between a boulder and a granular medium

2.1.1 Engineering practices

Design engineers adopt easy-to-use expressions to estimate the impact force, impact
duration and block penetration. The principal parameters of the expressions include:

— M: Boulder mass [kg];
— W: Boulder weight [kN];
— R: Boulder equivalent radius [m];
— Vi: Impact velocity of the boulder [m/s];
— Hc: Falling height of the boulder [m];

— ϕ: Internal friction angle of the medium [◦];
— ν: Poisson’s ratio of the medium [-];
— ρ: Density of the medium [kg/m3]
— γ: Unit weight of the medium [kN/m3];
— e: Medium thickness [m];
— ME: Static compression modulus of the medium [kN/m2];
— g: Gravity acceleration [9.81 m/s2];

— Timp: Impact duration [s];
— P: Dynamic impact force [kN];
— Pmax: Maximum impact force [kN];
— Pint: Transmitted force on the bottom [kN];
— Z: Penetration depth of the boulder [m];
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2.1.1.1 Chinese design codes

Strictly speaking, Chinese design codes do not include specific sections dealing with
the calculation of rockfall impact force, however, the impact force can be calculated
following suggestions from "Specifications for design of highway subgrades" (JTJ013-95,
1995) and "Technical design manual for railway engineering" (China railway eryuan
engineering group, 1995).

In JTJ013-95 (1995), the dynamic impact force is calculated as:

P = P(Z)S = 2γZ(2 tan4(45◦ +
ϕ

2
)− 1)S (2.1)

Z = Vi

√√√√
W

2γgS
× 1

2 tan4(45◦ +
ϕ

2
)− 1

(2.2)

where P(Z) is the unit resistance of the medium, S is rockfall equivalent spherical cross
sectional area.

In the "Technical design manual for railway engineering", the dynamic impact force
is calculated as:

P =
WVi

g Timp
(2.3)

Timp =
2e

c
(2.4)

c =

√
1 − ν

(1 + ν)(1 − 2ν)
× ME

ρ
(2.5)

where c is the compression wave velocity inside the medium [m/s].

The impact force calculated by these two expressions are actually average impact
force instead of the maximum impact force. The underestimation of the impact force
might result in structural failure when subjected to impact (Ye et al., 2010). Therefore,
new design codes fairly capturing the maximum impact force should be proposed.
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2.1.1.2 Swiss design codes

Swiss federal roads office proposed to calculate the impact force P and the penetration
depth Z in the case of a boulder impacting a granular medium resting on a rigid slab
(ASTRA, 2008):

Z =
MV2

i

1000P
(2.6)

P = 2.8e−0.5R0.7M0.4
E tan ϕ (

MV2
i

2000
)0.6 (2.7)

Ad = CP (2.8)

where Ad is the static equivalent force transmitted on the bottom slab [kN], C is the
construction coefficient whose value depends on the rupture mode of the slab.

The approach of considering a statically equivalent load for assessing the stability
of the structure may not be fully appropriate. The main reason is that this approach
neglects some mechanisms that work during the impact and govern the actual response
of the whole structure.

2.1.1.3 Japanese design codes

Based on experimental data and the elastic Hertz contact theory, Japanese road
association proposed to calculate the impact force as (Kawahara and Muro, 2006):

P = 2.108 (1000M)(2/3) λ0.4 H0.6
c (2.9)

where λ is the Lamé coefficient of the medium [kN/m2], the most often used value of λ

is 1000 kN/m2.

This expression is proposed for the aim of rockfall protection structure design. It is
assumed that the rockfall is a rigid sphere having a specific gravity of 2.65 (Kawahara
and Muro, 2006). This expression allows to obtain more realistic impact force, but the
effects of medium thickness, impact angle are not considered.
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Even though these expressions are very simple to use from a practical point of view,
they are obtained from rough analytical estimations or drawn from specific experimental
results. Without considering the detail mechanics that govern the interactions between
the boulder and the medium, these expressions might be inappropriate for some impact
cases.

2.1.2 Experimental investigations

Experimental investigations of boulder-medium interaction are usually conducted in
small scales, half scales, or in few cases in real scales, associated with small or big boulder
incident kinetic energies. Impact experiments deal with various impact problems and
impact conditions. For instance, boulder impacts on natural or man-made slopes, rockfall
shelters, embankments of simple and complex configurations (e.g. Labiouse et al., 1996;
Stoffel, 1998; Calvetti et al., 2005; Pichler et al., 2005; Peila et al., 2007; Peila, 2011). Mea-
surements are set in experiments to record the acceleration of boulder, the penetration
depth of the boulder, the impact time, the stresses within the granular medium. The
obtained experimental results were used for improving rockfall protection structure
design.

Most part of the work concerns the response of a granular layer covering a rigid
structure, for the case of a boulder impacting a rock shed. Labiouse et al. (1996) conducted
half-scale impact experiments of a boulder impacting a granular layer covering a concrete
slab. The size of the slab is 3.2 m × 3.2 m × 0.2 m (Figure 2.1). Four essential parameters
influencing the design of rock shed structures were investigated: weight of blocks (100,
500, 1000 kg), falling height (0.25 to 10 m), cushion thickness (0.35, 0.5, 1.0 m) and material
of the soil cushion (three different soils). Empirical expressions are proposed based on
experimental results:

Pmax = 1.765 M0.4
E R0.2 W0.6 H0.6

c (2.10)

In addition, Stoffel (1998) conducted similar experiments as Labiouse et al. (1996) and
proposed expressions to calculate impact force, transmitted force and penetration depth
during a boulder impacting a granular medium:

Pmax = 1.33 exp(
R

1.5e
) M

1
3
E (tan ϕ)0.2 E

2
3
pot (2.11)
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Figure 2.1: Impact test devices (Labiouse et al., 1996)

Pint = 2.6 R−0.24 e−0.01 exp(
R

2.5e
) M0.25

E E0.75
pot (2.12)

where Pint is the maximum transmitted force on the bottom, Epot is the potential energy
of the boulder.

In case of a boulder impacting a medium resting on a rigid wall, the expression is:

Pmax = 1.35 R0.2 exp(
R

3e
) M0.4

E (tan ϕ)0.2 E0.6
pot (2.13)

Calvetti et al. (2005) investigated experimentally the phenomenon of boulder impact-
ing granular soils typically used to reduce loads on shelters. Series of full scale tests were
performed to investigate the influence of geometrical and mechanical properties of the
medium, as well as the effects of previous impacts (so as Stoffel (1998)). Experimental
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results of Calvetti et al. (2005) show that relative density of the superficial layers of
the stratum is the key factor that determines the peak value of impact force, while the
inclination of the stratum plays a less significant role.

Both the experimental results of Stoffel (1998) and Calvetti et al. (2005) proved that the
impact force transmitted to the rigid bottom from the impacted granular medium is much
larger than the impact force on the boulder, with a ratio of 1 to 3. This ratio is inversely
proportional to the layer thickness. The existence of a larger value of transmitted force
on the bottom than the impact force is called dynamic effects. This phenomenon is also
observed in numerical simulations (Calvetti et al., 2005). In addition, the propagation
of compression waves within the medium is governed by the mechanical properties of
the granular material (Calvetti et al., 2005). For a given impact, the impact force and
the speed of compression waves in the granular soil are mainly affected by the elastic
properties of the soil.

Pichler et al. (2005) designed real-scale experiments based on analytical relations,
the corresponding results were used to conduct back-analysis to obtain the indentation
resistance of gravel. This permits to estimate of penetration depths caused by rockfall
events which are beyond the experimental acceleration measurements. In addition, small
scale laboratory experiments of Degago et al. (2008) showed that the hemispherical
impactor induced higher impact force as well as less penetration as compared to the
pyramidal impact boulder.

Gerber and Volkwein (2010) conducted 54 tests with two different concrete boulders
(800 kg and 4000 kg) dropped on two ground layers (0.5 m and 1.3 m). The deceleration
curves show either two significant local maximum accelerations or one maximum and a
plateau-like behaviour. The observations illustrated the importance of compaction in
the ground layer, which is consistent with the conclusion drawn by Lorentz et al. (2006)
that layer compactness has a major effect in increasing the peak value of the transmitted
impact force. The results of the 4000 kg block tests show a correlation between the
penetration Z and the maximum deceleration amax, which can be shown simply as:
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Pmax = 1000M
Vi

Timp
c

Z =
ViTimp

c

amax =
V2

i

Z

(2.14)

where c is a constant value.

2.1.3 Numerical modelling

An alternative approach for studying the impact mechanisms is through numerical
modelling. Plassiard and Donzé (2009) modelled the impact process of a boulder on
a granular medium with a discrete element method. Both quasistatic and dynamic
behaviours of soil have been examined and additional contact laws were used to be rep-
resentative. The impact corresponded to a 500 kg boulder hitting a 50 cm thick layer of a
compacted soil, with a falling height of 10 meters. The impact force was well reproduced,
while the transmitted force through the granular medium was less well modelled even
with the introduction of additional dissipation laws (Figure 2.2).

(a) (b)

Figure 2.2: Time evolution of (a) the deceleration of the boulder, (b) the force transmitted to the
bottom (Plassiard and Donzé, 2009)
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Calvetti et al. (2005) performed numerical simulations with the aim of investigat-
ing loading conditions characterised by different values of stratum thickness under a
wide range of impact energy. A simplified DEM model of the experimental set-up is
established, the stratum is represented by a 2 m thick assembly of about 10000 spheres
with uniform diameter distribution between 0.1 and 0.3 m. The results of the numerical
simulations show that the peak value of impact force may be conveniently correlated
to impact energy (Figure 2.3(a)), although a more refined approach should consider the
individual effects of boulder mass and falling height. In addition, for a given impact
force, the stresses on the plate decrease with the thickness of the stratum. A linear
correlation between impact force and stresses on the plate was proposed to describe the
dynamic amplification effect that characterised the wave propagation within the stratum
(Figure 2.3(b)).

(a) (b)

Correlation equation

Figure 2.3: (a) Impact force as a function of impact energy; (b) Stresses on the plate as function
of impact force (Calvetti et al., 2005)

2.2 Bouncing of a boulder on a granular medium

Among the motions of boulder (free falling, sliding, rolling, and bouncing) along the
trajectory down the slope, bouncing, occurring when the falling block collides with the
slope surface, is the most difficult one to predict (Dorren, 2003; Labiouse and Heidenreich,
2009). Theoretically, the motion of boulder during the interaction can be calculated
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according to Newton’s second law. However, the interaction is a very complex process,
the force on the boulder, the contact points or surfaces evolves with time depending on
the substrate properties, rock properties and the kinematics of the boulder before the
impact. The use of computer programs in rockfall simulations is one of the most popular
approaches for accounting for the bouncing of a boulder on a granular medium (Prisco
and Vecchiotti, 2006; Bourrier et al., 2009; Lambert et al., 2013).

2.2.1 Experimental investigations

Most computer codes model the bouncing simply by adopting one or two resti-
tution coefficients which are obtained by analytical, back-analysis, experimental and
numerical modelling results (Wong et al., 2000; Nouguier-Lehon et al., 2003; Heidenreich,
2004; Oger et al., 2005, 2008; Bourrier and Hungr, 2011; Vijayakumar et al., 2011). The
trajectory simulations are very sensitive to these restitution coefficients, and the accu-
racy of the simulations depends to a large extent on these parameters (Dorren et al., 2011).
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Before rebound After rebound

Figure 2.4: Definition of incident (left) and rebound velocity components (right) for the rebound

The most commonly used restitution coefficients are expressed in terms of velocity or
energy, indicating the amount of velocity or energy dissipated during the impact (Figure
2.4):

RV =
Vr

Vi
(2.15)

RE =
V2

r

V2
i

(2.16)
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Rn = −Vrn

Vin
(2.17)

Rt =
Vrt

Vit
(2.18)

where Vr and Vi are the incident and reflected velocity of the boulder respectively, Vin

and Vrn are the normal components of incident and reflected velocity respectively, Vit

and Vnt are the tangential components of incident and reflected velocity respectively.

Initially, the restitution coefficients are adopted as constant values irrespective the
various impact conditions and the properties of boulder. For instance, restitution coeffi-
cient used in Rocscience software are originally derived from analytical research results
and back-analysis. Afterwards, more researches were conducted to investigate the effects
of the properties of the boulder and the medium, as well as the boulder kinematics on
restitution coefficients (Wong et al., 2000; Nouguier-Lehon et al., 2003; Heidenreich, 2004;
Oger et al., 2005, 2008; Bourrier and Hungr, 2011; Vijayakumar et al., 2011). Table 2.1 lists
the parameters that influence the restitution coefficients.

Table 2.1: Parameters that influence the bouncing of block

Substrate properties Block properties

Material properties Slope characteristics Block characteristics Block kinematics

Strength Slope angle Mass Translational velocity
Rheology Roughness Shape Rotational velocity

Surface fitting Size Incidence angle
Thickness Strength Orientation

The restitution coefficients are influenced by the mass of the block (Asteriou et al.,
2012, 2013a), the impact velocity (Asteriou et al., 2012, 2013a), the impact angle (Asteriou
et al., 2012), the shape of boulder (Chau et al., 1999; Wong et al., 2000). More specifically,
the experimental results of Asteriou et al. (2013a) show that the coefficients decrease with
both the increase of the block mass and the impacting velocity. The results of Azzoni et al.
(1995) shows that there is generally an increase trend in rolling velocity with increase in
dimension of the falling blocks, but little relationship between rolling velocity and shape
parameter based on experiments conducted on debris slopes. Those studies pointed out
that normal impacts result in less rebounds (Labiouse and Heidenreich, 2009). The study



2.2 Bouncing of a boulder on a granular medium 23

of Chau et al. (1999) found that Rn increases with the angularity of the boulders, a more
angular boulder will lead to lower rebound amplitude with rotation, with this induced
rotation, the normal rebound velocity is reduced but the tangential velocity is increased
(Wong et al., 2000). Experiments emphasize a clear dependency of restitution coefficients
on parameters characterizing the kinematics as the impact velocity. The observation of
Chau et al. (2002) indicates that Rn increases with the slope angle, while there appears to
have no clear correlation between Rt and the slope angle. On the other hand, a very clear
increasing trend in the RV and RE with slope angle is observed.

Mechanical properties of the boulder are shown to have influence on the restitution
coefficients. The results of Asteriou et al. (2013b) shows that the kinematic restitution
coefficients RE increases with increasing hardness and shows also an increasing trend
with the uniaxial compressive strength and the tensile strength.

In addition, the study of Wong et al. (2000) found that the restitution coefficients are
strongly affected by the elastic modulus of the platform: slopes with smaller value of
Young’s modulus result in lower restitution coefficients. Azzoni et al. (1995) shows that
the restitution coefficient ranges between 0.51 and 0.92 for rock and between 0.32 and
0.65 for debris.

Restitution coefficients that characterize the bouncing of boulder during rockfall
events should not be considered as constant. The normal (Rn), tangential (Rt) and ener-
getic (RE) coefficients of restitution measured during half-scale experimental study range
between the following values (Labiouse and Heidenreich, 2009): Rn is between 0.003 to
0.257 (mean value of over all tests is 0.04), Rt is between 0.07 to 1 (the mean value over
all tests is 0.48); RE is between 0.0003 to 0.336 (the mean value over all tests is 0.03).

Although the rough classification of restitution coefficients is relevant from a practical
point of view, it is nevertheless not very satisfactory from a scientific point of view.
The main limitations of these trajectory models include two aspects. First of all, these
restitution coefficients are usually obtained from field tests (Evans and Hungr, 1993;
Zhang et al., 2011), by back analysis (Budetta and Santo, 1994) or by analytical esti-
mations (Bozzolo and Pamini, 1986; Azzoni et al., 1995). On one hand, they are just
rough estimations. On the other hand, they are usually obtained subjectively based on
specific cases and cannot be generalized. Second, the restitution coefficients used in the
models are mainly obtained based on global approaches, without detail consideration
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of interactions between the boulder and the impacted granular medium. There are not
enough investigation linking the restitution coefficients to the soil mechanisms. The
bouncing of boulder on a granular medium is still poorly understood.

2.2.2 Numerical modelling

Hungr and Evans (1988) divided the existing computer models into two categories:
"rigorous" methods and lumped-mass methods. In the lumped mass analysis method,
the block is considered to be a simple point with mass and translational velocity, rota-
tional velocity is also considered in some cases. The advantage of lumped mass analysis
method is the high efficiency in calculation and limited number of parameters to be
calibrated. However, the parameters of such models are not very reproducible from one
test site to another, besides, the model should be well calibrated by back-analysis method
before being used for a given site (Bourrier and Hungr, 2011). In the "rigorous" models,
the size and shape of the blocks are assumed to be known "a priori" and all the block
movements, including those involving the block rotation, are considered (Stoffel, 1998;
Descoeudres et al., 1999; Bourrier and Hungr, 2011).

Among the "rigorous" modelling dealing with the bouncing of boulder, Bourrier et al.
(2008, 2010) conducted simulations to investigate the energy propagation process inside
the granular medium subjected to a normal projectile impact based on a 2D discrete
element method. The interactions between particles are governed by a contact model
based on an approximation of the Hertz-Mindlin theory with the consideration of only
frictional energy dissipation.

In order to characterize energy propagation, the evolution of all energy items during
the impact process are observed on concentric crowns centred around the impact point.
The concentric crowns are located at distances h from the impact point with a layer
thickness of approximate 3 particle diameters (Figure 2.5). The micromechanical process
occurring inside the impacted granular medium were investigated in short and long
durations.
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Figure 2.5: Concentric crown (Bourrier et al., 2010)

The investigation shows that impact process starts with the partial energy exchange
from the impacting boulder to the soil. This phase is followed by the propagation of
a compression wave from the impact point to bottom wall of the sample. The initial
stage can be divided into two successive phases: a compression phase associated with
a local strain energy peak on the central crown, a restitution phase inducing a kinetic
energy peak near the impact point. A second energy exchange from soil particles to the
impacting particle can occur if the reflected wave reaches the soil surface before the end
of the impact. The bouncing of the boulder is related to this second energy exchange.

In addition, Bourrier et al. (2008) conducted extensive 2D numerical simulations and
a boulder bouncing occurrence diagram was obtained (Figure 2.6). The local bouncing
occurrence criterion is the change in the impacting particle’s vertical velocity sign after
the interaction with the soil. The global bouncing criterion is defined as a percentage
of local bouncing occurrences for varying impact points and fixed incident conditions.
The diagram indicates that the rebound of boulder depends not only on the size of the
boulder itself, but also on the medium thickness. By dividing the (H, Rb) plane into
rebound and non-rebound domains, three impact regimes are observed (Figure 2.6):

• For a small boulder (regime I), bounce occurs for any sample height;

• For a medium size boulder (regime II), bounce does not occur in all cases, the curve
decreases as Rb increases;

• For a big boulder (regime III), on the contrary, the curve increases as Rb increases.

In addition, boulder always rebounds if H and Rb are sufficiently small.
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Figure 2.6: Definition of the impact regimes, where H is the height of the impact granular
medium, Rb is the radius of the boulder, Rm is the mean size of the grains, Rcrit

b is the
asymptotic value between regime I and II, Rmin

b is the critical value between regime II
and III (Bourrier et al., 2008).

This diagram was interpreted by Bourrier et al. (2008) from an energy exchange
point of view. The bouncing is closely related to energy transfers between the projectile
and the soil. For a small impacting particle, the impact is mainly determined by the
first interaction between the impacting particle and the soil. For an intermediate-sized
impacting particle, the compression wave propagation through the sample is the lead-
ing phenomenon. Impacting particle bouncing is attributed to a second energy supply
from the soil after the compression wave’s round trip through the sample. For a large
impacting particle, bouncing is associated with the formation of a compact layer below
the impacting particle.

The studies of Bourrier et al. (2008) provide new insights into the bouncing and
energy propagation processes, however, a more detailed layer division can be conducted
since the behaviours of different parts of the same crown should be different due to
different loading and boundary conditions. In addition, while the bouncing occurrence
regime is obtained in 2D impact cases, the limitation is the difference between 2D simula-
tions and 3D reality. Specially, energy dissipation in 3D simulations might lead to the
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restriction of the second regime because this regime is mainly caused by energy transfers
associated with elastic strain energy propagation and small-particle rearrangements. In
addition, the microstructure of the medium and micromechanics taking place at grain
scales were proven to be key parameters that influence the response of the granular
medium (Oda and Kazama, 1998; Radjaï et al., 1998; Tordesillas et al., 2014). Therefore,
further identification and quantification of the micromechanisms involved in the load
transfer inside the impacted granular medium should be conducted.

2.3 Micromechanical properties of granular materials

The granular material, as a discontinuous medium, is heterogeneous with a disor-
dered texture. The mechanical response of the granular medium generally depends on
two aspects, one is the grain properties: size, shape, rigidity, friction, the other is their ag-
gregation: packing, void ratio, loading path, fabric tensor (Bardet, 1994; Nouguier-Lehon
et al., 2003; Antony and Kuhn, 2004; Ciamarra et al., 2005; Calvetti et al., 2005; Bourrier
et al., 2008; Kondic et al., 2012; Cambou et al., 2013). Particularly, Kondic et al. (2012)
modelled the impact of an intruder on a dense granular material based on a 2D discrete
element method. The results indicate that polydispersity and related structural order, as
well as frictional properties of the granular particles, play crucial roles in determining
the impact dynamics.

2.3.1 Bimodal character of load transmission in granular materials

Experimental and numerical studies of the probability density distribution of contact
forces show that, in all cases, the distribution decays exponentially at large forces and
shows a plateau or possibly a small peak near the average force (Figure 2.7). Particularly,
the simulations of Ciamarra et al. (2005) show that the exponential decrease trend is
time-independent during a projectile’s deceleration in the medium. Compared to a
Gaussian profile, the exponential tail indicates a significantly higher probability of an
individual contact force greatly exceeding the mean force.
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Figure 2.7: Probability density distribution of normalized force in Mueth’s experiments (Mueth
et al., 1998)

Consequently, the transmission of forces in the granular medium reflects the bimodal
character of the granular medium which involves a strong percolating network of con-
tacts carrying a force larger than the average force, and a weak network of contacts
carrying a force smaller than the average force (Radjaï et al., 1998; Antony and Kuhn,
2004; Majmudar and Behringer, 2005). Preferentially oriented parallel to the main loading
direction, the strong force network is mainly the load bearing system, while oriented
mainly perpendicular to the main loading direction, the weak network is mainly re-
sponsible for the stability of the loading-bearing strong network as well as the energy
dissipation (Figure 2.8).

Particularly, the experiments of Iwashita and Oda (1998, 2000) showed that the highly
stressed particles are aligned, like columns, parallel to the loading direction in each of
the tests. The generation of column-like structures during the hardening process, and the
collapse of the column-like structures during the softening process are observed in DEM
simulations (Iwashita and Oda, 1998, 2000; Majmudar and Behringer, 2005). The fact that
the grain-grain contacts which support large forces are usually correlated in a line-line
mode over distances of several particle diameters leads to the so called "force chains".
Force chains vary in size from a few to many grains that can percolate through the whole
sample. Supporting most of the external load, effectively shielding large regions of the
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Figure 2.8: The force-bearing network of contacts in a biaxially compressed system of 4000 disks.
The line thickness is proportional to the normal force. The strong and weak forces are
shown in dark and light colors, respectively. The sliding contacts are marked by small
filled circles (Radjaï and Lanier, 2009)

material, force chains are responsible for material strength. The deformation of granular
medium is a process of force chain self-organizations (Iwashita and Oda, 1998, 2000;
Majmudar and Behringer, 2005; Tordesillas et al., 2009; Cambou et al., 2013; Tordesillas
et al., 2014; Nordstrom et al., 2014; Zhu et al., b,a).

Force chain networks can be visualized in 2D experiments by using photo-elastic
particles and in 3D experiments by using fluorescence techniques coupled with laser-
sheet scanning. Photoelasticity is based on the idea that stresses within a material affect
the way light propagates depending on the polarization of the light and the forces. By
placing a stressed photoelastic object between crossed polarizers, it is possible to deduce
the forces that the object bears. Figure 2.9 shows the distribution and evolution of force
chains inside shear test by using photoelastic grains (Zhang et al., 2010).

2.3.2 The role of force chains in granular materials

The bimodal character of the granular material and force chains are the key points for
understanding the behaviour of granular materials. The force chain related mechanisms
have been mainly investigated in quasi-static cases (Peters et al., 2005; Tordesillas et al.,
2009; Zhang et al., 2010; Tordesillas et al., 2014). For instance, in quasi-static bixial tests,
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Figure 2.9: Photoelastic particles force chains obtained by Majmudar and Behringer (2005): a
low-force sheared state(left), a high-stress isotropically compressed state (right)

force chains are responsible for the strength and the microstructure of the medium: the
establishment and buckling of force chains are responsible for the mechanical response
of the specimen in terms of deviatoric stress, the buckling of force chains is shown mainly
locating inside the shear band, and is related to the increase of local void ratio around
the buckling point as well as the increase of kinetic energy inside the sample (Tordesillas
et al., 2009; Zhang et al., 2013; Zhu et al., b,a). In case of a dense granular material
submitted to indentation by a rigid flat punch, the deformation of the material is shown
to be governed by force chains and the surrounded contact loops (Tordesillas et al., 2014).

However, in dynamic cases such as rockfall impact characterized by strong energy
exchanges and particle reorganizations, force chains related mechanisms have not been
well investigated. Force chains might play an important role in both the impact force and
the bouncing of boulder, as well as the load transfer inside the medium, the deformation
and the microstructure evolution of the material. Force chain investigation has great
potentials, the corresponding investigation of load bearing systems, force networks, and
the evolution of force chain distribution is still required.
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2.4 Numerical modelling based on a discrete element method

Benefit from the development of computer science, numerical modelling has become
a very popular approach to study scientific and engineering problems. In the domain of
civil engineering, the commonly used numerical modelling tools include Finite Element
Method (FEM), Finite Difference Method (FDM), Discrete Element Method (DEM). Al-
though few works using FEM modelling the impact of a boulder on a soil cushion were
conducted (e.g. Degago et al., 2008), DEM is more relevant for modelling the discrete
properties of granular materials by modelling the granular assembly as an aggregation of
particles. Today DEM is becoming widely accepted as an effective method for addressing
problems in granular and discontinuous materials, especially in dynamic impact cases in-
volving rapid loading and unloading, large deformations related to grain rearrangements
(e.g. Dolezalova et al., 2002; Ciamarra et al., 2005; Calvetti et al., 2005; Bourrier et al., 2008).

DEM simulations have great advantages compared to experiments. DEM simulations
allow to simulate the behaviour of granular medium at different scales, from macroscopic
scales to microscopic scales. The macroscale corresponds to the boundary scales, the
bouncing of the boulder, the deformation of the medium. The mesoscale corresponds to
the scale of group of particles, force chains or grain loops for instances. The microscale
corresponds to the local contact of two grains. Variables such as the kinetic energy,
energy dissipation, number of contacts, contact forces between particles, energy transfers,
force chains can be much more easily addressed compared to experimental approaches.
Besides, DEM modelling can vary easily the impact conditions to conduct parametric
studies.

2.4.1 Introduction of discrete element method

2.4.1.1 Calculation cycle

The macroscopic response of the granular medium is governed by the contacts be-
tween adjoining particles. The relative displacements of the particles are controlled by
the force - displacement law (contact law). Each two adjacent elements can contact or
separate, which allows to model large deformations taking place inside the medium.
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Figure 2.10: Calculation cycle of DEM method

Figure 2.10 shows the calculation cycle in DEM. In each calculation cycle, the po-
sitions of particles are first detected and contact forces are computed according to the
contact law, then Newton’s second law is solved to update the positions of the particles.
The calculation is processed in a given time step ∆t, in which the velocities and the
accelerations are constant.

2.4.1.2 Principle of the calculation

The motion of a particle is determined by the resultant force and moment acting
upon it which can be described in terms of the translational and rotational motion of the
particle. The translational movement of a particle can be characterized by its position
xi, velocity ẋi and acceleration ẍi. Correspondingly, the rotational movement can be
characterized by the angular velocity ωi and the acceleration ω̇i.

The resultant force Fi and moment Mi on a particle i are calculated as:

Fi = mẍi and Mi = Iω̇i (2.19)
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where m denotes the mass of the particle, I denotes the moment of inertia of the particle,

for spherical particles with a radius R, I =
2
5

πmR2.

Equation (2.19) can be integrated using a centred finite difference procedure involving
a time step ∆t. The quantities ẋi and ωi are computed at the mid-intervals of t ± ∆t/2,
while the quantities xi, ẍi, ω̇i, Fi and Mi are computed at the primary intervals of t ± ∆t.
The translational and rotational accelerations at time t can be calculated as:

ẍi,t = (ẋi,t+∆t/2 − ẋi,t−∆t/2)/∆t (2.20)

ω̇i,t = (ωi,t+∆t/2 − ωi,t−∆t/2)/∆t (2.21)

Inserting these equations into equation (2.19) results in:

ẋi,t+∆t/2 = ẋi,t−∆t/2 + (Fi,t/m)∆t (2.22)

ωi,t+∆t/2 = ωi,t−∆t/2 + (Mi,t/I)∆t (2.23)

Finally, the velocities are used to update the positions of the particle as:

xi,t+dt = xi + ẋi,t+dt/2dt (2.24)

2.4.1.3 Contact laws

The overall constitutive behaviour of a material is simulated in DEM by associating a
contact model to each contact (Cundall and Strack, 1979). Different contact models can
be used in DEM to model different materials, such as soil (Bourrier et al., 2013), concrete
(Hentz et al., 2004) or snow (Nicot, 2004).

In soil mechanics, the interaction between two particles can be expressed as elastic in
the normal contact direction and elastic-plastic in the shear direction:

Fn = knun (2.25)

dFs = ksdus and Fs ≤ Fn tan ϕ (2.26)
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where Fn is the normal contact force, dFs is the incremental shear contact force, kn and ks

are the normal and shear stiffness respectively, un is the normal displacement, dus is the
shear incremental displacement, ϕ is the inter particle friction angle.

Two kinds of elastic contact models are commonly used in the literature: linear mod-
els and the Hertz-Mindlin model. Linear models assume that the displacement is directly
proportional to the force, which allows a larger time step to be used in calculations.
Linear elastic model is the most simple and the most frequently used model in DEM.
Studies in literature have proven that the simple linear contact law is sufficient to capture
the main features of granular materials, see Bardet (1994); Belheine et al. (2009); Calvetti
et al. (2005); Iwashita and Oda (1998); Oda et al. (1982); Olmedo et al. (2015); Zhang et al.
(2014); Tordesillas et al. (2014).

Contrary to linear models, the Hertz-Mindlin model includes non linear elasticity in
the normal direction (Bourrier et al., 2008). The model is described as follows:

kn = (
2G

√
2R

3(1 − ν)
)
√

un (2.27)

ks = (
2(G23(1 − ν)R)1/3

2 − ν
)|Fn

i |1/3 (2.28)

where G is the elastic shear modulus, ν is the Poisson’s ratio, R is the sphere radius.

Hertz-Mindlin model tends to produce more accurate stress strain behaviours, how-
ever can be computationally expensive to implement due to the smaller time step re-
quirement. This thesis adopts the linear elastic contact law to model particle contacts.
The DEM contact laws will be demonstrated in chapter 3.

2.4.1.4 Critical time step

The choice of time step is very important in DEM modelling. It should be carefully
chosen to maintain a stable numerical solution on one hand and to optimize the compu-
tation time on the other hand. In addition, the time step must be low to make sure the
movement in a time step is much smaller than the grain size.
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The shortest time scales arise from the oscillation of one or two grains. If we consider
each element of the assembly as a oscillator of mass m connected via a spring stiffness k

to a fixed body, time step is generally determined according to the characteristic period
of oscillation. The critical time step tcrit is finally obtained by taking a fraction of the
smallest time period obtained on all particles. Considering both the translational and
rotational motion of the particles inside the medium, the critical time step is calculated
as:

tcrit = min(
√

m/kn,
√

I/kr) (2.29)

where I is the moment of inertia of a particle, kr is the rolling stiffness.

2.4.1.5 Yade-DEM code

Yade is an open-source platform running in Linux systems for discrete numerical
modelling. The computation parts are written in C++ using flexible object model, al-
lowing independent implementation of new algorithms and interfaces. Python is used
for rapid and concise construction, simulation control, post-processing and debugging
(Šmilauer et al., 2010). Implemented with various contact laws, Yade is capable of mod-
elling various materials and loading conditions, such as rockfall impact (e.g. Zhang et al.,
2014), conventional soil mechanics testing, debris flow (e.g. Albaba et al., 2015b), snow
avalanche (e.g. Hagenmuller et al., 2014).

2.4.2 Modelling of particle shape

Spherical particles are the most simple to be handled in DEM simulations, since its
geometry is only determined by the radius. However, real particles have various shapes.
Studies reported in the literature have shown that the mechanical behaviour of granular
material is significantly influenced by particle shape effects (Nouguier-Lehon et al., 2003;
Antony and Kuhn, 2004; Pena et al., 2007).
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Particularly, Nouguier-Lehon et al. (2003) analysed the influence of grain shape and
angularity on the behaviour of granular materials from a two-dimensional analysis by
means of a discrete element method (Contact Dynamics). Different shapes of grains have
been studied (circular, isotropic polygonal and elongated polygonal shapes, Figure 2.11).
The results show that the behaviour of granular materials is significantly influenced by
the shape. In fact, particle shape influences the fabric anisotropy of the specimen and
therefore, it also has effects on the occurrence of the steady static.

Figure 2.11: Isotropic polygonal grains (left) and elongated polygonal grains (right) (Nouguier-
Lehon et al., 2003)

In order to realistically account for the particle shapes of geo-composite structures
used in civil engineering, Nicot et al. (2007) created unbreakable agglomerates of spheres
to model the complex shapes of rocky particles. Particularly, parallelepiped-like clumps
and ellipsoidal clumps were generated. Each clump was composed of roughly 500 spher-
ical elements to ensure the acceptable computational times (Figure 2.12). By successfully
reproducing the grain size distribution and the initial porosity of the experimental sam-
ples, Nicot et al. (2007) claimed that the modelling procedure made it possible to describe
a wide range of assembles of variously shaped rocky particles, while reproducing the
grain size distribution fairly well.

Iwashita and Oda (1998) modelled particle shape effects by adopting rolling resistance
in DEM simulation of biaxial tests. The results showed that with the consideration of
rolling resistance, not only the generation of large voids inside a shear band but also the
high gradient of particle rotation along the shear band boundaries were reproduced, in a
quite similar manner to those observed in natural granular soils. Iwashita and Oda (1998)
concluded that the rolling resistance allows to yield better results for simulating the
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Figure 2.12: Parallelepiped-like clumps (left) and ellipsoidal clumps (right) (Nicot et al., 2007)

micro-structure developed inside the shear band. In addition, the study of Estrada et al.
(2011) indicated that rolling resistance may be employed to imitate the effect of angular
shape in DEM simulations of granular materials. More importantly, the results suggest
that the hindrance of particle rotations is a major effect of angular particle shape. Rolling
resistance can model different materials by adjusting rolling resistance parameters. This
thesis adopts the rolling resistance to model particle shape effects. The implementation
of rolling resistance in DEM contact laws together with the calculation of energy items
will be demonstrated in chapter 3.

2.4.3 Energy dissipation in granular materials

It is known that energy can be dissipated inside granular materials through particle
friction, damping, particle fragmentation and crushing. Frictional energy dissipation
occurs when grains have relative sliding or relative rolling displacement. Concerning
damping, Newton damping (Šmilauer et al., 2010) and viscous damping are two kinds of
damping that are most often used in DEM simulations. Newton damping is an artificial
numerical damping approach, which is adopted for dissipating energy and fast stabiliz-
ing the sample. This artificial damping has little influence in the mechanical response of
the sample under quasi-static loading but has big influences in dynamic loading (Shiu
et al., 2005; Plassiard et al., 2009). Viscous damping is usually characterized by damping
coefficients. The calibration of damping coefficients is usually based on experimental
results. In case of energy dissipation due to particle fragmentation and crushing effects,
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the fracture of the aggregates is usually modelled as the breakage of bounded aggregates
(Hardin, 1985; Plassiard et al., 2005; Wang and Yan, 2012). Particularly, the study of
(Wang and Yan, 2012) indicates that the major roles of particle breakage, which itself
only dissipates a negligible amount of input energy, are to advance changes in the soil
fabric and to promote the interparticle friction dissipation by increasing the number of
particles and densifying the specimen.

The issue that which energy dissipation approach plays a more important role be-
tween viscous damping and frictional displacement is not clear. The investigations of
Kondic et al. (2012) and Nordstrom et al. (2014) suggest that static friction between
grains does play a substantial role in the energy dissipation. Particularly, Tsimring and
Volfson (2005) simulated penetration of large projectiles into dry granular media by using
molecular dynamics discrete element method. The simulation results indicate that most
of the ball energy is dissipated through the frictional contacts among the grains (about
70%), about 20% is lost due to inelastric collisions (viscous damping), and about 10% is
spent on the change in the gravitational energy of the grains. However, Hou et al. (2005)
investigated the dynamics of a projectile penetrating in granular systems in 2D and 3D
cases, the drag force on the projectile suggested that fluidlike viscous dissipations in
the bed can be neglected in 3D experiments, however cannot be neglected in quasi-2D
granular beds due to the boundary conditions inducing a strong kinematical constraint.

In addition, the issue that which frictional energy dissipation mode is more important
between frictional sliding and frictional rolling is not clear. The studies of Oda et al.
(1982), Bardet (1994) and Shodja and Nezami (2003) found that rolling motions are more
important than sliding in the case of using oval particles. However, biaxial simulation
results of Zhang et al. (2013) from a comprehensive DEM study indicate that interparticle
sliding and rolling are the two competing particle-scale deformation mechanisms that
work together to dissipate a minimum amount of external input work and advance the
material fabric evolution. The amount of energy dissipation by frictional sliding is larger
than frictional rolling. Therefore, the role of frictional energy dissipations in granular
materials still needs further investigations.
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2.5 Conclusion

Both rockfall trajectory analysis and protection structure design in rockfall engi-
neering require a thorough knowledge of the mechanisms that govern the bouncing of
boulder and the response of the granular medium. Studies reported in the literature
concerning the interaction of a boulder and a granular medium as well as bouncing of
boulder on a granular medium are reviewed from engineering practices, experiments
and numerical modelling points of view.

The studies in the literature show that the response of the medium and the bouncing
of boulder depend not only on the properties of the boulder (mass, shape, incident
velocity and angle), but also on the properties of the granular medium (material, layer
thickness, compaction, inclination angle). Analytical approaches and experiments pro-
pose easy-to-use expressions to calculate the impact force, penetration depth and the
transmitted force inside the granular medium as well as recommend values of restitution
coefficients to characterize the bouncing of the boulder. However, those obtained results
are limited to only specific cases and cannot be generalized because the mechanisms that
govern the bouncing of boulder and the response of the granular medium are not well
understood and accounted for.

Calibrated based on experiments, numerical simulations are relevant to model the
boulder-medium interactions. However, micromechanisms that govern the behaviour of
the granular medium are still required. Particularly, the role of force chains and force
chain microstructure in the the bouncing of the boulder and the response of the granular
medium are missing. Together with the energy propagation process inside the medium
and the effects of particle shapes, further investigations are encouraged. This is the main
motivation of Chapter 5.
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3.1 Introduction

The objective of this chapter is to develop a 3D numerical model to simulate the
interaction between a granular medium and a falling boulder. The model should not
only be able to take into account the particle shape effects of the medium but also be able
to reproduce experimental results for model validation purpose. After being validated,
the 3D model allows to further investigate the response of the medium and the boulder
in different impact conditions.

To achieve these goals, the first task is to select a relevant DEM contact law. Corre-
spondingly, a simple elastic-plastic contact law implemented with rolling resistance is
adopted to model the granular medium. The second task is to take appropriate contact
parameters. Accordingly, a special procedure is adopted that the contact law is first cali-
brated under quasi-static triaxial tests and further used into dynamic impact modelling.
We suppose it is acceptable to model dynamic impacts based on contact law calibrated
under quasi-static tests due to the fact that, first of all, very few impact experiments are
available for model validation, second, the rockfall impacts are concerning low dynamic
cases (in this work, the maximum impact velocity of boulder is 20 m/s).

3.2 Contact model description

Concerning the DEM modelling of the interaction between a falling boulder and a
granular medium, there is no general consensus on which contact model is the best one,
the choice among available contact laws is still an open question. In our simulations,
computational time constraints lead us to employ linear elastic models instead of the
Hertz-Mindlin contact law. Moreover, in the context of dynamic impact, linear contact
models are able to produce non-linear waves inside the impacted granular medium due
to the discrete nature of granular materials (Goddard, 1990).
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3.2.1 Description of Cundall-Strack contact law

The Cundall-Strack contact law considers a linear relation between the inter-particular
penetration and the force in the normal direction, while follows an elastic-plastic relation
in the shear direction including the Mohr-coulomb criterion (Cundall and Strack, 1979).
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Figure 3.1: Two spheres in contact

In case two spherical particles A and B are in contact (Figure 3.1), the normal and
shear contact behaviours are described by the following equations:

~Fn = kn ~un and Fn > 0 (3.1)

d~Fs = ksd~us and Fs ≤ µFn (3.2)

kn = 2
En

ArAEn
BrB

En
ArA + En

BrB
(3.3)

ks = 2
Es

ArAEs
BrB

Es
ArA + Es

BrB
(3.4)

where,

• ~Fn is the normal contact force between the two particles;

• d~Fs is the incremental shear force between the two particles;

• ~un is the inter-particular displacement between the two particles;

• d~us is the shear incremental displacement between the two particles;

• En
A and En

B are the normal local modulus of particle A and B;
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• Es
A and Es

B are the shear local modulus of particle A and B. In our simulations,
the particles have the same mechanical properties, therefore, En

A = En
B = En ,

Es
A = Es

B = Es, α = Es/En.

• rA and rB are the radii of two contact particles A and B respectively;

• kn is the normal stiffness; ks is the shear stiffness; In the case of a spherical particle
A contacts with a wall boundary, kn = En rA, ks = α kn;

• µ is the local friction of the contact, it takes the minimum friction value of the two
particles, µ = tan φ = tan(min(φA, φB)). In our simulations, φA = φB.

The following equations illustrate how the relative velocity and the incremental shear
displacement are calculated in DEM:





a =
rA + rB

rB + rB − un

~v = a · (~vB − ~vA) + ~ωB × (−rB ·~n)− ~ωA × (rA ·~n)
~vn = (~n ·~v) ·~n
~vs = ~v − ~vn

~dus = ~vs · ∆t

(3.5)

where,

• ~vA and ~vB are the translational velocities of particle A and B, ~ωA and ~ωB are the
rotational velocities of A and B;

• ~n is the contact normal, and is particularly defined from the vector joining the
center of particle A to the center of particle B;

• ~v is the relative velocity between A and B, with normal component ~vn and shear
component ~vt;

• ∆t is the time step;

In order to insure the accuracy and the stability of calculations, a small time step
should be used so that the relative displacement during each time step is sufficiently
small with respect to the particle sizes.



46 3. DEM modelling of the impact process

3.2.2 Rolling resistance

In reality, particles have rough surface textures and are sometimes covered with a
thin film of weathered products (Mitchell and Soga, 1976). Particles do not roll freely
over each other, especially for angular grains. Moreover, particle shape is one of key
parameters that influences the mechanical response of granular materials: studies in the
literature reveal that particle shape affects not only the micro-mechanical properties (con-
tacts, fabrics, etc) but also the macromechanical response (bulk strength, deformation,
etc), see Nouguier-Lehon et al. (2003), Antony and Kuhn (2004) and Pena et al. (2007).

In discrete element modelling, the use of spherical grains can keep calculation costs
low to maintain a fast calculation, however, the major drawback is that excessive rolling
occurs (Radjaï and Dubois, 2011). Instead, particle shapes can be accomplished in DEM
by polygons (Nouguier-Lehon et al., 2003; Pena et al., 2007), clumped disks or spheres
(Szarf et al., 2011; Albaba et al., 2015a), and rolling resistance (Iwashita and Oda, 1998).
Among which, rolling resistance is considered in DEM by adding a resistant moment in
the contact to limit the relative rotation between the grains.

Even though rolling resistance is an artificial approach, it has been proven to be
efficient in accounting for the particle shape effects. For instance, Iwashita and Oda
(1998) considered a rolling resistance law between contacting particles with the aim of
modelling the roughness effect. They succeeded in reproducing large voids inside a
shear band as well as the high gradient of particle rotation along the shear band bound-
aries. This approach has also been considered by authors such as Plassiard et al. (2009),
Belheine et al. (2009), Tordesillas et al. (2009, 2014), Zhou et al. (2013), Zhao and Guo
(2014).

Rolling resistance has already been implemented into the elastic-plastic contact law
and used to model triaxial tests. It allows the simulation to use the most simple spherical
shape to improve modelling efficiency. In addition, different materials can be produced
by simply adopting different rolling parameters.



3.2 Contact model description 47

In our simulations, rolling resistance is adopted to model the particle shape effects.
An elastic-plastic relation between the resistant moment and the relative rotation within
a contact is considered (Iwashita and Oda, 2000). In this 3D context, rolling resistance
considers both the resistance against the relative bending and twisting rotations. The
implementation of rolling resistance in DEM code is given as follows:

d ~Mb = kbd~θb and Mb ≤ ηbFn (3.6)

d ~Mtw = ktwd ~θtw and Mtw ≤ ηtwFn (3.7)

kb = βbksrArB (3.8)

ktw = βtwksrArB (3.9)

ηb = ηtw = min(ηArA, ηBrB)) (3.10)





d~θ = ( ~ωB − ~ωA) · ∆t

d ~θtw = (~n · d~θ) ·~n
d~θb = d~θ − d ~θtw

(3.11)

where,

• dMb and dMtw are the incremental bending and incremental twisting moments
respectively;

• kb and ktw are the bending stiffness and the twisting stiffness respectively;

• dθ is the relative rotation between the contact; dθb is component for bending, dθtw

is the component for twisting;

• βb and βtw are the bending and twisting stiffness coefficients respectively;

• ηb is the elastic limit coefficient of rolling resistance and is calculated according to
parameters ηA and ηB, as well as the geometry of the particles.
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In the above equations, the bending and twisting stiffness kb and ktw are determined
to be a function of ks (see equations 3.8, 3.9) based on an assumption that both of the mo-
ments contributed by shear and by rolling have the same order of magnitudes (Iwashita
and Oda, 1998). The elastic limit coefficient of rolling resistance ηr or ηtw has similar
physical meaning to the inter-particle friction µ, even though it has a dimension of length
(Iwashita and Oda, 2000).

Although the mechanisms for rolling and twisting are not exactly the same in real-
ity, here we assume they follow the same plastic criterion and share the same contact
parameters for simplification (see equations 3.6, 3.7, 3.8, 3.9, 3.10). In our simulations,
βb = βtw = β , ηA = ηB = η, β is the rolling stiffness coefficient, η is the rolling elastic
limit.

Indicated by the above equations, the angular velocity can contribute to sliding,
rolling and twisting, meanwhile, sliding and rolling or twisting can occur at the same
contact. In addition, since no energy dissipation algorithms have been well established
for real systems, and no clear guidelines for contact models to be used in DEM simu-
lations, an assumption is made that the energy dissipation in dynamic impact loading
involved in this work is mainly due to particle rearrangements. Therefore, energy dis-
sipation is only due to friction between the contacts, no viscous damping nor particle
crushing effects are considered (In section 3.3, Newton damping is used during quasi-
static triaxial tests).

To sum up, the complete contact model is composed of normal, tangential and rolling
contact components. The description of the implemented contact law is shown in figure
3.2.

3.2.3 Calculation of energy items

Different sorts of energies involved in the impact process can be calculated, so that
energy conservation can be checked at any time. In addition, the investigation of propa-
gation and exchange between different kinds of energies is an important approach to
understand the kinematics occurring inside the granular material.
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Figure 3.2: Description of the contact model

At a time t, all energy types involved in the impact process include kinetic energy
of the boulder Ekb, kinetic energy of the medium Ek, elastic strain energy Es (include
grain-grain and boulder-grain elastic strain energies), gravity potential energy Emgh, and
frictional energy dissipation Ed. The sum of all energies Et is given as:

Et = Ek + Ekb + Es + Emgh + Ed (3.12)

The kinetic energy of boulder Ekb is calculated as:

Ekb =
1
2

Mbv2
b +

1
2

Ibω2
b (3.13)

where Mb is the boulder mass, Ib is the boulder inertia, vb and ωb are the translational
and angular velocity of the boulder respectively.
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A domain D which includes n particles and m contacts is considered, in case we want
to investigate the energy propagations inside this domain. This domain is artificially
chosen and can locate at any parts of the granular medium. The kinetic energy, elastic
strain energy, gravity potential energy, and energy dissipation inside this domain are
Ek(D), Es(D), Emgh(D), Ed(D) respectively.

The kinetic energy Ek(D) is calculated as:

Ek(D) =
n

∑
i=1

(
1
2

miv
2
i +

1
2

Iiω
2
i ) (3.14)

where Mi and Ii are the mass and inertia of the ith particle of the medium respectively; vi

and ωi are the translational and angular velocity respectively.

The gravity potential energy of the domain Emgh(D) is calculated as:

Emgh(D) =
n

∑
i=1

(Migyi) (3.15)

where Mi is the mass of the ith particle of the medium, g is the gravity acceleration, yi is
the vertical coordinate of particle i with respect to a fixed frame.

The elastic strain energy inside the domain Es(D) is calculated as:

Es(D) =
1
2

m

∑
j=1

(
(Fj,n)

2

k j,n
+

(Fj,s)
2

k j,s
+

(Mj,b)
2

k j,b
+

(Mj,tw)
2

k j,tw
) (3.16)

where Fj,n, Fj,s, Mj,b, Mj,tw are the normal force, shear force, bending moment, twisting
moment of the jth contact respectively; k j,n, k j,s, k j,b, k j,tw are the normal, shear, bending,
twisting stiffness of the jth contact respectively;

No viscous damping is considered in this work. Therefore, energy dissipation is only
due to friction, induced by plastic shearing, bending and twisting displacements. The
total friction energy dissipation inside the domain D is calculated as:

Ed(D) = Eds(D) + Edb(D) + Edtw(D) (3.17)
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where, Eds(D), Edb(D) and Edtw(D) are energy dissipation due to frictional sliding, fric-
tional bending and frictional twisting respectively.

The energy dissipation is defined from an incremental expression. A small enough
time step helps improving the energy calculation accuracy. Upon a step increment, the
shear displacement increment of a contact duj,s can be divided into an elastic component
due

j,s and a plastic component du
p
j,s. Only the plastic relative shear displacement leads to

energy dissipation. So, energy dissipation due to frictional sliding is calculated as:





dFj,s = min

(
Fj,s + k j,sduj,s, tan φ(Fj,n + k j,nduj,n)

)
− Fj,s

du
p
j,s = duj,s − due

j,s

due
j,s =

dFj,s

k j,s

Eds(D) =
m

∑
j=1

(Fj,s + dFj,s)du
p
j,s

(3.18)

Similarly, the relative rotation angle contributed by relative bending dθj,b can be
divided into an elastic component dθe

j,b and a plastic component dθ
p
j,b. Energy dissipation

due to frictional bending is calculated as:





dMj,b = min

(
Mj,b + k j,bdθj,b, ηj,b(Fj,n + k j,nduj,n)

)
− Mj,b

dθ
p
j,b = dθj,b − dθe

j,b

dθe
j,b =

dMj,b

k j,b

Edb(D) =
m

∑
j=1

(Mj,b + dMj,b)dθ
p
j,b

(3.19)

Similarly, the relative rotation angle contributed by relative twisting dθj,tw can be di-
vided into an elastic component dθe

j,tw and a plastic component dθ
p
j,tw. Energy dissipation

due to frictional twisting is calculated as:
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dMtw = min

(
Mj,tw + k j,twdθj,tw, ηj,tw(Fj,n + k j,nduj,n)

)
− Mj,tw

dθ
p
j,tw = dθj,tw − dθe

j,tw

dθe
j,tw =

dMj,tw

k j,tw

Edtw(D) =
m

∑
j=1

(Mj,tw + dMj,tw)dθ
p
j,tw

(3.20)

3.3 Contact law calibration and validation

The aim of this section is to calibrate the contact parameters of the implemented
contact law based on quasi-static experimental tests. First of all, experimental data
of a quasi-static triaixal test on Ticino sand (Salot et al., 2009) is chosen based on an
assumption that Ticino sand can represent the granular medium involved in rockfall
impact problems. Second, the calibration of the contact parameters is first conducted by
reproducing the experimental stress and strain behaviours under confinement of 100
kPa. The calibration follows a procedure based on the studies of Belheine et al. (2009)
and Plassiard et al. (2009). Finally, triaxial loading under confining pressure of 200 kPa
and 300 kPa are conducted using the calibrated parameters, the corresponding results
are compared with experimental results for validation purpose.

3.3.1 Triaxial experimental test

The experimental data shown in this section comes from a series of triaixal compres-
sion tests performed on Ticino river sand (Salot et al., 2009). Figure 3.3 shows the grain
size distribution and the main characteristics of the Ticino sand. This sand is angular
(20 and 50% by mass of the particles are angular and sub-angular respectively, Figure
3.3). The Mohr circles obtained according to experimental data of triaxial tests reveals
the global friction angle at peak is 41.8◦ (Figure 3.4).
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This sand is chosen for our model calibration since its angularity allows us to assume
that Ticino sand can represent the granular medium involved in rockfall impact problems,
such as part of the soil of natural or man-made slopes, or part of rockfall protection
structures, such as rock sheds or embankments.

Figure 3.3: Grain size distribution (left) and main characteristic (right) of the Ticino sand used
in the experiments (Salot et al., 2009)
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Figure 3.4: Mohr circles obtained based on experimental data of triaxial tests (Salot et al., 2009)
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3.3.2 Contact law calibration

3.3.2.1 Modelling of the triaxial test

Numerical triaxial test is conducted in DEM to reproduce the mechanical behaviour
of the sand for model calibration purpose. The numerical triaxial test is conducted
following a three-step procedure (Chareyre and Villard, 2005; Nicot et al., 2011). The
procedure is shown in figure 3.5:

1. Generation of a loose poly-disperse particle assembly within six wall boundaries;

2. Increase of particles radii proportionally until the isotropic confinement is reached
(The positions of the six wall boundaries are fixed during this stage).

3. Maintain the confining pressures on the four lateral boundaries and conduct devia-
toric loading to get the stress-strain behaviour of the sand.

Figure 3.5: Procedure of numerical triaxial test

The size of the specimen is 2.9 m, 5.8 m, 2.9 m in the x, y, z direction respectively.
The grain size distribution during the whole test procedure always follows a uniform
distribution, with a variability of 33% around the mean grain size. In addition, the local
friction angle is set as 0◦ during the confinement in order to generate a dense sample.
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3.3.2.2 Calibration methodology

The calibration of contact parameters is based on reproducing both macroscopic
deviatoric stress and volumetric strain behaviours of the sand. The objectives of the
calibration aim at reproducing:

• the Young modulus, characterized by the initial slope of stress-strain curve;
• the Poisson’s ratio, characterized by the initial slope of volumetric strain;
• the peak value of deviatoric stress and the corresponding axial strain value;
• the dilatancy angle, characterized by the slope of the volumetric strain in dilatancy

regime.

The match of stress-strain behaviour is prior to the volumetric strain behaviour during
the calibration. Calibration concerns parameters of:

• normal local Modulus En,
• local stiffness ratio α,
• internal friction angle φ,
• rolling stiffness coefficient β,
• rolling elastic limit η.

Studies in the literature show that assemblies of circular particles are characterized
by very low global friction angles (smaller than 30◦). In case particles have free rota-
tions, when local friction angle is smaller than 20◦, local friction angle is smaller than
global friction angle, otherwise, local friction angle is larger than global friction angle
(Bardet, 1994; Calvetti, 2008). In case relative rotations of particles are prevented, the
global friction angle of the DEM assembly is a linear function of the interparticle friction
angle, generally, the global peak and residual friction angles become larger than the local
friction angle (Bardet, 1994; Shodja and Nezami, 2003). These studies prove that rolling
resistance has effects in improving the deviatoric strength of an assembly.
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In our simulations, the rotation of particles is not totally prevented, relative rolling
between particles is allowed when rolling plastic regimes is full-filled. Therefore, the
situation is between the free rolling and non-rolling cases. In addition, Ticino sand shows
a high friction (the global friction angle at peak for Ticino sand obtained by triaxial tests
is 41.8◦). Therefore, a maximum local friction angle of 45◦ is allowed to model the friction
of the Ticino sand, values exceeding 45◦ are supposed not to be relevant.

Research of Plassiard et al. (2009) shows that En and α control the global Young
modulus and Poisson’s ratio; φ influences the peak strength and the dilatancy; β has
similar effects as φ. Due to the fact that rolling resistance has no effect on the initial
slope of stress-strain curve (Bardet, 1994; Plassiard et al., 2009), the calibration starts by
reproducing the stress-strain slope without the consideration of rolling resistance.

The calibration procedure adopted in this work is: First, the influence of particle
numbers is checked. Second, En and α are calibrated by matching with the macroscopic
Young modulus and Poisson’s ratio. Third, φ is adjusted to reproduce the volumetric
strain while keeping other parameters constant. Finally, β and η are calibrated to match
the stress-strain curve. During deviatoric loading, the axial strain rate is set at the min-
imum value (smaller than 0.01 s−1) to eliminate the effects of loading rate and insure
the quasi-static loading process. An initial series of parameters are chosen before the
calibration: En = 2e8 MPa, α = 0.3, φ = 45◦, β = 0.01, η = 0.5.

3.3.2.3 Effects of particle number

In order to analyse the effects of particle numbers and to chose appropriate number to
model the sand, three samples composed of 5000, 10000 and 20000 grains are generated
respectively. Although the mean sizes of particles are different, the grain size distribu-
tions of these three samples all follow uniform distributions. The porosities of the three
samples after isotropic confinement are 0.381, 0.375, 0.369 respectively.

Deviatoric loading tests are carried out on each sample without adopting rolling
resistance within the contacts. The evolution of deviatoric and volumetric strain point
out the following information (Figure 3.6):
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• First of all, the difference between the curves are rather small, especially for the
curves corresponding to 10000 and 20000 particles. The curve corresponding to
5000 particles has a slightly lower peak value of deviatoric stress. Therefore, a num-
ber of 10000 particles seems to be adequate to simulate the macroscopic behaviour
of the samples under quasi-static loading.

• Second, the initial slope of stress strain curve is well matched with experimental
data. The match of volumetric strain is slightly less good.

• Third, the peak value of the stress is far away from being reached, even the local
friction angle is as high as 45◦. Moreover, the peak value of the deviatoric stress
arrives around a 1% axial strain, which is quite different from experimental results
(the peak is arrived around 5% of axial strain).
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Figure 3.6: Effects of the number of particles on (a) Deviatoric stress, (b) Volumetric strain

The nearly negligible differences between the three curves indicate that the number
of the grains does not have big influence on the macroscopic stress-strain behaviour
under quasi-static triaxial loading. This is mainly due to the fact that no inertia effects
exist in quasi-static loading (Plassiard et al., 2009). Therefore, it is sufficient to use 10000
particles modelling the soil sample.
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3.3.2.4 Effects of normal local modulus

The effects of normal local modulus are investigated. The objective is to find the best
match between simulations and experiments in terms of the initial slope of stress-strain
curve as well as the volumetric strain behaviours. Triaxial loading tests are conducted
on three samples whose normal local modulus are 1 × 108 Pa, 2 × 108 Pa and 3 × 108 Pa
respectively (the other parameters are kept as original values).
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Figure 3.7: Effects of the local modulus on (a) Deviatoric stress, (b) Volumetric strain.

Figure 3.7 shows that the higher the normal local modulus, the steeper the initial
slope of stress-strain curves, as well as the stronger the dilatancy. The lower the value of
normal local modulus, the stronger the contraction at the initial stage of triaxial loading.
However, the peak value of stress slightly decreases with the increase of local Young
modulus. The trends of the results are consistent with results of Plassiard et al. (2009).
Illustrated by the results, the initial slope of the stress-strain curve is best captured when
the normal local modulus En is set as 2 × 108 Pa.
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3.3.2.5 Effects of local stiffness ratio

The effects of local stiffness ratio are studied in this part. The local stiffness ratios are
set 0.1, 0.3, 0.6 respectively. Figure 3.8 shows that under the same normal local modulus,
the smaller the local stiffness ratio, the smaller the initial slope of stress-strain curve.
The difference between curves corresponding to 0.3 and 0.6 is much smaller than the
difference between 0.1 and 0.3. Besides, the influence of local stiffness ratio on volumetric
behaviour is much smaller than that on the stress behaviour. The simulation results
obtained by using a value of 0.3 local stiffness ratio fits best with the experimental data
(Figure 3.8(c)).
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Figure 3.8: Effects of the local stiffness ratio on (a) Deviatoric stress, (b) Volumetric strain, (c)
Zoom of deviatoric stress, (d) Zoom of volumetric strain
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3.3.2.6 Effects of rolling stiffness parameter

Known from previous work (Belheine et al., 2009; Plassiard et al., 2009), both local
friction angle and rolling resistance have effects of increasing the peak value of deviatoric
stress. The higher the local friction angle, the bigger the peak value of deviatoric stress.
However, in these simulations, the peak value of the deviatoric stress obtained by experi-
ments is hardly reached even though the internal friction angle is as high as 60◦ (data
not shown), therefore, the increase of deviatoric stress is relied on rolling resistance. The
effects of rolling stiffness parameter are investigated in this part. As mentioned before,
a simplification is made to allow the bending and twisting resistance to take the same
parameters.
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Figure 3.9: Effects of the rolling stiffness coefficient β on (a) Deviatoric stress, (b) Volumetric
strain

Figure 3.9 shows that rolling resistance has no influence on the initial slope of the
stress-strain curve, while on the contrary, it is very powerful in changing the peak value
of deviatoric stress. Under the same value of rolling elastic limit (η=1.0), the higher the
rolling stiffness parameter, the higher the peak value of the deviatoric stress. On the
other hand, the difference of volumetric strains in terms of different η is less significant.
In addition, the contraction of the volumetric strain at the initial stage of triaxial loading
is well captured.
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Even though the volumetric strain increases due to the implementation of rolling
resistance, the peak value of the deviatoric stress is well captured by adopting a rolling
stiffness parameter of 0.01. Due to the fact that capturing the peak value of deviatoric
stress is the first priority, the value of 0.01 is taken as the calibrated value of rolling
stiffness parameter.

3.3.2.7 Effects of rolling elastic limit

The effects of rolling elastic limit are investigated in this part. When η takes the
value of 0.1, the peak value of deviatoric stress is not reached (Figure 3.10). However,
when the value of η exceeds the value of 0.5, the influence on the peak stress is very
small. This might be due to moment calculation algorithms. For instance, in equation
(3.6), the value of bending moment is controlled by both the relative rotation and the
normal contact force. Therefore, etab has no more effects when it’s value is too large.
On the other hand, the influence of η on volumetric strain is much smaller compared to
its effects on deviatoric stress. Therefore, the value of 0.5 is chosen as the calibrated value.

0 2 4 6 8 10 12

Axial strain (%)

0

100

200

300

400

500

D
e
v
ia

to
ri

c
 s

tr
e
s
s
 (

k
P

a
)

●

●

●

●

●

●

●

●
● ● ●

●

●

 

exp.

η=0.1

η=0.5

η=1.0

η=3.0

(a)

0 2 4 6 8 10 12

Axial strain (%)

−2

0

2

4

6

8

10

12

V
o
lu

m
e
tr

ic
 s

tr
a
in

 (
%

)

●
●●●●

●

●

●

●

●

●

●

●

 

exp.

η=0.1

η=0.5

η=1.0

η=3.0

(b)

Figure 3.10: Effects of the rolling elastic limit coefficient η on (a) Deviatoric stress, (b) Volumetric
strain
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Therefore, by conducting series of tests and varying parameter values, we can un-
derstand that the elastic and plastic behaviour of triaxial tests are controlled by different
parameters. Normal local modulus En and ratio α mainly influence the elastic behaviour
of the triaxial test (characterized in terms of the initial slopes of modulus and volumetric
strain). Internal friction angle φ, rolling stiffness coefficient β and rolling elastic limit
coefficient η mainly influence the plastic behaviour of the triaxial test (characterized in
terms of the peak values of deviatoric stress and the corresponding arriving axial strains,
the dilatancy of volumetric strain).

3.3.2.8 Calibrated contact parameters

All the parameters have been calibrated based on triaxial test under confining pres-
sure of 100 kPa. The local modulus is 2 ×108 Pa, the local stiffness ratio is 0.3, the local
friction angle is 45◦, the rolling stiffness coefficient is 0.01, and the rolling elastic limit
coefficient is 0.5 (Table 3.1).

Table 3.1: Values of the calibrated local contact parameters

Parameters Values

Normal local modulus En (MPa) 200
Ratio α (-) 0.3
Internal friction angle φ (◦) 45
Rolling stiffness coefficient βb(βtw) (-) 0.01
Rolling elastic limit coefficient η(-) 0.5

Figure 3.11 shows the curves of deviatoric stress and volumetric strain as functions of
axial strain, using the calibrated parameters (Table 3.1). Curves corresponding to the case
of without rolling resistance (β = 0) are plot together to highlight the effects of rolling
resistance. Results corresponding to the case of without rolling resistance were obtained
using the same En, Es and φ as the case of with rolling resistance.
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Figure 3.11: Comparison between the cases of "with" and "without RR" (rolling resistance) in
terms of (a) Deviatoric stress, (b) Volumetric strain

The agreement between simulation results and experiments are good when rolling
resistance is considered. While without rolling resistance, the deviatoric stress peak is
reached at a smaller axial strain around 2%, and the corresponding deviatoric stress is
reduced by about 40% compared to the case with rolling resistance.

The comparison highlights the impressive effects of rolling resistance in increasing
the strength and dilatancy behaviour of the soil in classical triaxial tests. In fact, by
limiting the relative rotations through rolling resistance, particles are forced to enhance
their ability of storing elastic strain energies (Zhou et al., 2013), which improves the
stress on the boundaries, and therefore leads to the increase of deviatoric stress and the
dilatancy behaviours.

One thing to keep in mind is that the results without rolling resistance shown here
are only to demonstrate the important effects of the rolling resistance in improving the
deviatoric stress of the sand. The sand without rolling resistance is not calibrated to fit
best with the experimental results, in fact, the peak stress can be improved by changing
the grain size distribution of by improving the relative density (Salot et al., 2009).
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3.3.3 Contact law validation

The calibrated parameters are used to conduct triaxial tests under confining pres-
sure of 200 kPa and 300 kPa for validation. Figure 3.12 shows that the peak values of
deviatoric stresses under 200 and 300 kPa of confining pressures are well captured. The
dilatancy produced in the modelling is bigger than experimental results. This might
be due to the fact that the sample produces large pressure in the lateral boundaries.
Therefore, the lateral boundaries have to move outward in order to maintain the constant
lateral confining pressures. Anyway, the calibrated parameters are considered satisfying
enough to model of a sand specimen response.
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Figure 3.12: Evolution of (a) Deviatoric stresses, (b) Volumetric strains under the confining
pressures of 100 kPa, 200 kPa and 300 kPa

3.4 Impact simulation

This section focuses on modelling the dynamic interaction of a boulder falling on
a granular layer. The dynamic modelling uses the same contact law and same contact
parameters as the one calibrated under quasi-static triaxial loading. Since no exhaus-
tive energy dissipation theories have been well established in real systems, frictional
processes is considered to be the most important approach to dissipate energies, only
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frictional energy dissipation is considered thereafter. The numerical results will be com-
pared with results from literature for model validation purpose. The validation of the
model permits us to conduct further investigations to understand the mechanisms that
govern the reaction of the boulder and the response of the granular medium.

At a first approach, the model is simplified by allowing a boulder vertically impacting
a granular medium with an initial incident velocity. This granular medium is relevant
for part of a slope (natural or man-made) or a protection structure (earth embankment
for instance), characterized by highly heterogeneous and weakly cohesive properties.
For evident computational reasons, the medium only represents parts of a slope or a
protection structure that is influenced by the impact, instead of the whole slope or the
whole structure. At the same time, the sample is generated large enough to avoid lateral
boundary effects on the reaction of the boulder. The effects of bottom boundary will be
discussed in chapter 4.

3.4.1 Modelling of a falling boulder interacting with a granular medium

(a) (b)

Figure 3.13: Modelling of the boulder and the granular medium
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Figure 3.13 shows the modelling of the granular medium and the falling boulder in
DEM. The boulder is modelled as a sphere with a radius of 1.17 m. It is positioned just
above the center surface of the medium, with an initial vertical velocity of 19.23 m/s.

The granular medium is modelled as an assembly of grains obtained by gravity depo-
sition. The grain sizes follow a uniform distribution, with a variability of 33% around
the mean value. Sample composed of small grains requires not only large population of
grains but also a tiny time step, therefore, in a first modelling approach, particles of big
sizes are adopted in order to save computation time. The mean radius of the grain is 0.2
m, thus the ratio of the boulder radius to the average grain radius is 5.85.

During the gravity deposition process, the local friction angle is set at 10◦, and rolling
resistance is not considered within the contacts to generate a moderately dense sample.
The density of the medium is 1605 kg/m3 when gravity deposition is finished. During
the impact process, the granular medium adopts parameters calibrated based on the
quasi-static triaxial tests.

The medium leans on a rigid surface, referred as "bottom" hereafter. The size of the
sample is 20 m in length and width, 3 m in height (i.e. typically 6-8 particles along the
vertical axis). Large enough values of sample length and width are chosen to avoid
lateral boundary effects (see section 3.4.2.3). In dynamic impact modelling, we use rigid
fixed wall boundaries. No periodic boundary conditions are considered. The parameters
of the boulder and the granular medium are given in table 3.2.

3.4.2 Validation of the impact modelling

The reaction of the boulder and the response of the medium during the impact are
investigated and compared with results from literature for model validation purpose.
Under the conditions of normal impact, the main attentions are put on the vertical com-
ponent of the impact force on the boulder Fboul, the impact duration Timp, the vertical
incremental transmitted force on the bottom boundary ∆Fbott, the vertical velocity of the
boulder Vboul and the vertical penetration depth of the boulder Zboul.
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Table 3.2: Parameters of the boulder and the granular medium

Parameter Value

Sample length × width × height 20 m × 20 m × 3 m
Grain size distribution Rmin/Rmean/Rmax

=0.133 m/0.2 m/0.267 m
Unit mass of grains 2700 kg/m3

Unit mass of boulder 2700 kg/m3

Boulder radius 1.17 m
Boulder mass 18260 kg
Boulder impact velocity 19.23 m/s
Boulder impact energy 3376 kJ

3.4.2.1 Impact force and impact duration
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Figure 3.14: Time evolution of impact force on the boulder Fboul

Figure 3.14 shows the evolution of the impact force Fboul on the boulder: at the time
t0 = 0.0 s, Fboul starts to increase, which indicates that the boulder starts to interact
with the granular medium; a peak value of 1.22 ×107 N is reached about 0.015 s after
the impact starts; at the time tb = 0.083 s, Fboul equals to zero, which indicates that the
boulder loses interactions with the granular medium. Therefore, the impact duration
Timp is 0.083 s (Timp = tb − t0).
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The results of Pichler et al. (2005) obtained under similar conditions are selected to
validate simulation results in terms of the peak value of Fboul and Timp. To support the
design of rockfall protection structures covered with energy-absorbing gravel layers,
Pichler et al. (2005) first conducted dimensional analysis to build relations between the
penetration depth, the impact duration, and the impact force, respectively, and the rock
boulder mass, the height of fall, and the indentation resistance of the gravel. Based on
this theory, Pichler et al. (2005) designed rockfall experiments to let rock boulders of
approximately cubic shapes hit on a granular layer with a face, an edge, or a tip. The
mass of rock boulders was designed up to 20 000 kg. The falling height of boulders was
designed up to 20 m. The granular medium was designed as 25 m in length, 4 m in
width, 2 m in depth and filled with wide-range grained gravel (the maximum diameter
of grains is 0.2 m). The gravel was filled and compacted layer by layer. The obtained
experimental results permit to theoretically estimate rockfall events which are beyond
the experimental scales.

(a) (b)

Figure 3.15: (a) Maximum impact force on the boulder, (b) Impact duration obtained in Pichler
et al. (2005). The red cross points correspond to the DEM simulation results.

The comparison between DEM results and the theoretical results of Pichler et al.
(2005) is shown in figure 3.15. In case of the peak value of Fboul, the DEM result is slightly
higher. The reason for this may be due to the fact that a spherical boulder is used in the
DEM simulation, while their results were obtained based on cubic boulders. Studies in
literature indicate that compared to spherical shaped boulders, angular boulders have
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a lower peak value of impact force (Degago, 2007; Degago et al., 2008). On the other
hand, the comparison of Timp shows a good agreement between the simulation and
experiments.

3.4.2.2 Dynamic amplification effects

In rockfall dynamic impacts on granular layers, it is well known that dynamic amplifi-
cation effect exists (Stoffel, 1998; Calvetti et al., 2005). The dynamic amplification effect is
defined as: the transmitted stress/force on the bottom is larger than those corresponding
to the application of a quasi-static force equal to the peak value of the impact force
(Calvetti et al., 2005).

In this study, dynamic amplification effect is checked for model validation purpose.
Due to the fact that the resultant force acting on the bottom Fbott is dependent on the
weight of the medium, and the rockfall protection structure design is more interested
in knowing the additional transmitted force on the bottom ∆Fbott rather than Fbott, the
dynamic amplification effect in this study is defined as the ratio of the maximum incre-
mental transmitted force on the bottom boundary max.∆Fbott to the peak value of impact
force max.Fboul. The incremental transmitted force on the bottom boundary at a time t

is defined as ∆Ft
bott = Ft

bott − Ft0
bott, where Ft

bott and Ft0
bott are the transmitted forces on the

bottom at times t and t0 respectively.

Figure 3.16 shows the time evolution of ∆Fbott. ∆Fbott keeps constant at the beginning
of the impact, and starts to increase approximately at 0.015 s. A peak value of 2.48 ×107

N is reached at 0.034 s. The peak value is reached 0.019 s later than the peak value of
the impact force. The ratio of max.∆Fbott to max.Fboul is 2.1, which indicates that the
simulation is able to reproduce the dynamic amplification effect.

The corresponding results of Stoffel (1998) are selected to validate the dynamic am-
plification effect obtained in the DEM simulation. In order to better understand the
damping ability of soil cushion covered on rockfall protection rock sheds, Stoffel (1998)
performed series of impact tests at LMR-EPFL of Lausanne to drop falling rock blocks
from various heights on a reinforced concrete slab covered by different materials (Stoffel,
1998). The blocks were made of steel shells plugged with concrete. Their shapes were
cylinders with spherical bottoms. The mass of the blocks were 100, 500 and 1000 kg, the
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Figure 3.16: Time evolution of impact force Fboul and incremental transmitted force on the bottom
∆Fbott

Figure 3.17: Results in terms of the ratio of Max.∆Fbott to Max.Fboul obtained in Stoffel (1998)
(page 90)
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falling heights ranged from 0.25 to 10 m. The dimensions of the reinforced concrete plate
were 3.4 m × 3.4 m × 0.2 m. The thickness of the soil cushion layer ranged from 0.35 m
to 1 m.

The ratio of Max.∆Fbott to Max.∆Fboul obtained by Stoffel (1998) for the cases of boul-
ders impacting a gravel layer of 0.5 m is shown in figure 3.17. Most data distribute
around the value of 2, which is very close to our simulation result (2.1), even though the
experiments and the simulation are under different impact conditions.

3.4.2.3 Compression wave velocity

The transmitted force on the bottom is related to the propagation of compression
waves inside the impacted medium. Moreover, the propagation and reflection of com-
pression waves play an important role in the reaction of the boulder and the response of
the granular medium (Calvetti et al., 2005; Bourrier et al., 2008). This part mainly focuses
on investigating the velocity of compression waves.

The velocity of compression waves propagating inside the medium is calculated as:

Vwave =
H

ta
(3.21)

where, H is the medium thickness; ta is the time that the compression wave reaches the
bottom boundary.

A criterion is adopted to check when the compression waves reach the bottom bound-
ary, that is the incremental value of ∆Fbott exceeds 1% of the max.∆Fbott. Based on this
criterion, ta = 0.016 s is obtained. As a result, the velocity of compression waves Vwave

obtained by equation (3.21) is 200 m/s, which is a common value as cited in the literature
(Stoffel, 1998).
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Additional lateral boundary effects are checked to insure that the reflected compres-
sion waves from lateral boundaries have no influences on the reaction of the boulder.
The criterion adopted is that whether the round trip of compression waves finishes later
than the impact time:





tc =
L
H ta > Timp, no lateral boundary effects;

tc =
L
H ta ≤ Timp, lateral boundary effects.

(3.22)

where, L is the sample length; tc is the time when the reflected waves come back to the
initial impact location of the boulder. The obtained tc is 0.11 s, which is bigger than Timp

(0.083 s). Therefore, no lateral boundary effects are thought to occur in this impact case.

3.4.2.4 Final penetration depth

The vertical component of velocity Vboul and penetration depth Zboul of the boulder
are recorded to investigate the movement of the boulder (Figure 3.18). Zboul is a relative
value with respect to the initial position of boulder. The simulation is run long enough to
obtain the final penetration depth of the boulder.

The velocity of boulder Vboul starts to become positive at a time of 0.053 s (Figure 3.18).
The maximum value of Vboul equals 1.28 m/s and is reached at the time of 0.074 s. At the
time of tb=0.083 s (when boulder starts to lose contact with the granular medium, figure
3.14), Vboul corresponds to a value of 1.23 m/s. During the period from 0.083 s to 0.51
s, Vboul varies from positive values to negative values, which indicates that there is no
strong interaction between the boulder and the granular medium, or the boulder is just
contacting with few flying particles. Starting from the time of 0.51 s, the boulder impacts
again on the granular medium with a velocity of -2.5 m/s. Then successive interactions
between the boulder and the medium finally lead to Vboul equals to zero.

Correspondingly, the penetration depth of the boulder equals to a value of 0.52 m
at the time of 0.053 s. Afterwards, the boulder first rebounds and then impacts again
the medium at a position of 0.77 m. The corresponding position of the boulder and the
medium at the time of 0.053 s and 0.51 s is shown in figure 3.19. It is worth noting that
the medium keeps going downward between the two impacts, without the influences of
boulder. The settlement of the medium between the two impacts is 8.3% of the medium
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Figure 3.18: Time evolution of impact force Fboul , boulder’s velocity Vboul and Penetration depth
Zboul

thickness, and is mainly due to the ejection of grains in the impact neighbourhood (Figure
3.19(b)). The final penetration depth of the boulder inside granular medium is 1.15 m,
which is a little bit larger than the results of Pichler et al. (2005) (Figure 3.20). This might
be due to the fact that particles eject and the granular medium has strong rearrangements
during the impact.

To sum up, the impact force on the boulder, the impact time, the transmitted force on
the bottom boundary, the final penetration depth of the boulder are investigated. The
agreement between our DEM results and results from literature are satisfying which
confirms the validation of the model.
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(a) (b)

Figure 3.19: Positions of boulder and the granular medium at the time of (a) 0.053 s, (b) 0.51 s

Figure 3.20: Penetration depth obtained in Pichler et al. (2005). The red cross points correspond
to the DEM simulation results
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3.5 Conclusion

This chapter conducts 3D discrete element modelling of the interaction between
a granular medium and a falling boulder. To build this impact model, a contact law
is chosen to simulate the behaviour of granular materials. Since no specific dynamic
experiment in literature is available for model calibration, an assumption is made that the
contact law calibrated under quasi-static triaxial tests can be further used into dynamic
impact modelling.

First of all, an elastic-plastic contact law implemented with rolling resistance to con-
sider particle shape effects is chosen as the contact law. Experimental data of quasi-static
triaxial loading on angular Ticino sand are adopted to calibrate the contact parameters,
since the angular Ticino sand can represent rockfall impacted granular medium, such as
natural slopes or protection embankments.

Following a calibration procedure proposed in the literature, the calibration succeeds
in finding a series of local contact parameters that allow to reproduce the macroscopic
response of Ticino sand under 100 kPa of confining pressure. The match of simulation
and experiments under 200 kPa and 300 kPa confining pressures by using the same series
of contact parameters validates the calibrated parameters. During the calibration, it is
found that particle number has no great influence on the macroscopic behaviour of the
granular medium, since there is no inertia effects in quasi-static loading. In addition,
rolling resistance is able to account for the particle shape effects. It has important effects
in improving the peak stress and the dilatancy properties of the sand.

Secondly, the newly calibrated contact law is applied to simulate the dynamic loading
process of a boulder impact a granular medium. The comparison of simulation results
and experimental results given in the literature in cases of maximum impact force on the
boulder, the impact duration, the finial penetration depth of boulder validates the impact
modelling. In addition, the model is shown to be capable of reproducing the dynamic
amplification effects.
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The validation of the 3D impact model indicates that DEM is capable of modelling
the impact of a boulder on a granular medium. Besides, the contact law calibrated by
quasi-static triaxial tests is able to be applied in dynamic impact problems. Based on this
model validation, further investigation on the response of the granular medium can be
conducted.
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4.1 Introduction

Due to the important role of bouncing in the prediction of rockfall trajectories and the
design of protection structures, the objective of this chapter is to investigate the global
bouncing occurrence of boulder based on the 3D impact model developed and validated
in chapter 3. Parameters concerning boulder sizes and medium thickness are varied.

In addition, local configuration effects and the energy propagation processes inside
the impacted medium are primarily investigated, particularly because the bouncing
of boulder is closely related to the boulder-medium interaction. More specifically, the
investigation of local configuration effects aims at evaluating the variability of the results
(impact force and reflected velocity of boulder) with respect to various impact locations,
and selecting an appropriate number of simulations whose average value is representa-
tive. The energy propagation processes are investigated by analysing the time evolution
of kinetic energy, elastic strain energy, coordination number, energy dissipation inside
different medium volumes, which helps understanding the response of the medium
under impact.

Finally, the bouncing occurrence of boulder with respect to different layer thickness
and boulder sizes are obtained by adopting a bouncing criterion. Relations between the
bouncing of boulder and the response of the granular medium are discussed.

4.2 Variability of the results with respect to impact loca-

tions

4.2.1 Introduction

Due to the discontinuity of granular materials, the impact processes are closely related
to the local configurations (Bourrier et al., 2008). In order to check the local configurations
of the impact model, simulations of two identical boulders vertically impacting a granu-
lar medium corresponding to two different impact locations are conducted. The granular
medium is the same as the one validated in chapter 3, with a maximum grain size ratio
of 2. The two impact location points are selected without having lateral boundary effects.
Figure 4.1 shows that the impact forces and the velocities of boulder with respect to the
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two impact locations are different, not only in the peak values, but also in the arriving
times of the peak values. Particularly, the impact force peak is 1.42 ×107 N and 1.20 ×107

N corresponding to location A and B respectively, the maximum velocity is 1.50 m/s and
0.61 m/s corresponding to location A and B respectively.
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Figure 4.1: Variability of results in terms of (a) Impact force on the boulder Fboul , (b) Vertical
velocity of boulder Vboul with respect to two locations. In this case, the radius of the
boulder is 1.2 m, the layer thickness of the granular medium is 3 m

Therefore, when examining the bouncing occurrence of boulder impacting a granular
medium, it is necessary to know the variability of the simulation results with respect
to impact locations, and to have an idea about how many simulations are necessary to
have the representative average reaction of the boulder. Under the condition of normal
impacts, the reaction of boulder mentioned here mainly concerns the maximum vertical
impact force on the boulder max.Fboul and maximum vertical component of the boulder
velocity max.Vboul.

Despite this requirement, no exhaustive investigations conducted upon the variability
of results with respect to impact locations have been found in the literature. Only few
works in the literature consider the local configuration effects. For instance, in the work
of Bourrier et al. (2008), the evolution of the mean value and the standard deviation
of the reflected kinetic energy of the boulder versus the number of simulations were
investigated. The results indicated that 100 locations with a 0.05 m distance apart can
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insure a stable mean value and standard deviation of the reflected kinetic energy of the
boulder. However, this is a rough estimation, besides, the evolution of mean value and
standard deviation is dependent of the randomization of the impact locations.

4.2.2 Methodology

This work interests in knowing the minimum number of simulations to be conducted
in different impact conditions, such as various boulder sizes and various layer thickness.
It is supposed that the the number of simulations for the case of Rb = Rm (Rb is the
radius of boulder, Rm is the average radius of particles inside the medium), will also be
relevant for cases of Rb > Rm, based on the assumption that the number of simulations
required depends on the ratio of Rb/Rm: the larger the ratio of Rb/Rm, the smaller the
variability of the results. The influence of layer thickness on the variability of the results
is not considered, the investigations are conducted based on a layer thickness of 15Rm.

In order to overcome lateral boundary effects, the impact locations of boulder are all
located on a center surface of 2 m × 2 m area (the length of the area is 10% of the medium
length). Moreover, the area is uniformly divided into a × a grids, with a=2, 3, 4, ..., the
impact locations are all located on the grid nodes. Therefore, the number of simulations,
n, equals to 9, 16, 25, 36, 49, ... (Figure 4.2).

The reference case corresponds to 400 number of impact simulations. This number of
simulations is supposed to be sufficient to capture the average reaction of the boulder.
In order to achieve the goal of selecting an appropriate number of simulations that
compromises between the average reaction of boulder and the computation time, first
of all, the variability and the distribution of results with respect to various number of
simulations are examined; second, a statistical tool is used to select a smaller number of
simulations which supports the hypothesis that there is no significant difference between
the corresponding mean value x1 and the mean value of the reference case x2.



82 4. Global bouncing occurrence of the boulder

x (m)

(a x a impact locations)

0 10 20

2
0

1
0

0

y
(m

)

Figure 4.2: n number of impact locations on the center surface area of 2 m × 2 m, n = a2, with
a = 2, 3, 4, ..., 20.

4.2.3 Results

The distributions of simulation results are examined in this section by using a Shapiro-
Wilk test. Based on this, a student’s t-test is adopted to select the number of simulations
whose average value shows no significant difference from the reference case. Afterwards,
the number of simulations selected is adopted for other impact cases which are demon-
strated in section 4.4 and section 5.3.1.

4.2.3.1 Normality of the distributions

Figure 4.3 shows the probability density distributions of max.Fboul and max.Vboul for
400 simulations and 49 simulations as two examples. Detail information of the distribu-
tion for n number of simulations are shown in table 4.1.
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Figure 4.3: Probability density distributions of (a) Maximum impact force on the boulder
max Fboul , (b) Maximum reflection velocity of boulder max .Vboul of 400 simulations;
Probability density distributions of (c) max .Vboul , (d) max .Vboul of 49 simulations.
The red curves are density estimates along the histograms

Table 4.1 indicates that, for the case of max.Fboul , the average value out of n number of
simulations varies from 7.3-7.7 ×105 N, the ratios of standard deviations to the average
values are around 20-30%; for the case of max.Vboul, the average value varies from 5.28-
5.73 m/s, the ratios of standard deviations to the average values vary around 32-43%.
There is no clear trend showing which number of simulations have the results (average
value and standard deviation) most close to the reference case.
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Table 4.1: Average value xn, standard deviation sn as well as the p-values of Shapiro-Wilk
normality tests for n number of simulations

n (number of simulations)
max .Fboul max .Vboul

xn (105 N) sn/xn p-value xn (m/s) sn/xn p-value

9 7.7 0.247 0.542 5.723 0.318 0.457
25 7.5 0.221 0.265 5.618 0.403 0.839
36 7.3 0.297 0.231 5.504 0.430 0.557
49 7.6 0.261 0.266 5.309 0.392 0.041
64 7.6 0.251 0.560 5.332 0.353 0.434
400 7.6 0.247 0.001 5.279 0.383 0.564

In addition, the Shapiro-Wilk test (Shapiro and Wilk, 1965; Razali and Wah, 2011)
is used to check the normality of the data (Table 4.1). The test rejects the hypothesis
of normality when the p-value is less than or equal to a cutoff value, 0.05 for instance.
Failing the normality test indicates that with 95% confidence the data does not fit the
normal distribution. On the other hand, passing the normality test only indicates that no
significant difference from normality is found.

Although a p-value of 0.001 is obtained in terms of max.Fboul in the reference case
(This is due to the fact that the Shapiro-Wilk test is biased by sample size, large samples
may be statistically different from a normal distribution (Wilk and Gnanadesikan, 1968)),
generally p-values given in table 4.1 indicate that the Shapiro-Wilk test does not signifi-
cantly reject the hypothesis of normal distributions. Therefore, the following student’s
t-test which is based on normal distribution hypothesis can be adopted to select the
appropriate number of simulations.

4.2.3.2 Student’s t-test

In order to select a small number of simulations x1 whose average value is not sig-
nificantly different from the reference case x2, a statistic tool of Student’s t-test is used,
based on the previous conclusion that the distributions of n number of simulation results
are normal.
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Student’s t-test is one of the most commonly used tools to test the difference between
two sample means. The test determines whether two populations are the same within a
given level of confidence. A confidence interval for the difference between two means
specifies a range of values within which the difference between the means of the two
populations may lie (Easton and McColl, 1997).

The confidence interval for the difference between two mean values is given by

CI = (x1 − x2)± t∗

√
s2

1
n1

+
s2

2
n2

(4.1)

where s1 and s2 are the standard deviation for the two populations respectively, t∗ is the

upper
1 − C

2
critical value for the t distribution with k degrees of freedom, with k equals

to the smaller value of n1 − 1 and n2 − 1, C equals to 0.95. If the confidence interval
includes 0 we can conclude that there is no significant difference between the means of
the two populations, at a given level of confidence (Neyman, 1937; Easton and McColl,
1997).

The comparison between the two mean values for n simulations and the reference
400 simulations in table 4.2 indicates that, for a 95% of confidence interval, there is no
significant difference between the average values, for all the cases of n ≤ 64. However,
the intervals decrease with the increase of simulation numbers (Table 4.2). A percentage
value p is defined as:

p =

t∗

√
s2

1
n1

+
s2

2
n2

x2
× 100% (4.2)

Table 4.2 shows p decreasing with the increase of simulation number, which indicates
that the larger the number of simulations, the smaller the significance from the reference
case. Based on this, a number of 49 simulations is selected that compromises best be-
tween the representative average reactions and the computational time. Therefore, the
number of 49 impact simulations is applied to impact cases with different layer thickness
and boulder sizes.
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Table 4.2: Confidence intervals between n number of simulations and the reference case

Pair of simulations
max Fboul max Vboul

CI (10 7 N) p (%) CI (m/s) p (%)

9-400 [-0.011, 0.013] 19.5 [-0.701,1.589] 26.9
25-400 [-0.006, 0.005] 9.4 [-0.455, 1.132] 18.1
36-400 [-0.009, 0.003] 10.0 [-0.463, 0.913] 15.7
49-400 [-0.005, 0.005] 7.9 [-0.497, 0.557] 12.0
64-400 [-0.005, 0.004] 6.7 [-0.375, 0.480] 9.7
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Figure 4.4: Evolution of s/x (the ratio of the standard deviation to the mean value, for the case
of maximum impact force on the boulder) versus Rb/Rm

Based on the results of 49 simulations, the ratio of standard deviation to the mean
value decreases with the increase of the ratio Rb/Rm (Figure 4.4), which confirms the
assumption that the variability of the results decreases with the increase of Rb/Rm.
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4.3 Energy propagation inside the granular medium

Kinematics and energy propagations inside the impacted medium are important
issues which help understand the boulder-medium interactions. The aim of this section
is to understand the response of the impacted medium through energy propagation
(elastic strain energy, kinetic energy, energy dissipation) processes as well as the grain
rearrangements (coordination number) inside the medium, based on a detailed medium
division approach. Based on this, relations between the energy propagation process and
the bouncing of boulder will be further discussed. In this section, the results will be first
demonstrated and the interpretation of the results will be conducted afterwards.

4.3.1 Layer division

The granular medium is first divided into several crown volumes according to their
distance from the impact point (Figure 4.5). Second, each crown volume is divided into a
lateral part and a central part due to their different loading and boundary conditions.
Particularly, in the studies of Stoffel (1998), a load diffusion angle inside the granular
medium is found between 33◦ to 47◦ (Figure 4.5(a)), for the case of non-compacted soil.
Therefore, a angle of 90◦ is adopted for central volumes (Figure 4.5(b)). Due to the limited
number of particles and too important particle rearrangements, the physical processes
involved inside an initial crown which is just below the impact point are not investigated.

(a)

C_1

C_2

C_3

想捜° 想捜°L_1

L_2

L_3

(b)

Figure 4.5: (a) Load diffusion angle, (b) Layer division for an impact case of a 4 Rm boulder
radius and 40 Rm layer thickness
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The energy propagation process within the impacted granular medium is investigated
from crown to crown based on a specific impact case: the radius of boulder Rb = 4Rm,
the initial impact velocity is 20 m/s, the initial kinetic energy of the boulder is 1158 kJ.
The thickness of the impacted medium is 40Rm (each crown volume is of 5-6 particle
in thickness). The number of particles in lateral volumes L_1, L_2, L_3 are 1146, 3174,
6325 respectively, the number of particles in the central volumes C_1, C_2, C_3 are 645,
1703, 3319 respectively. Basically, the sample needs at least 2-3 s to be stable after the
impact. However, we suppose that energy propagations within the initial period of 0.2 s
are the most interesting parts. Therefore, energy propagations within the initial 0.2 s are
considered.

4.3.2 Evolution of kinetic energy Ek and elastic strain energy Es

Kinetic energy Ek and elastic strain energy Es are recorded inside each crown volume
to investigate the energy exchange and transfer processes. Generally, several phenomena
are observed:

• Time delay of the increases in energies from crown_1 to crown_3

In lateral volumes, the increase in Ek is time delayed, which starts at 0.012 s, 0.024
s, and 0.036 s for volume L_1, L_2, L_3 respectively. In addition, the initial Ek of
each volume is zero, since the medium is in quasi-static state before being impacted
(Figure 3.8(a)). Similarly, the increase of Es is time delayed. On the other hand, the
initial Es inside each volume is not nil (the medium is compressed under gravity),
they are 0.74 kJ, 5.5 kJ, 19.0 kJ for volumes L_1, L_2, L_3 respectively (Figure 3.8(b)).
Same trend of time delay is observed in central volumes (Figure 3.8(c-d)). The
difference is that the initial Es are 1.7 kJ, 11.0 kJ, 37.9 kJ for volumes C_1, C_2, C_3
respectively, which are approximately twice larger than that in lateral volumes.

• Reduction of peak values of energy increments from crown_1 to crown_3

In lateral volumes, there is a reduce of peak values of incremental Ek and incre-
mental Es from volumes L_1 to L_2 to L_3, the peak values of incremental Ek are
78.3 kJ, 20.9 kJ, 7.6 kJ respectively; the peak value of incremental Es are 35.3 kJ,
19.74 kJ and 15.5 kJ respectively. In central volumes, same trends of reduction of
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Figure 4.6: Time evolution of kinetic energy Ek and elastic strain energy Es inside each volume

incremental peak values from volumes C_1 to C_2 to C_3 is observed: the peak
values of incremental Ek are 84.7 kJ, 24.5 kJ, 10.7 kJ respectively; the peak values of
incremental Es are 69.8 kJ, 38.2 kJ and 35.7 kJ respectively. It is worth noticing that
the peak values of the incremental Es are around twice larger than that in lateral
volumes, although the number of particles in central volumes are less than lateral
volumes.

• The relation of incremental Ek and incremental Es to the initial value of Es

Three ratios are defined: λa is the ratio of maximum incremental Es to the initial
Es value; λb is the ratio of the maximum incremental Ek to the initial Es; λc is
the ratio of maximum incremental Ek to the maximum incremental Es. In lateral
volumes successively from L_1 to L_2 to L_3, λa is 47.4, 3.6 and 0.8 respectively, λb

is 105.3, 3.8 and 0.4 respectively, λc is 2.2, 1.1, 0.5 respectively. In central volumes
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successively from C_1 to C_2 to C_3, λa is 39.9, 3.5 and 0.9 respectively, λb is 48.5,
2.2 and 0.3. λc is 1.2, 0.6, 0.3. The ratios have decreasing trends from crown_1 to
crown_3. In addition, the ratios obtained in central volumes are smaller than those
in lateral volumes.

• Second peak of Ek and Es

In addition, two peaks are observed, especially for Ek curves shown in figure 4.6 (c).
The ratios of second peak value to the first peak value are 0.26, 0.7, 0.8 for crown
C_1, C_2, C_3 respectively. The second peak is observed more easily in the crown_3
than that in the crown_2 and crown_1.

• Correlation of Ek and Es

The energy in lateral and central volumes are plot together to analyse the correla-
tions of Es and Ek (Figure 4.7). It is found that: first of all, inside each crown , the
increases in Ek and Es for both lateral volume and central volume start at the same
time, the peak values of Es in lateral volume and central volume arrive nearly at
the same time. Second, in central volumes, peaks of Es and Ek arrive at the same
time, while in lateral volumes, peaks of Es arrives earlier than Ek. Correspondingly,
the peak value of Ek in central volume is always reached earlier than that in the
lateral volume.

4.3.3 Evolution of coordination numbers

In order to study the kinematics of the the impacted medium, the evolution of coor-
dination number inside each volume is investigated (Figure 4.8). It shows that initially
the sample is moderately dense with coordination numbers among 3.5 - 4.5, while af-
ter being influenced by the impact, a rapid and important decrease in coordination
numbers is induced. Similar to the evolution of Ek and Es, the drop in coordination
number is time delayed. The minimum coordination number is 0.5, 1.9, 3.0 for volume
L_1, L_2, L_3 respectively, the minimum coordination number is 0.9, 2.5, 3.5 for vol-
ume C_1, C_2, C_3 respectively. The drop in coordination number is less significant for
crowns located at increasing distances from the impact point. In the same crown, the drop
in coordination number is more significant in lateral volumes than that in central volume.



4.3 Energy propagation inside the granular medium 91

0

10

20

30

40

50

60

70

80

90

100

E
n

e
rg

y
 (

k
J
)

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
● ● ●

● ●

●

●

●

●

●
●

●
●

●

●

●

●
●

● ● ● ● (a)

● ●

 

Ek _L_1

Es _L_1
Ek _C_1

Es _C_1

0

10

20

30

40

50

60

E
n

e
rg

y
 (

k
J
)

● ● ●

●

● ●

●

● ● ● ●
●

●

●

●
● ●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●
● ● ● ● ● (b)

● ●

 

Ek _L_2

Es _L_2
Ek _C_2

Es _C_2

0 0.04 0.08 0.12 0.16 0.2

Time (s)

0

10

20

30

40

50

60

70

80

90

E
n

e
rg

y
 (

k
J
)

● ● ● ●

●

●

●
●

●
●

● ●
●

●
●

● ● ● ●

● ● ● ●

●

●

●

●

● ●
●

●

● ● ● ● ● ● ●

(c)

● ●

 

Ek _L_3

Es _L_3
Ek _C_3

Es _C_3

Figure 4.7: Time evolution of kinetic energy Ek and elastic strain energy Es inside each volume

4.3.4 Evolution of incremental energy dissipation

Figure 4.9 shows the amount of incremental energy dissipation by frictional sliding
and frictional rolling inside each volume (frictional rolling includes both frictional bend-
ing and frictional twisting).
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Figure 4.8: Time evolution of coordination numbers inside each volume

The magnitude of incremental energy dissipation decreases from crown_1 to crown_3,
even though the number of particles in crown_3 is much larger than that in crown_1.
Inside each volume, the amount of incremental energy dissipation by frictional sliding is
much larger than that by frictional rolling (Figure 4.9). The ratio of the maximum energy
dissipation by sliding to that by rolling is 1.5, 2.2, 3.4 in volume L_1, L_2, L_3 respectively,
and is 2.6, 4.5, 9.5 in volume C_1, C_2, C_3 respectively. In addition, the peak value of
energy dissipation by frictional rolling reaches slightly later than that by frictional sliding.

In addition, till the time of 0.2 s, the sum of energy dissipation within the three crown
volumes is 355.1 kJ which is 50.5% of the sum of energy dissipation within the whole
sample (702.6 kJ). Therefore, occupying 33.5% of the total sample volume, the crown
volumes play an important role in energy dissipation.

Figure 4.10 indicates that the number of frictional sliding contacts are much larger
than frictional rolling contact number. The ratio of maximum sliding contacts to the
maximum rolling contacts inside each volume is around 10 to 20. Besides, the peak value
of rolling contact number is reached slightly later than that of sliding contact number.
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Figure 4.9: Incremental sliding and rolling energy dissipation inside each crown volume
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Figure 4.10: Number of sliding and rolling contacts inside each crown volume
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4.3.5 Discussion

The evolution of energies and coordination number offers information upon the
physical response of the medium during boulder-medium interaction. The time delay of
the increase in energies as well as the reduction of peak values from one crown to the
adjacent one indicate that the propagation of energies is relevant with the propagation
of compression waves. Moreover, the reflection of waves from the bottom boundary is
revealed by the second energy peaks.

Among elastic strain energy Es, kinetic energy Ek and energy dissipation Ed, Es is
related to the strength of the granular medium developed to resist the impact loading.
Similar to the evaluation of impact force on the boulder, the increase in elastic strain
energy inside each volume shows a peak (Figure 4.7). This indicates that the strength
developed by the medium to resist against the impact of the boulder is not persistent. In
addition, the increase of Es is accompanied with the increase in Ek and Ed, the decrease
in coordination number (Figure 4.11), which points out the strong rearrangements of the
particles as well as the strength decrease of the granular medium. More specifically:

Energy propagation inside the medium

Increase in elastic strain energy

Increase in kinetic energy

Increase in energy dissipation

Decrease in coordination number

Development of the resistant strength
Absorb energy of the boulder

Fluidization process of the sample

Boulder-soil interaction

Figure 4.11: Schema of energy propagation process inside the impacted medium
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• The peak value of Ek is reached simultaneously or slightly later than that of Es.
The propagation of compression waves composes not only a compression phase
(characterized by the increase of Es), but also recovery phase (characterized by the
increase of Ek). In addition, the correlation of Ek and Es indicates the larger the
initial value of Es, the smaller the maximum Ek increments.

• Comparison between energy dissipation by sliding and by rolling reveals that
sliding motion is more dominating than rolling in this impact case, particularly, the
number of sliding contacts is much larger than that of rolling contacts. The results
are in contradiction with the results of Oda et al. (1982), Bardet (1994) and Shodja
and Nezami (2003), in which they found that rolling motions are more dominating
than sliding. This is because they used low rolling frictional oval particles, while in
this simulation, rolling resistance is adopted to model the particle shape effects.
This is consistent with the fact that rolling resistance has effects in resisting the
rolling motion between the particles and inducing a much less number of rolling
contacts. One thing to keep in mind is that even sliding motion is more dominating,
energy dissipation by rolling is not negligible in this impact case. Moreover, energy
dissipation per contact by rolling is much larger than that by sliding.

• The decrease in coordination number is relevant with the fluidization of the gran-
ular medium during the impact (de Bruyn and Walsh, 2004; Bourrier et al., 2008).
After being subjected to the impact, the volume becomes very loose, especially for
the volume of crown_1 and crown_2.

• Central volumes are the most influenced ones by having relatively higher mag-
nitudes of Es, indicating that they contribute to the main strength to the impact
of the boulder. Lateral volumes characterized by relatively higher magnitudes of
Ek and Ed indicate that they mainly play the role of absorbing boulder’s kinetic
energy. This is also consistent with the bimodal character of granular medium: a
load bearing strong network and a energy dissipation weak network Radjaï et al.
(1998). The energy dissipation in lateral volumes is due to the dissipation of weak
networks, and the dissipation in central volumes is mainly due to the buckling of
strong force networks.
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The reaction of boulder is strongly related to the response of the impacted granular
medium. Boulder rebounds if the medium is able to develop strong strength (character-
ized by large value of Es) during the impact. Otherwise, the medium mainly plays the
role of transforming boulder’s kinetic energy into Ek and Ed.

4.4 Boulder’s global bouncing occurrence

This section aims at investigating the bouncing occurrence of boulder based on the
developed 3D numerical impact model, with the consideration of particle shape effects.
Impact conditions of various boulder sizes and medium thickness are considered. In
addition, bouncing occurrence of boulder in 2D impact cases are also conducted to be
qualitatively compared with 3D cases.

For this aim, a local bouncing criterion is defined that the impact force acting on
the boulder is less than a proportion of boulder weight. Two criteria parameters are
used to define a local bouncing occurrence and a global bouncing occurrence respec-
tively. Parametric studies are conducted to see the effects of criterion parameters on the
bouncing occurrences of boulders. Four specific impact cases are analysed to understand
mechanisms that govern the bouncing of the boulder. Combined with the physical
energy propagation process inside the medium, the bouncing of boulder on the granular
medium is discussed.

4.4.1 Impact simulations

Series of simulations are conducted to investigate the bouncing occurrences of boul-
der under various impact conditions. The varying parameters are the radius of the
boulder Rb and the thickness of the impacted granular medium H. Samples of various
layer thickness H are generated for this purpose. Rm of each impacted sample is 0.2 m,
the length and width of the impacted sample in all cases are 20 m. The boulders impact
the granular mediums vertically without rotational velocities, the initial impacting ve-
locities are 20 m/s, thus the initial kinetic energy of boulder is cubic of the boulder radius.
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Both 2D and 3D simulations are conducted. The 2D simulations using spherical
particles and using the same contact parameters calibrated based on quai-static triaxial
tests, with the consideration of rolling resistance. In 2D impact simulations, the center
of boulder and particles are aligned in the ”y = 0” plane. In order to avoid particles
going out of ”xz” plane, the freedom ”yXZ” of particles are fixed, where ”y” represents
the translational movement in the ”y” direction, ”X” and ”Z” represent the rotational
movements around ”X” and ”Z” axis respectively. The boulders impacted on 2D samples
are the same as the ones impacted on 3D samples.

In this study, in order to avoid local configuration effects induced by the discrete
nature of granular materials, and to obtain representative bouncing actions (a boulder
might bounce corresponding to one impact location and not on the other location), simu-
lation corresponding to various impact locations are conducted.

For each pair of (Rb, H) impact conditions, simulations corresponding to different
impact points are conducted to get the average reaction of boulder. In 3D cases, 49 points
are uniformly distributed in the center surface 2 m × 2 m of the ”xy” plane. In 2D cases,
7 points are considered and are uniformly located in the center part of the sample (2 m)
to avoid boundary effects. The number of simulations in 2D and 3D cases is assumed to
be sufficient to get representative average results. Moreover, each impact simulation is
run as long as 3 s to obtain the final settle of the boulder and the granular medium. A
large domain of (Rb, H) is considered: the boulder radius Rb = nRm, with n = 1, 2, ...,
11; the layer thickness H = mRm, with m = 10, 15, 20, ..., 50 (to be more convenient, both
Rb and H are represent by the average radius of particles Rm).
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4.4.2 Definition of bouncing

4.4.2.1 Definition of a local bouncing

A local bouncing is a bouncing occurrence corresponding to a specific impact location.
Various local bouncing occurrence criteria can be adopted, such as the impact force on
the boulder equals to zero value or the change in the impacting particle’s normal velocity
sign after the interaction with the medium. The shortcoming of the former criterion is
that impact force on the boulder is not vanishing in some cases by contacting with flying
particles. Based on the later criterion, boulder always rebounds, due to the fact that
without damping, the normal velocity of the boulder always fluctuates around the zero
value before the boulder finally stops (if the simulation is run until the final settle of the
boulder and the medium).

The local bouncing criterion adopted in this work is that the minimum impact force
acting on the boulder inside series of time windows F̂ is less than a fraction value αcri

(αcri ≪ 1) of the boulder weight Wboul. Bouncing is defined as:

F̂ ≤ αcri Wboul (4.3)

Therefore, it is possible for the case of boulder contacting with few flying particles to
be considered as bouncing, and the case of a tinny positive boulder velocity due to the
fluctuations to be not considered as a bouncing.

The initial time window starts from the time t′, where t′ corresponds to the time
when the velocity of the boulder first become positive. Starting from t′, successive time
windows are taken to calculate the average impact force on the boulder Fi:





tw = n tc

Fi =
1
tw

∫ t′+itw

t′+(i−1)tw
Fboul(t)dt, i = 1, 2, ...

F̂ = min
(

F1, F2, ..., Fi, ...
)

(4.4)

where tw is the length of the time window; tc is the contact duration of a grain impacting
a fixed boulder; n is a parameter.



100 4. Global bouncing occurrence of the boulder

0 2 4 6 8 10 12

Rb/Rm

3.5

3.7

3.9

4.1

4.3

4.5

4.7

4.9

t c
 (

m
s
)

●

●

●

●

●

●

●

● ●

● ●

Figure 4.12: Evolution of collision time versus the ratio of Rb/Rm

Simulations are conducted to allow a particle (radius Rm = 0.2 m) to impact a fixed
boulder (radius Rb = [Rm, 11Rm]) under gravity with an initial velocity (the collision time
is independent of grain impacting velocity). Figure 4.12 shows that generally the contact
duration is among [3.5 ms, 4.7 ms]. In this work, tw = 0.05 s, which is approximately 10
times of the grain-boulder collision time.

Figure 4.13 shows the time evolution of impact force Fboul, boulder velocity Vboul and
boulder penetration depth Zboul for a specific impact case of Rb = 5Rm, H = 15Rm. Two
impacts corresponding to the time period of [0 s, 0.1 s] and [0.45 s, 0.71 s] are observed.
The first impact induces significant reverse of Vboul, correspondingly, Zboul goes up to 0.1
m during the time period of 0.1 s to 0.2 s (Figure 4.13(c)). The second impact only induces
Vboul slightly reverses. The zoom of Fboul in figure 4.13(b) shows that Fboul is generally
less than αcriWboul between the two impacts, except during the period of [0.28 s, 0.36 s] in
which the boulder is contacting with flying particles. In addition, it is worth noting that
Vboul has a tiny positive value (0.018 m/s) around the time of 0.7 s, while Fboul is much
larger than the critical value αcriWboul, the boulder is considered staying in contact with
the granular medium. The bouncing of boulder in this impact case is verified based on
Fboul between the first and the second impacts.



4.4 Boulder’s global bouncing occurrence 101

0

0.2

0.4

0.6

0.8

1

F
b

o
u
l (

1
0

7
N

)

 

Fboul

αcriWboul

(a)

0

0.02

0.04

0.06

0.08

0.1

F
b
o

u
l (

1
0

7
N

)

 

Fboul

αcriWboul

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

Time (s)

−20

−15

−10

−5

0

5

V
b
o

u
l (

m
/s

)

−1.2

−0.96

−0.72

−0.48

−0.24

0

Z
b
o

u
l (

m
)

 

Vboul

Zboul

(c)

Figure 4.13: Time evolution of (a) impact force Fboul , (b) zoom of Fboul , (c) velocity Vboul and
penetration depth Zboul for the case of Rb = 5Rm, H = 15Rm

4.4.2.2 Definition of a global bouncing

Since 7 simulations and 49 simulations are considered in 2D and 3D cases respectively
for each (Rb, H) impact case, a global bouncing occurrence for varying impact points and
fixed incident conditions is defined as:

n

N
≥ Pcri (4.5)
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where N is the total number of simulations; n is the number of local bouncing occurrences
events, n ≤ N.

Therefore, two parameters αcri and Pcri are adopted for the definition of a bouncing.
αcri is the proportion of impact force acting on the boulder to the boulder weight, which
defines a local bouncing; Pcri is the proportion of local bouncing compared to the total
number of impact locations, which defines a global bouncing.

4.4.3 Bouncing occurrence diagrams
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Figure 4.14: Bouncing occurrence diagrams for both 2D and 3D cases by adopting two criterion
parameters αcri = 0.2 and Pcri = 0.6

Figure 4.14 demonstrates the bouncing of boulder corresponding to the case of
αcri = 0.2 and Pcri = 0.6. Results obtained in 2D and 3D cases are plot together for
qualitative comparison purpose. The curves distinguish the (Rb, H) plane into a rebound
domain and a non-rebound domain: the space below the curve corresponds to the re-
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bound domain, and the space above the curve corresponds to non-rebound domain. The
solid lines themselves belong to rebound domain, and the dotted lines themselves belong
to non-rebound domain.

Generally, similarities and differences exist between bouncing of boulder in 2D and
3D cases:

• For both 2D and 3D cases: if the impacting boulder is sufficiently small, boulder
rebounds whatever the thickness of the sample; if the layer thickness is sufficiently
shallow, bouncing occurs whatever the size of the boulder. In addition, three im-
pact regime exists. The first regime corresponds to a small impacting boulder, in
which the boulder rebounds for any sample height. The second impact regime
corresponds to a medium size boulder, in which the boulder does not bounce for
all cases, the bouncing domain shows a decrease trend as Rb increases. The third
impact regime corresponds to a big size boulder, in which the bouncing shows an
increase trend as Rb increases. The results are generally consistent with the results
of Bourrier et al. (2008).

• The domains of bouncing regimes are different between 2D and 3D cases. For 2D
case, the domain for the three regimes is Rb < 3Rm, 3Rm ≤ Rb ≤ 4Rm, Rb > 4Rm

respectively; For the 3D case, the domain for the three regimes is Rb < 5Rm,
5Rm ≤ Rb ≤ 7Rm, Rb > 7Rm respectively. Compared to the 3D case, the domain of
the first regime is smaller and the domain of the second regime is more limited in
2D case. The bouncing domain of the third regime shows a much steeper increase
trend in 2D case.

In addition, figure 4.15 shows the bouncing occurrence of boulder for various of αcri

and Pcri, the range of αcri is [0, 0.2], the range of Pcri is [0.5, 0.8]. The results indicate that
for both 2D and 3D cases, the larger the value of αcri, the larger the bouncing domain; the
larger the value of Pcri, the smaller the bouncing domain (Figure 4.15 ). The influence of
using different parameters in 2D cases is less important than 3D cases. In 2D cases, the
third regime is mostly influenced by varying parameters, while the domains of the first
and second regimes are independent of the varying parameters. In 3D cases, all of the
three regimes are influenced by the parameters. Generally 2D cases have larger bouncing
domains.
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Figure 4.15: Bouncing occurrence diagrams for both 2D and 3D cases by adopting various pair
of criterion parameters (αcri, Pcri)
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Investigations are conducted to understand the impact mechanisms based on the
reaction of boulder (impact force, velocity) corresponding to three impact regimes. Par-
ticularly, due to momentum conservation law, Fboul∆t = Mb∆Vboul, the variation of
boulder’s velocity ∆Vboul depends on the impact force on the boulder Fboul and the
contact duration, as well as the mass of the boulder Mb. Four specific impact cases are
considered ( figure 4.16). The reaction of boulder corresponding to the four cases are
shown in figure 4.17.
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Figure 4.16: Bouncing occurrence diagrams for both 2D and 3D cases by adopting two criterion
parameters αcri = 0.2 and Pcri = 0.8

The bouncing of boulder shown in figure 4.17(a) and 4.17(b) corresponds to the first
impact regime, in which the bouncing of boulders is due to the first impact between the
boulder and the granular medium. In addition, layer of thinner thickness results in a
higher impact force on the boulder and makes the boulder to have a larger bouncing
velocity. Particularly, the maximum impact force on the boulder in cases of (a) and (b) is
0.73 ×107 N, 0.51 ×107 N respectively, the maximum velocity of boulder after the first
impact is 2.54 m/s, 0.67 m/s respectively.
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Figure 4.17: Reaction of impact force on the boulder Fboul , velocity of boulder Vboul for the case of
(a) Rb = 4Rm, H = 20Rm; (b) Rb = 4Rm, H = 40Rm; (c) Rb = 6Rm, H = 40Rm;
(d) Rb = 8Rm, H = 10Rm

Figure 4.17(c) is a non-bouncing event corresponding to the second regime. The first
impact makes the velocity of boulder decrease without inversion. During the successive
interactions, the impact force on the boulder is always larger than the critical value
αcriWboul, which indicates that the boulder keeps contacting with the whole granular
medium. The velocity fluctuates around the zero value until the boulder finally stops.

Figure 4.17(d) corresponds to a bouncing event of the third regime. Similar as shown
in figure 4.17 (c), the velocity of boulder decreases after the first impact, while the differ-
ence is that there occurs a second impact which makes the boulder bouncing (The impact
force on the boulder is much smaller than its gravity weight after the second impact



4.4 Boulder’s global bouncing occurrence 107

which indicates that the boulder loses the contacts with the medium. On the whole, three
impacts are observed in figure 4.17(d).). In fact, the case of second impact makes boulder
rebound occurrence corresponding to a big boulder impacting with large incident energy.
Boulder transfers large amount of energy to the medium while the medium only has
limited energy dissipation capacities, the residual energies transferred from the medium
back to the boulder make boulder to rebound.

In addition, it is worth mentioning that during the second impacts of cases shown in
figure 4.17(a-d), at the time of 0.55 s, 0.33 s, 0.3 s, 0.3 s respectively, the layer thickness
below the boulder are 18Rm, 37.3Rm, 34Rm, 4.5Rm respectively (data not shown). It
seems that the bouncing of boulder during the second impact shown in figure 4.17(d)
is related to a thin layer thickness between the boulder and the bottom boundary. The
large strength of the medium with a thin layer thickness might be related to the strong
force chains developed inside the medium. Moreover, the energy of boulder shown in
figure 4.17(d) is not totally absorbed by the granular medium at the time of 1 s. On the
contrary, at that time the kinetic energies of boulders shown in figure 4.17(a-c) almost
have been totally transferred to the medium, the velocities are all around 0 values. It
confirms that the stabilization of the boulder-medium interaction process is dependent
of input energy and energy dissipations.

4.4.4 Discussion

The results of 4 impact cases (Figure 4.17) reveal that the bouncing of the boulder is
induced either by the first impact or by the successive impacts (Figure 4.18). Based on
the results obtained in the former section which indicate that strength (revealed by the
elastic strain energy, impact force, or the velocity of boulder after impact) and dissipation
capacities (revealed by the increase of kinetic energy and energy dissipation) are two
issues that influence the reaction of the boulder, it seems that if the medium has strong
strength to the impact of boulder during the first impact, the boulder directly rebounds.
If the boulder does not rebound after the first impact, the boulder stays in contact with
the medium. The bouncing of boulder depends on the subsequent interactions between
the boulder and the medium as well as the energy dissipation inside the medium.
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Figure 4.18: Schema of the bouncing occurrence of boulders

Moreover, the reaction of boulder is dependent of boundary conditions (layer thick-
ness). On one hand, thinner layer can develop stronger strength during the first impact.
For instance, the peak value of impact force obtained by impacting a medium of 20Rm

thickness is 43% larger than impacting a medium of 40Rm thickness (Figure 4.17(a-b)).
On the other hand, it is reasonable to suppose that thicker layers have higher energy
dissipation capacities due to more number of grains and more number of contacts. The
strength and the energy dissipation capacity of the medium are related to each other.
Therefore, thinner mediums are characterized with the stronger strength resistance and
the smaller energy dissipation capacity makes boulder easier to rebound after the impact.
This is consistent with the fact that boulder always rebounds on a shallow medium
thickness as illustrated by the bouncing occurrence diagrams.

The shape of bouncing diagram curves may be interpreted from the medium strength
and energy dissipation points of view. The first regime corresponds to small boulders
with small initial input energy, even thick medium is able to build strong enough strength
to resist the impacts of these boulders, bouncing occurs for every layer thickness. The
bouncing domain of the second regime shows a decrease trend because thinner layers are
required to maintain stronger resistance to the penetration of boulder under moderate
input energy impact. The bouncing domain of the third regime shows an increase trend
because under big input energy impact, the strength developed by the medium during
the first impact is not sufficient to make the boulder rebound and the bouncing of boulder
relies on successive impacts, which allows bouncing to occur on a thicker layer thickness
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(or layers characterized by larger amount of energy dissipation capacities). Therefore,
the bouncing/non-bouncing of boulder on a granular medium is a competition between
the boulder incident energy (represented by the boulder size) and strength together with
energy dissipation capacities of the medium (represented by the medium thickness). In
fact, the bouncing of boulder is related to the relatively high strength as well as low
energy dissipation capacities of the medium

In addition, the difference between the bouncing diagram curves in 2D and 3D cases
may be interpreted similarly. Under the impact conditions of same boulder and same
local contact parameters, strength and energy dissipation capacity of the medium in 2D
case are much smaller than 3D case, due to its limited number of particles and to the
strong kinematical constraint in the cross direction. Therefore, the bouncing domain
of first regime induced by the first impact is smaller in 2D case compared to 3D case,
the bouncing domain of the third regime mainly due to the second impact is bigger in
2D case than 3D case. One thing to keep in mind is that the comparison between 2D
and 3D cases are just qualitatively comparisons. The 2D impact simulations are not
calibrated with experiments and adopt the same contact parameters as well as grain size
distributions as the 3D cases. The 2D simulations calibrated with experiments might
give quantitatively different bouncing occurrence diagrams.

4.5 Conclusion

This chapter investigates the bouncing occurrence of boulder on a granular medium
with the consideration of local configuration effects and the physical energy propagation
process inside the medium. The results indicated that the strength of the sample devel-
oped to resist the impact of boulder and energy dissipation properties are important
points that significantly influence the reaction of the boulder. More specifically:

First of all, local configurations are shown to have influences on the impact force and
reflect velocity of the boulder. For the impact case of Rb = Rm, statistical test suggests
that 49 simulations of fixed incident conditions and varying impact locations compromise
best between the representative average results and the computational cost. Afterwards,
49 simulations are adopted for impact cases of Rb > Rm. In addition, the variability of
results decreases with the increase of Rb/Rm.
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Second, the energy propagation process inside the impacted zone investigated from
crown to crown indicates that the energy propagation is associated with the propagation
of compression waves. The strength of the sample under impact is represented by the
increase of elastic strain energy due to the overlapping between contacting particles.
The increase of elastic strain energy is followed by a fluidization process in which the
particles have strong rearrangements characterized by the increase in kinetic energy
and energy dissipation, as well as the decrease in coordination number. In addition,
energy dissipation by sliding is much more important than that by rolling, due to the
implementation of rolling resistance.

Third, the bouncing of boulder follows three bouncing regimes with respect to boul-
der sizes. Investigation of four specific impact cases corresponding to three regimes
indicates that the bouncing of boulder is induced either by first impact or subsequent
impacts. If the granular medium gives enough strength against the first impact, boulder
rebounds directly. Otherwise, the bouncing of boulder during the successive impacts
depends on the strength of medium as well as the energy dissipation capacities. This
interpretation explains the shifts of regime curves between 2D and 3D impact cases.

The global bouncing reactions of boulder and the response of the impacted gran-
ular medium are mainly interpreted in this chapter from an energy propagation and
kinematic points of view. However, interpretations of load transfer mechanisms from a
micromechanical point of view is still required, since, undoubtedly, all macro responses
of the granular medium have deep fundamental micro-mechanical reasons. The next
chapter will focus on investigating the force chain related load transfer micromechanics
inside the impacted medium. Unlike in this chapter where 49 simulations are considered
to quantify the bouncing, most of the investigations in the next chapter (except section
5.3.1 and 5.3.2) do not consider the effects of local configurations. We suppose that
investigation corresponding to one specific impact location is sufficient to point out the
main micromechanisms that govern the boulder-medium interaction.
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5.1 Introduction

This chapter investigates the boulder-medium interaction from a micromechanical
point of view. The aim is to investigate how the microstructure evolves and adapts itself
when impacted. In particular, it will be shown that force chain plays a major role.

First of all, force chain networks inside an impacted medium are characterized based
on particle stress informations. The properties of chains (the number of chain particles,
the average chain length) are examined. Second, the effects of grain sizes are investi-
gated. Simulations of identical boulders impacting medium of different grain sizes are
conducted, relations between the impact force on the boulder and force chain properties
(average chain length, chain age) are investigated. Third, the load transfer mechanisms
inside the impacted medium are quantified through the spatial and temporal evolution
of force chains. The spatial force chain structures are characterized based on the regimes
proposed by Clark et al. (2014). Finally, force chain buckling mechanisms are studied
to find the correlation of the number of buckled force chains with impact force, kinetic
energy as well as energy dissipation inside the impacted medium. Finally, the potential
of force chain micromechanisms for rockfall trajectory analysis and protection structural
design is discussed.

5.2 Characterization of force chains inside an impacted

medium

The commonly used numerical force chain identification methods are based on par-
ticle contact informations. Initially, force chains are characterized simply by following
the path of maximum contact force at each particle (Radjaï et al., 1998; Makse et al., 2000;
Bourrier et al., 2008; Kondic et al., 2012), in which the contact force between particles is
plotted with a line thickness proportional to the magnitude of the contact force. However,
this can result in highly nonlinear force chains, and it is difficulty to characterize the
chain orientations. Comparatively, force chain identification method based on particle
stress tensor seems to be a better approach (Peters et al., 2005; Tordesillas et al., 2009,
2014). This method takes particle contact informations as inputs and gives force chain
networks as outputs, using particle principal stress to characterize both the orientation
and magnitude of force chains. In addition, very recently, Tordesillas et al. (2015) pre-
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dicted the majority of force chain particles (76-82%) observed in experiments without
need for any information on contact forces. The force chain network was predicted
through a subnetwork of contacts that transmits the "maximum flow" (i.e., the highest
units of force) at "least cost" (i.e., the dissipated energy from such transmission).

5.2.1 Major principal stress σ1 of a particle

This work adopts the force chain identification method based on particle stress tensor.
The stress tensor of a particle σ is calculated as:

σ =
1
V

Nc

∑
c=1

f c
i lc

j =

∣∣∣∣∣∣∣

σx τxy τxz

τxy σy τyz

τxz τyz σz

∣∣∣∣∣∣∣
(5.1)

where V is the volume of the particle, Nc is the number of neighbouring particles in
contact with this particle, f c

i is the ith component of the force f c acting on the particle, lc
j

is the jth component of the vector lc denoting from the center of the contacting neighbour
to the center of the particle.

The principal stresses σ1, σ2, σ3 are obtained based on the eigenvalues and eigenvec-
tors of the matrix illustrated in equation (5.1). Only the principal stress characterized by
the maximum stress magnitude is chosen to decide whether a particle is a chain particle
or not, the major principal stress σ1 has the maximum stress magnitude and thus is the
one considered .

The major principal stress of each particle is characterized by a magnitude value σ1

and two orientation parameters θ and ϕ, where σ1 is the magnitude of the major principal
stress; θ is the angle between σ1 and the z axis, ϕ is the angle between σ1 and the x axis
(Figure 5.1). By definition, the range of θ and ϕ are both within

[
0◦, 180◦

]
.
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Figure 5.1: The major principal stress of a particle

5.2.2 Algorithms for selecting force chain particles

The algorithm for a particle to be in a force chain consists checking whether it under-
goes larger stress compared to the average stress value of all the particles. The algorithm
is:

σ
j
1 > σ1 =

1
n

n

∑
i=1

σi
1 (5.2)

where σ
j
1 is the magnitude of the major principal stress of the jth particle, n is the total

number of particles, σ1 is the average magnitude of the major principal stress of all
particles.

∆� ∆� ∈ −��, ��

Figure 5.2: Intersection angle of chain particles
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The force chains are quasilinear with minimum three chain particles, therefore, the
orientations of major principal stresses of two adjacent chain particles belonging to the
same chain should fulfill:

∆θ ∈ [−θc, θc] and ∆ϕ ∈ [−θc, θc] (5.3)

where ∆θ and ∆ϕ are the interaction angles of the orientation of the major principal
stresses between two adjacent chain particle (Figure 5.2). θc = 0◦ implies perfectly linear
force chains. Considering the discrete properties of granular materials, θc is selected to
allow force chains to have a reasonable degree of "curvature". θc in this study adopts the
value of 45◦, a common value used in the literature (Peters et al., 2005; Tordesillas et al.,
2009, 2014).

5.2.3 Procedures for identifying force chain network

The procedure for identifying the force chain network is described as:

1. Calculate σ1 of each particle.

2. Filter out particles whose σ1 are smaller than the average value σ1. The particles
whose σ1 are larger than the average value σ1 are called strongly-stressed particles.

3. Filter out particles having less than two contacts. Since a force chain is defined as
having minimum three particles, therefore, for a particle to be in a chain, it must be
a strongly-stressed particle contacting at least two strongly-stressed neighbours.
Correspondingly, chain particle candidates are strongly-stressed particles having
at least two strongly-stressed neighbours.

4. Randomly choose a chain particle candidate as the starting point, detect the suc-
cessive chain particles within [−θc, +θc] in the forward and backward direction
following the procedure proposed by Peters et al. (2005). This is called a detection
loop. In addition, the candidates for the next chain particle are examined starting
from the one characterizing with the maximum value of σ1, to make the force chains
to extend preferably toward the most strongly-stressed direction.

5. Repeat the detection loop until all the force chains have been detected. Moreover,
in order to avoid producing crossing chains, one particle belongs to only one chain
(at the largest).
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5.2.4 Average major principal stress σ1

In order to have an idea of force chain properties inside the impacted granular
medium, the time evolution of the average major principal stress of all particles σ1, the
number of chain particles (based on θc = 45◦) are investigated in this subsection. The
investigations are conducted based on the 3D impact case of Rb=1.17 m, H= 3 m.
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Figure 5.3: Time evolution of (a) Impact force on the boulder and (b) Average major principal
stress σ1 of all particles

The time evolution of σ1 and impact force Fboul are plotted together for comparison
purpose (Figure 5.3). The figure indicates that initially, the value of σ1 is 0.65 kPa (due to
gravity), impact induces the increase in σ1, high values of σ1 corresponds to high values
of Fboul. In addition, the maximum magnitude of 1.65 kPa is reached at the time of 0.04 s,
which is later the arriving time of the impact force peak max.Fboul. From the time of 0.1 s,
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σ1 fluctuates around a value which is smaller than the initial value. One thing to keep in
mind is that the critical value for chain particle identification σ1 varies with time. It is
possible for a particle who has the same magnitude of σ1 to be a chain particle candidate
at one time and not at another time.

5.2.5 Number of chain particles and average chain length

The time evolution of chain particle populations (inside specific crown or the whole
sample volume) and average chain length are investigated inside this subsection (Figure
5.5). The medium is divided into several crown volumes according to their distance from
the impact point. Each crown has the same thickness, that is a quarter of the medium
thickness (Figure 5.4). The volume between the boulder and Crown_1 is not considered
due to its limited number of particles. The length of a chain is defined by the number
of particles belonging to the chain. The average chain length lchain is defined as the
population of chain particles divided by the number of chains.

Figure 5.4: Crown volumes of the medium

Figure 5.5(b) shows that initially, the total number of chain particles inside the three
crowns are 170, which occupies of 7.7% of the total chain particles. Moreover, chain
particles mainly locate inside the crown_3 layer (67% of the total chain particle popula-
tion inside the three crown volumes). Impact introduces a significant decrease in chain
particle populations inside the crown_3 volume, the minimum numbers of chain particles
become 61% of the initial value. The decrease of chain particle number inside crown_2 is
less significant compared to crown_3. The decrease in chain particle populations inside



5.2 Characterization of force chains inside an impacted medium 119

crown_2 and crown_3 is due to the increase of σ1. On the contrary, impact induces the
increase in chain particle number in crown_1 volume, the maximum value is 10.2 times
of the initial value. The amount of chain particles inside each volume decrease after
the corresponding peak values. The population of chain particles is negligible inside
crown_1 and crown_2 after the time of 0.076 s, while the population of chain particles are
non-vanishing inside crown_3 and shows a slight increase trend after the time of 0.076 s.

Figure 5.5(c) shows the time evolution of the number of chain particles for the whole
sample. Initially, the population of chain particles is 13.6% of the total number of particles
inside the sample (the total particle population is 17961). Impact induces a decrease
of chain particle number, the minimum value is 43% of the initial value. The number
of chain particles increases back to the value of 2442 at the time of 0.075 s, and varies
slightly after the time of 0.15 s.

Figure 5.5(d) shows the time evolution of lchain inside the impacted medium: initially
the average chain length is 4.58, impact induces the decrease of average chain length, a
minimum value of 4.07 is reached at the time of 0.03 s. The minimum number of chain
particles and the minimum average chain length are reached around 0.01 s earlier than
the peak value of σ1, which indicates that the most compressed state of the medium is
reached later than the time corresponding to the minimum number of chain particles.
In addition, impact does not induce significant variation of average chain length (the
variation is between the value of 4.0 and 4.7).

The variation of the number of chain particles and lchain indicates the micromechanical
reorganization inside the impacted medium. The investigation in this section corresponds
to a specific case, while in the next section, the effects of grain sizes on the impact force
on the boulder, the chain length and the chain age will be investigated.
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Figure 5.5: Time evolution of (a) Impact force on the boulder Fboul , (b) number of chain particles
inside crown layers, (c) Number of chain particles for the whole sample, (d) Average
chain length
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5.3 Parametric analysis of the effects of grain sizes

It has been shown in chapter 4 that the bouncing of boulder depends on the ratio of
boulder size to grain size Rb/Rm, under conditions of a fixed grain size Rm = 0.2 m. This
section investigates the influences of grain sizes Rm on the boulder-medium interaction
by fixing Rb and varying Rm. The aim is to investigate the relations between the impact
force on the boulder and the force chain properties (average chain length, chain age) of
the medium depending on its grain size distribution. The effect of grain sizes on impact
force is investigated based on 3D simulations. The effects of grain sizes on chain length
and chain age are investigated based on 2D simulations for computational considerations,
besides, the 2D simulations are supposed to give quantitative consistent results with 3D
simulations.

5.3.1 Effect of grain sizes on impact force

Simulations of boulders impacting samples composed of various particle sizes are
conducted (Figure 5.6). The boulders are all identical with a 1.0 m radius and 20 m/s
initial impact velocity. The dimensions of the samples in all cases are 20 m in length and
width, 5 m in thickness. The granular assembly inside each sample follows a uniform
distribution, with a variation of 33% around the average particle size in the 0.1 m -
0.5 m range. For each impact case corresponding to a specific sample, 49 simulations
corresponding to various impact locations are conducted (the impact points are located
on the center surface of 2 m × 2 m, following the same methodology as proposed in
chapter 4). The data shown in figure 5.7 correspond to the average impact force peak
obtained based on 49 simulation results.

Figure 5.7 indicates that the smaller the size of the particles, the smaller the impact
force peak on the boulder. For instance, corresponding to the case of Rb/Rm=2 (Rm =0.5
m), the impact force peak is 1.26 ×107 N; corresponding to the case of Rb/Rm=10 (Rm

=0.1 m), the impact force peak is 0.68 ×107 N. In addition, as the size of particles become
smaller, the decrease gradient of impact force peak tends to become smaller, the impact
force peak tends to converge when the size of particles is sufficiently small.
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(a) (b) (c)

Figure 5.6: Experiments set up for (a) Rb/Rm = 2, (b) Rb/Rm = 5, (c) Rb/Rm = 10
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Figure 5.7: The average maximum impact force on the boulder versus the Rb/Rm

5.3.2 Effect of grain sizes on chain length

This subsection focuses on investigating the average chain length and chain age
inside impacted mediums composed of various grain sizes. The aim is to find how they
influence the impact force. Force chain investigations are conducted in 2D cases. The
dimensions of all 2D samples are 20 m in lengths and 5 m in thickness. In addition, for
each impact case corresponding to a specific sample, 7 simulations corresponding to 7
impact locations uniformly distributed in the center surface of 2 m are conducted. The
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data plotted in figure 5.8 are obtained based on the average value of 7 simulations. Even
though the results will be quantitatively differ from 2D to 3D, the results obtained based
on 2D simulations are supposed to be qualitatively representative of the 3D results.

Figure 5.8 shows the evolution of lchain and lchain/Np versus the ratio of Rb/Rm, where
lchain is the average chain length, Np is the number of particles in the vertical direction of
the sample, Np = H/dm (dm is the average particle diameter). lchain is recorded based on
the chains existing at the time corresponding to the impact force peak.

Figure 5.8(a) indicates that lchain increases with the increase of Rb/Rm. For small
particle sizes of 0.05 m (Rb/Rm=20), lchain is 5.9, while for big particle sizes of 0.5 m
(Rb/Rm=2), lchain is 3.4. Figure 5.8(b) indicates that lchain/Np decreases with the increase
of Rb/Rm. For small particle sizes of 0.05 m (Rb/Rm=20), the ratio of lchain/Np is as small
as 0.2, while for large grain sizes of 0.5 m (Rb/Rm = 2), the ratio of lchain/Np is around
0.7. This result indicates that it is easier for samples composed of big particles to form
longer force chains which connect through the medium thickness to develop strong
strength against boulder’s impact.

5.3.3 Effect of grain sizes on chain age

This part investigates the chain age inside the impacted medium. Two notions are
proposed: the life-span of a force chain, and the age of a force chain. The life-span is
counted back from the time when the chain disappears to the time when it appears. The
age of a force chain is counted from a reference time back to the initial time when it
appears. If a chain disappears before the reference time state, its chain age equals to its
chain life-span.

Two 2D samples composed of particles of Rm=0.05 m and Rm=0.2 m are taken as
examples. Since the investigation is mainly interested in investigating the link between
the force chain age and the impact force peak, only force chains appeared before the
impact force peak are considered. Since larger number of force chains exists in the case
of Rm = 0.05 m than in the case of Rm = 0.2 m, the investigation is focused on the
probability density distribution of chain age. Figure 5.9 indicates that the maximum
chain age for the sample of Rm=0.2 m is 19 ms, while the maximum chain age for sample
of Rm=0.05 s is 16 ms. The density of chains whose age is younger than 2 ms is larger
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Figure 5.8: Evolution of (a) lchain and (b) lchain/Np versus Rb/Rm

inside sample of Rm=0.05 m (0.48) compared to sample of Rm=0.2 m (0.38). The results
indicate that more percentage of force chains in the case of Rm = 0.2 m have longer ages,
in another word, they are more stable.

The results indicate that a higher impact force peak on the boulder in sample com-
posed of big particles is related to a relatively larger chain length with respect to the
medium thickness, as well as a higher density of larger chain ages. The relation confirms
the role of force chains on the mechanical impact force on the boulder. The load transfer
mechanisms inside the impacted medium will be characterized in the next section.
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Figure 5.9: (a) Probability density distribution of chain age, (b) Zoom of (a)

5.4 Spatial and temporal evolution of force chains

The load transferred between the boulder and the medium during the interaction is
conducted through force chains. The aim of this section is to investigate the role of force
chain in load transfer mechanisms inside the impacted medium through the spatial and
temporal evolution of force chains. The spatial structure of force chain propagation is
investigated based on the study of Clark et al. (2014). The load transfer in the vertical
direction of the sample is investigated by characterizing the chain particle populations
inside a conical volume, while the load transfer in the lateral direction of the sample is
investigated by characterizing the critical length of a homogeneously distributed chain
domain (HDCD). The investigations are mainly conducted corresponding to 3D the
impact case of Rb=1.17 m, H= 3 m.
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5.4.1 Spatial structure of force chains

Recently, Clark et al. (2014) experimentally studied force propagation into 2D gran-
ular material during impact from an intruder. They determined the speed and spatial
structure of the force response using high speed video and photoelastic particles. The
results show that these quantities depend on a dimensionless parameter M′

M′ = tcv0/d (5.4)

where v0 is the intruder speed at impact, d is the particle diameter, tc is the collision
time for a pair of grains impacting at relative speed v0. They observed that for low
M′ (M′ ≪ 1), strong force networks are spatially sparse and inhomogeneous, force
propagation is chainlike with a speed v f satisfying

v f

vb
∝ (

v0

vb
)

α − 1
α + 1 (5.5)

where vb is a characteristic sound speed inside a grain. The networks become more
spatially dense and homogeneous and the force propagation speed v f departs from
equation (5.5) as M′ increases (Figure 5.10).

In the study of Clark et al. (2014), the expression

v f = 1.2vb(
v0

vb
)

α − 1
α + 1 (5.6)

fits satisfactorily all the data (with α =1.4), except for the softest particles (M′ ≈ 0.6).

Investigations are conducted to see which impact regime proposed by Clark et al.
(2014) the impact simulation of Rb=1.17 m, H=3 m corresponds. One thing to keep in
mind is that different materials are used in this numerical modelling and the experi-
ments. In the work of Clark et al. (2014), the derivation of the collision time between
two particles is governed by a force which varies as a power law in particle compression,
while tc in this study is obtained by allowing two identical particles of 0.2 m radius to
impact with an relative velocity of v0 based on a linear normal contact law, tc=0.0047 s
(see chapter 4).



5.4 Spatial and temporal evolution of force chains 127

(a)

(b)

(c)

Figure 5.10: Propagating stresses at impact force for all three sets of particle used. (a) harder
particles (M′ ≈ 0.1) correspond to fast, chain-like force propagation, (b) forces
for intermediate stiffness particles (M′ ≈ 0.3) are spatially more dense, but still
relatively chain-like. (c) the softest particles (M′ ≈ 0.6) show a dense force structure
which propagates with a well defined front (Clark et al., 2014).

The dimensionless parameter M′ obtained in this study is M′ = tcv0/d = 0.0047 ×
20/0.4 = 0.24, with tc=0.0047 s, d=0.4 m, v0=20 m/s. Thus theoretically, the impact case
in this study approximately corresponds to the second regime (Figure 5.10(b)). Therefore
equation (5.6) is adopted to calculate approximately the force propagation velocity in
this impact case, with

vb =

√
E

ρ
(5.7)

where E is the Young modulus (a value of 75 MPa is obtained based on the stress-strain
behaviour of quasi-static triaxial test, see figure 3.11), ρ is the bulk mass density of the
particles (in this study, ρ = 1600 kg/m3), therefore, vb is 217 m/s. Based on this, a value
of 175 m/s is obtained for v f (equation (5.6)), which is very close to the compression
wave velocity of 200 m/s obtained in chapter 3.
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Figure 5.11: Evolution of force chain network inside a 2D impacted medium
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Figure 5.11 illustrates the propagation of force chains inside an impacted medium
corresponding to a 2D impact case, where the average diameter of particles is 0.1 m, the
collision time of two corresponding identical particles is 0.0012 s, the impact velocity of
the boulder is 20 m/s. Thus the dimensionless parameter M′ obtained for this case is 0.24,
which corresponds to a second regime (same as the 3D impact case). This is confirmed
by figure 5.11. The force network developed in this impacted medium is spatially dense
but still relatively chain-like structure.

5.4.2 Chain particle distances

The chain particle distance is defined as the distance between two chain particles.
The variation of chain particle distances offers informations of population and spacial
distribution of chain particles. The distances between chain particles are quantified by
using the radial distribution function (Mueth et al., 1998), which is illustrated as:

g(l) =
N−1

∑
i=1

N

∑
j=i+1

δ(lij − l) (5.8)

where g(l) is the radial distribution function; lij is the distance between two particles i

and j which belong to two different force chains, the cases of two particles belonging to
the same force chain are avoided to eliminate inter-correlations; N is the total number of
chain particles; δ is the Kronecker function. In order to take the distance of each pair of
chain particles into account, it is supposed that if 0 < lij − l < adm, then lij − l = 0, dm is
the mean diameter of grains, a = 0.2.

Distribution of chain particle distances is shown in figure 5.12, the chain particle
distance is normalized by the average particle radius. The analysis mainly focuses on
the shapes of the distributions as well as the peak values. Before impact (t = 0.00 s),
a peak value of chain particle distances is observed for l =47.6 Rm. As impact starts,
at t = 0.04 s, the peak value decreases and is observed for l = 26 Rm. In addition,
the area of the surface below the curve decrease compared to the time of t = 0.00 s.
These results indicate that both the number of chain particles as well as the distance
between chain particles decrease, the chain particles generally become closer to each
other. As impact continues, at t = 0.08 s for instance, the distribution curve goes above
the curve corresponding to the case of t = 0.00 s, moreover, two peaks are slightly
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Figure 5.12: The radial distribution function of chain particle distances

observed. The results indicate that more force chains are developed, besides, the appear-
ance of the two peaks indicates that force chains are self-aggregated in different parts
of the sample. The observation of two peaks for the case of t = 0.12 s is more pronounced.

The aggregation of chain particles in different parts of the sample indicates the bi-
aggregation character of the chain particle distributions. Force chains mainly locate
in several parts of the medium, one central part between the boulder and the bottom
boundary, other approximately symmetrical lateral parts between the medium center
and the lateral boundaries (Figure 5.11).

The bi-aggregation character inside the impacted medium results from the load trans-
fers mechanisms and the boundary conditions. In this impact case, the medium thickness
is 3 m, the medium length and width are 20 m, thus the bottom boundary effects are
more important than lateral boundary effects. According to the energy propagation
process demonstrated in chapter 4, the central volumes between the boulder and the
bottom boundary are characterized by larger amount of elastic strain energies, therefore,
force chains between the boulder and the bottom boundary contributes to the main
strength of the medium. On the other hand, force chains also transfer inside the lateral
volumes as indicated by their spatial chain particle distributions. These results indicate
that there are self-organization and propagation of force chains during the impact process.
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5.4.3 Population of chain particles and average chain distance inside

the conical volume

As shown in chapter 4, the main strength of the medium to the impact of boulder is
contributed by the particles in the central volumes between the boulder and the bottom
boundary. A 3D conical volume inside the medium is defined as having the same value
of height and bottom radius. Figure 5.13 shows a vertical section of the conical volume.
The aim is to investigate the relation between force chains within the conical volume and
the impact force on the boulder as well as the velocity of the boulder.

想捜° 想捜°

�伺����� 士伺�四仕�

Figure 5.13: A vertical section of the conical volume

For this purpose, pcv is defined as the ratio of the number of chain particles to the total
number of particles inside the conical volume. In addition, the average chain distance
inside the conical volume is an important property which relates not only to the spatial
distribution of chains but also to the strength of the medium. The average chain distance
dcv

c is calculated as:

dcv
c = 3

√
Vcv

ncv
c

(5.9)

where ncv
c is the number of chains inside the conical volume, Vcv is the volume, Vcv =

1
3

πH3.

Figure 5.14 shows that pcv follows approximately the same trend as Fboul. Before the
impact, chain particles in the conical volume only occupy 10% of the total number of
particles due to gravity. pcv increases as impact starts, which indicates that more particles
participate in load transfer, meanwhile, the impact force on the boulder increases and
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Figure 5.14: Time evolution of (a) Percentage of chain particles in the conical volume pcv, (b)
Normalized chain distance dcv

c , (c) Impact force on the boulder Fboul and (d) Velocity
of the boulder Vboul
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the velocity of boulder decreases. The peak value of pcv is around 36%. After the time
of 0.035 s, the decrease of pcp corresponds to the decrease of Fboul. pcv equals to small
values (0.02-0.04) when impact force on the boulder equals zero.

Figure 5.14(b) shows the time evolution of the dcv
c (normalized by the initial value),

dcv
c is smaller than the initial value from 0.006 s to 0.053 s which indicates that the chains

become closer. The minimum value is 70% of the initial value. In addition, highest values
of Fboul fall in the range of 0.006-0.053 corresponds to the situation where force chain are
very close. After the time of 0.06 s, the number of chain particles decreases, besides, the
distance between chains becomes larger (Figure 5.14(a) and (b)). The increase of dchain is
related to the decrease of chain density as well as the decrease of strength of the medium.

5.4.4 Critical length lHDCD

This subsection investigates the temporal propagation of force chains in the lateral
direction. The notion of homogeneously distributed chain domain HDCD is proposed.
HDCD is a cuboid domain centred inside the medium where the force chain particles are
homogeneously distributed (Figure 5.15). The quantification of the load transfer mecha-
nisms can be roughly conducted by quantifying the time evolution of the dimension of
HDCD.

Several assumptions are made to characterize the dimension of the HDCD domain.
First of all, the heterogeneous distribution of chain particles in sample thickness z di-
rection is not considered here, the thickness of the domain HDCD equals the medium
thickness H. Second, due to the fact that the boulder impact point is located on the center
surface of the medium, it is supposed that chain distributions in sample length x and
width y directions are not only similar but also both symmetrical with the impact point.
Therefore, only one critical length lHDCD is used to characterize the dimension of HDCD.
The item lHDCD thus represents the half length of the homogeneously distributed chain
domains in the x direction. The evolution of lHDCD is used to quantify the load transfer
inside the impacted medium.

The method for selecting lHDCD is described as follows:
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Figure 5.15: Description of chain section sub-divisions

1. Vertically divide the sample into sections (starting from the impact location). The
length of each section equals average particle diameter dm (dm=0.4 m). Therefore,

there are m sections in total, m =
L

2dm
= 25, where L is the medium length, L=20

m.

2. Suppose px, py, pz are the x, y, z coordinates of a particle respectively. The criterion
for a chain particle locates within a section is that px locates inside that section.
Count the number of the chain particles inside each section (the axial symmetrical
sections with the impact location are considered together). ni is the number of
chain particles inside ith section, i ≤ m. An illustration of the algorithm is shown in
figure 5.15.
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Figure 5.16: Distribution of chi-square p-values for t = 0.04 s, the dotted line represents pv=0.01
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3. lHDCD is selected based on the criterion that the chain number in each section of
the HDCD has an equal population distribution. Correspondingly, the chi-square
test is adopted for this purpose. More specifically, at t time, if the p-value pvi,t

of the chi-square test for a vector Ni = (n1, n2, ..., ni) is larger than a cut off value
(0.01 for instance), the hypothesis is made that the population probabilities of chain
number in each section is equal. Thus, pvi,t can be plotted as a function of the
length variable (Figure 5.16). The criterion for selecting lHDCD is:

If max(pvi+1,t,
∑

m
j=i+1 pvj,t

m − i
) < pvi,t < pv, then lHDCD,t = idm (5.10)

Where pv is the critical p-value, pv = 0.01. At the time of 0.04 s (Figure 5.16), lHDCD

obtained according to the algorithms is 10dm.

Figure 5.17(a) shows the time evolution of lHDCD. At the very beginning of the im-
pact, lHDCD = 25dm (equals to the half length of the sample), force chains are uniformly
distributed in the x direction of the whole sample due to gravity. Shortly after impact
starts, the critical length rapidly decreases. A minimum value of 7dm is reached at the
time of 0.02 s, which indicates that the force chains particles are aggregated near the
impact point to participate in the strength of the medium. Afterwards, lHDCD increases
up to a peak value of 25dm at 0.07 s, which indicates that force chains propagate and
lHDCD reaches the lateral boundaries of the medium. After the time of 0.075 s, lHDCD

decreases due to the reflection of load transfers from lateral boundaries.

Even though the time evolution of lHDCD quantifies lateral load transfers and reflec-
tions inside the impacted medium, the load transfer in the conical volume is much more
important and directly influences the impact force and the velocity of the boulder. The
load transfer in the lateral direction can be considered as a second-order mechanism.
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Figure 5.17: Time evolution of (a) lHDCD, (b) impact force Fboul and (c) boulder velocity Vboul
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5.5 Force chain buckling mechanisms

The micromechanical load transfer inside the impacted medium not only involves
the spatial and temporal evolution of force chains, but also the failure of force chains.
In this section, the force chain buckling related mechanisms are investigated. The aim
is to investigate the role of force chain buckling in the development of the impact force
on the boulder, as well as in the microstructure evolution and energy transfer process
inside the medium. First, the algorithm for force chain buckling is introduced. The
investigation includes the properties of force chain buckling (the buckling angle, the
buckling number). Second, the triggering mechanisms and the energy dissipation of
buckling are investigated. Third, the relations between force chain buckling, impact force
and energy items are investigated. All the investigations are conducted based on the 3D
impact case of Rb=1.17 m, H= 3 m.

5.5.1 Buckling angle and buckling number

The buckling of forth chain is related to the failure of three chain particle segments.
The definition of force chain buckling (Tordesillas et al., 2014) is based on geometry
variation of chain particles: suppose at a time t, a three-chain-particle segment exists, at
time t + δt, a buckling event has occurred if (Figure 5.18):

α =
|θt − θt+δt|

2
> θb (5.11)

where θb is a threshold parameter. The case of the three-chain-particle segment dying
at time t + δt is not considered as a buckling. In this study, the time difference δt for
buckling identification equals to 0.001 s.

The average buckling angle α for all force chain segments is calculated. In this case,
all the force chain segments are considered as soon as their geometry intersection angle
varies. The time evolution of α in figure 5.19(a) indicates that after impact starts, a rapid
increase of α is observed, a peak value of 0.06◦ is reached around 0.027 s. The small
buckling angle obtained is due to the tiny displacement (0.2% of the particle average
diameter) between the two close time states ( 0.001 s of time interval).
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Figure 5.18: Geometry change of three particle segments during a force chain buckling event

Figure 5.19(b) shows the time evolution of buckling number for four different θb.
Similarly, a rapid increase of buckling number is observed shortly after impact starts.
The larger the criterion angle θb, the smaller the peak value, and slightly earlier the peak
value is reached. The buckling number peaks are 152, 81, 32, 11 for θb equals 0.05◦, 0.1◦,
0.2◦, 0.4◦ respectively. The corresponding occurrence time of the buckling number peak
are 0.028 s, 0.027 s, 0.023 s and 0.017 s respectively. The small value of the buckling angle
is due to the tiny relative displacements between particles during the time variation of
δt.
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Figure 5.19: Time evolution of (a) average buckling angle ᾱ and (b) buckling number BN
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5.5.2 Triggering and energy dissipation of force chain buckling

In order to investigate the triggering and the energy dissipation of buckling chains,
the evolution of buckling number (BN), relative translational velocity (Rel_v), relative
rotational velocity (Rel_w) as well as ratio of energy dissipation (Ratio_Ed) in buckling
segments versus θb are investigated (Figure 5.20). Ratio_Ed is defined as the ratio of
buckling segments with energy dissipation to the total number of buckling segments.
All of the items are normalized by the corresponding maximum value.
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Figure 5.20: Evolution of buckling number (BN), ratio of energy dissipation segments to the total
buckled force chain segments (Ratio_Ed), relative translational velocity (Rel_v) and
relative rotational velocity (Rel_w) versus the buckling criterion angle θb
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Figure 5.20 indicates that with the increase of θb, BN decreases, Rel_v and Rel_w

increase, Ratio_Ep increases. The results indicate that the buckling of force chains is trig-
gered by the relative movements between the contacting grains. In addition, the buckling
is relevant with energy dissipations, especially for strong buckling characterized by a big
θb.

Further investigations are conducted to quantify the energy dissipations during the
buckling events (θb adopted in following studies is 0.05◦). Inside each buckling segment,
four situations might exist: no energy dissipation, energy dissipation due to frictional
sliding, energy dissipation due to frictional rolling, energy dissipation due to both fric-
tional sliding and rolling. Buckling without friction dissipation is due to contact opening.

An algorithm is proposed to quantify the contribution of energy dissipation by
frictional sliding and rolling in buckling contacts, for each buckling segment,





αs,i =
InEds,i

InEds,i + InEdr,i
and 0 ≤ αs,i ≤ 1

αr,i =
InEdr,i

InEds,i + InEdr,i
and 0 ≤ αr,i ≤ 1

(5.12)

where αs,i and αr,i are the proportion of energy dissipation by frictional sliding and
by frictional rolling inside the ith buckling segment. InEds,i and InEdr,i are the energy
dissipation due to frictional sliding and frictional rolling for the ith buckled force chain
segment respectively.

For the total N number of frictional buckling segments (eliminate those buckling due
to contact opens), the percentage of frictional sliding As and frictional rolling Ar are
defined as: 




As =
N

∑
i=1

αs

Ar =
N

∑
i=1

αr

(5.13)

Figure 5.21(a) shows the time evolution of frictional buckling number and As, Ar.
The number of buckling contacts with sliding energy dissipation is much larger than that
with rolling energy dissipation. This is consistent with the case of the energy dissipation
within the whole sample where the sliding energy dissipation plays a more important
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Figure 5.21: Effects of number of particles on (a) Evolution of AS and AR versus time, (b)
Comparison of energy dissipation by force chains buckling

role. The contribution of energy dissipation by frictional sliding is much larger than fric-
tional rolling, which highlights the importance of frictional sliding in buckling contacts,
while energy dissipation by frictional rolling is secondary. This is due to the adoption of
rolling resistance in the simulation.

This investigation offers supplementary information of the bimodal character of the
granular material, that is, the buckling of force chains also dissipates energy. It is worth
reminding that the energy dissipation by buckling force chains is very limited compared
to the total energy dissipation. More specifically, till the time of 0.09 s, the energy dis-
sipation by force bucking is about 30 kJ, which is only 1% of total energy dissipation
(Figure 5.21(b)). Therefore, the energy dissipation inside the granular medium is mainly
associated to the weakly loaded contact network.

5.5.3 Relations between buckling, impact force and energy items

In order to investigate the role of force chain buckling in the evolution of medium’s
strength and microstructure evolution of granular materials, the time evolution of impact
force on the boulder Fboul, kinetic energy of the medium Ek, incremental energy dissipa-
tion InEd and the buckling number BN are plotted together to investigate their relations
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(Figure 5.22). InEd is the incremental energy dissipation for the whole granular medium.
A buckling criterion angle θb of 0.05◦ is adopted here. All the items are normalized by
the corresponding maximum value.

Figure 5.22(a) indicates that the buckling number peak is reached later than the peak
of the impact force. More specifically, at the time corresponding to impact force peak, the
buckling number only reaches 20% of the maximum value, while at the time correspond-
ing to the buckling number peak, the impact force on the boulder decreases to 54% of the
maximum value. Indicated by figure 5.3 and figure 5.14, the increase of impact force on
the boulder is correlated with the increase in particle compression stress as well as the
number of force chain particles (which reflect the strength developed by the medium to
resist the impact of the boulder), thus the increase of buckling number is secondary at
this stage. After the impact force peak, the collapse of the strong force network is more
dominating, which is reflected by the large number of force chain buckling.

Therefore, the development and the buckling of force chains are responsible for the
evolution of impact force on the boulder. The increase of impact force is related to the
increase of force chains, and the decrease of impact force is related to the increase of
buckling number.

Figure 5.22(b) indicates that the kinetic energy peak and incremental energy dissipa-
tion peak are reached at same time, which is later than the arriving time of the impact
force peak. The increases in kinetic energy and energy dissipation are related to the the
strong rearrangement of the impacted medium, which corresponds to the reduction of
strength and the impact force on the boulder.

Figure 5.22(c) indicates that kinetic energy peak, incremental energy dissipation peak,
buckling number peak are reached at the same time. This is consistent with the fact that
the buckling of force chains is triggered by the strong rearrangement of particles. In
addition, force chain is related to the microstructure of the medium characterized by
the decrease in coordination number inside the impacted medium, which relates to the
increase of elastic strain energy and kinetic energy.
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Figure 5.22: Correlation of buckling number BN with impact force on the boulder Fboul , kinetic
energy of the medium Ek and incremental energy dissipation InEd
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5.6 Potential of force chain micromechanisms for rockfall

engineering

The investigation highlights the role of force chains in the strength and the microstruc-
ture of granular material. First of all, force chains developed in the medium are closely
related to the impact force on the boulder. Larger chain particle population, bigger chain
density, longer chain length with respect to the medium thickness, longer chain age are
related to larger impact force on the boulder. In addition, studies in the literature indicate
that force chains are supported by the surrounding grain clusters and force chain stability
needs appropriate microstructural neighbours made up of dense grain clusters. The
denser the clusters are, the more stable the connected force chains are (Arévalo et al.,
2010; Tordesillas et al., 2014; Zhu et al., b,a). Second, the force chains are related to the
microstructure and deformation of the medium. The buckling of force chains is related
to the grain rearrangements, kinetic energy and energy dissipations inside the impacted
medium.

Both the bouncing and the design of protection structures have great interests towards
the development of force chains inside the impacted medium. The bouncing of boulder
is related to the medium strength which depends on the force chains developed within
the medium. The design of protection structures needs to know the buckling of force
chains and the microstructure evolution within the granular medium. For example,
the design of rocksheds (cushion layer thickness, concrete structure) depends on the
force transmission inside the impacted medium. The design of embankment requires to
address the deformation of the embankment during the impact.

To sum up, the micromechanical investigation have great potentials, it helps better
predict the trajectory of the boulder by well charactering the bouncing, as well as well
better design the protection structures (help chose the good material, reduce the impact
force on the boulder, control the deformation of the structure).
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5.7 Conclusion

This chapter mainly interests in investigating the role of force chains in the mechan-
ical impact force on the boulder as well as the load transfer and the microstructure of
the granular medium based on investigating the properties of chains (number of chain
particles, chain length, chain particle distance, chain age, force chain buckling number).

First of all, force chains are shown to be responsible for the strength of the medium
(reflected by the impact force on the boulder). Simulation results of identical boulder
impacting mediums composed of various grain sizes indicates that the impact force peak
on the boulder decreases with the decrease of grain size. In addition, investigation shows
that the sample composed of big particles is characterized by longer fore chain length
with respect to the medium thickness as well as larger percentage of long age chains.

Second, the spatial and temporal evolution of force chains are found to be convenient
tools to quantify the mechanisms involved in load transfer inside the impacted granular
medium. The spatial structure of the force propagation is spatially dense but still rela-
tively chain-like based on the regimes proposed by Clark et al. (2014). The populations
of chain particles in the conical domain is related to the impact force on the boulder.
The evolution of the critical length lHDCD inside the homogeneously distributed chain
domain HDCD characterize the lateral load transfer inside the impacted medium. The
high impact force on the boulder corresponds to large population of force chains in the
central conical volume and to close chain particle distances, the force chain inside plays
a fundamental role on the impact force, while the load transfer in the lateral direction of
the medium plays a secondary role.

Finally, the force chain buckling mechanisms are investigated. The buckling of force
chains is triggered by relative displacements between particles. Strong buckling is related
to energy dissipation. Moreover, energy dissipation by frictional sliding is more domi-
nating than by frictional rolling. Important relations exist among force chain buckling
and the impact force on the boulder, kinetic energy, energy dissipation inside the impact
granular medium. The increase of buckling number is related to the decrease of impact
force on the boulder, as well as the increase of kinetic energy and energy dissipation
inside the medium.
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Chapter 6

Conclusions and perspectives

6.1 Conclusions

Boulder trajectory prediction and protection structure design are two issues partic-
ularly concerned in rockfall engineering. Both of this two issues are governed by the
boulder-medium interaction. In this context, this thesis investigates the interaction of
a falling boulder and a granular medium, including the bouncing of a boulder on a
granular medium.

Models based on discrete element method are particularly relevant to integrate the
discrete nature of the granular material and address dynamic impact problems. A 3D
model is developed to model the interaction between a falling boulder and a granular
medium. The boulder is modelled as a single sphere with an initial vertical velocity, the
granular medium is modelled as an assembly composed of poly-disperse grains. The
boundaries of the sample are set large enough to avoid boundary effects. An elastic-
plastic contact law implemented with rolling resistance is used to model the impact
process. Only frictional energy dissipation is allowed during the impact process. The
contact parameters are calibrated based on quasi-static triaxial tests of Ticino sand, an
angular sand which can approximately represent soils composed of natural or man-made
slopes or rockfall protection structures. It is noticed that rolling resistance has effects
in intensely increasing the peak value of the deviatoric stress in triaxial loading. The
modelling of the impact process is validated by reproducing the impact force, impact
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time, dynamic amplification, penetration depth of the experimental data. The model
is supposed to be precise enough to capture the most important physics taking place
during the impact process.

Based on the validated 3D impact model, this thesis investigates the global and
micromechanical response of the granular medium. The main attention is put on the
bouncing of the boulder and the impact force on the boulder.

Local configurations of the medium surface are shown to have influences on the
impact force and reflect velocity of the boulder. Statistical investigations suggest that 49
simulations of fixed incident conditions and various impact locations are sufficient to
capture the average impact force and reflect velocity of the boulder in 3D impact cases.
The impacted granular medium is divided into several crown volumes according to their
distances from the impact point. Energy propagation processes (elastic strain energy,
kinetic energy, energy dissipation) inside the impacted medium are investigated from
crown to crown. The results show that impact induces the increase of elastic strain energy
which is followed by a fluidization process characterized by the increase in kinetic energy,
energy dissipation as well as the decrease in coordination number. In addition, the role
of frictional sliding is more dominating than frictional rolling in these impact conditions,
due to the introduction of rolling resistance.

Boulder’s bouncing occurrence is investigated under various boulder size Rb and
sample thickness H conditions. 2D and 3D impact cases are conducted for qualita-
tive comparison purpose. The results show that the bouncing occurrence is consistent
with the theories proposed by Bourrier et al. (2008). By divided the (Rb, H) plane into
bouncing and non-bouncing domains, three regimes are observed. For a small size
boulder, boulder rebounds whatever the layer thickness. For a medium size boulder,
the amplitude of the bouncing domain decreases with the increase of boulder size.
For a large boulder, the amplitude of the bouncing domain increases with the increase
in boulder size. In addition, boulder always rebounds in case of a shallow layer thickness.
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Analyses together with impact force and velocity of boulder indicate that bouncing
occurs either due to first impact or successive impacts with the granular medium. If
the medium gives enough strength to the impact of boulder, boulder directly rebounds
during the first impact. Otherwise the bouncing of boulder during the successive impacts
depends on the strength of the medium as well as the residual incident energy of the
boulder.

The response of the impacted medium is investigated from a micromechanical point
of view. Force chain is particularly a signature of load transfers inside the impacted
medium. The characterization of force chain network inside the impacted medium is
based on particle principal stress information. The spatial structure of force propagation
inside the impacted medium is spatially dense but relatively chain-like based on the
regimes proposed by Clark et al. (2014).

The investigation shows that force chains are responsible for the impact force on
the boulder. Simulations of boulder impacting different granular medium composed of
different grain sizes show that the peak value of impact force decrease with the decrease
in grain size. Meanwhile, for samples composed of large grains, the higher peak value of
impact force on the boulder corresponds to longer force chains compared with medium
thickness as well as long age of force chains. In addition, the high impact force on the
boulder corresponds to large population of force chains in the central conical volume
and to close chain particle distances. The force chains inside play a fundamental role on
the impact force. Comparatively, the load transfer in the lateral direction of the medium
characterized by critical length lHDCD plays a secondary role. The investigation of force
chain buckling mechanism shows that, triggered by relative displacements between the
chain particles, the increase of buckling number is related to the decrease of impact force
on the boulder as well as the increase of kinetic energy, energy dissipation inside the
granular medium.

Generally, the investigation of boulder-medium interaction in this thesis concerns
the macroscopic reaction of the boulder (bouncing of boulder, impact force on the boul-
der), energy propagation and force chain microstructure evolution inside the impacted
medium. The three items are closely related to each other (Figure 6.1). More specifically:
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• The energy propagation process is related to the bouncing and impact force on the
boulder. The increase of elastic strain energy is related to the strength developed
within the medium to resist the impact loading. The bouncing/non-bouncing of
boulder is a competition result of the incident energy of boulder to the strength as
well as energy dissipation properties of the medium.

• The energy propagation process is related to the deformation and microstructure
of the medium. The energy propagation process is related to the load transfer
mechanisms which are characterized by the spatial and temporal evolution of force
chains. The increase of kinetic energy and energy dissipation indicates the strong
rearrangements of the granular medium, which triggers the buckling of force chain
network.

• The micromechanical force transmission within the medium is closely related to the
impact force on the boulder, which further influences the bouncing of the boulder.

Load transfer 

inside the medium

Interaction of a falling boulder 

and a granular medium

Force chain buckling

 Buckling angle

 Buckling number

Spatial and temporal 

evolution of force chains:  

 Number of chains

 Critical length

 Chain density

Energy propagation 

inside the medium

Kinetic energy

Energy dissipation

Coordination number 

(fluidization)

Elastic strain energy
Impact force on the  

boulder

Bouncing of boulder

Reaction of boulder

during the impact

Figure 6.1: Relation among macroscopic reaction of boulder, energy propagation and force chain
microstructure evolution inside the impacted medium



6.2 Perspectives 151

Although focused on specific points, the investigations point out the important role
of force chains upon the bouncing of the boulder, as a component in the force transmis-
sion inside the granular material that determines the impact force on the boulder. The
investigations offer helps to the prediction of boulder trajectories as well as the design of
protection structures.

6.2 Perspectives

The improvement of boulder-medium interaction model still needs research based in-
vestigations to understand the mechanisms and find the most important parameters that
govern the bouncing of boulder as well as the response of the medium. The perspectives
and future investigations can include particularly two aspects, the consideration of the
particle crushing effects, and further investigation of the boulder-medium interaction
with the consideration of grain clusters around force chains.

Particles near the impact zone particularly at the moment of impact are under high
stresses which might induce the crushing of particles. The energy dissipation by particle
crushing effects might not be negligible, and the way of frictional energy dissipation
might be influenced as well. Besides, the strength and stress-strain behaviour of granular
medium during the dynamic interaction process might be also influenced by this particle
crushing effect.

Although force chain is shown to play an important role in both the strength and the
microstructure of the impacted granular medium, the investigation needs to consider
the grain clusters surrounding force chains. The stability of force chains relies on the
surrounding grain clusters. The evolution of grain clusters and force chains govern
the stress and strain evolution as well as the microstructure evolution of the granular
material. Particularly, it has been proven in 2D quasi-static conditions that the buckling
of force chains is related to the death of c3 (cluster composed of three particles) and
generation of c6+ (cluster composed of six or beyond number of particles) (Arévalo et al.,
2010; Tordesillas et al., 2014; Zhu et al., b,a).
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In 3D dynamic impact cases, the microstructure of grain clusters that surround force
chains will be much more complex than in 2D cases. The investigation of force chains
and the surrounding grain loops will help well understand the micromechanisms that
govern the response of granular medium. Based on this, we should be able to better
quantify the most relevant soils, according to this microstructure that should be used in
protective embankments. This further micromechanical investigation might benefit rock-
fall engineering in terms of boulder trajectory predictions and protection structure design.

Based on the enriched model taking into account particle crushing effects as well
grain clusters, simulations under various impact velocities and impact angles can be
conducted to further investigate the bouncing of boulder.
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Abstract

This thesis deals with 3D DEM modelling of the interaction between a falling boul-
der and a granular medium in the context of rockfall. An elastic-plastic contact law,
implemented with rolling resistance to consider soil particle shape effects, is used to
model the dynamic impact process. The impact model is validated based on experiments
from literature. The thesis investigates the bouncing of the boulder in relation with the
evolution of some microstructure descriptors within the impacted medium.

Energy propagation processes are also analyzed within the impacted medium. Sim-
ulations under various boulder sizes and medium thickness conditions indicate that
three bouncing regimes exist. Detailed investigations show that bouncing of a boulder is
related to a relatively high strength and low energy dissipation capacity of the medium.
Further micromechanical investigations indicate that the so-called force chains play an
important role in the strength of the medium by constituting an appropriate network
to transmit forces. The buckling of force chains appears to be the main microstructural
feature that governs the penetration and possibly the absence of bouncing of a boulder.

Keywords: Rockfall, impact, granular material, DEM, bouncing, force chain.

Résumé

La thèse traite de la modélisation DEM 3D de l’interaction entre un projectile et
un milieu granulaire dans le cadre des chutes de blocs. Une loi de contact élastique-
plastique, incluant une résistance au roulement pour prendre en compte les effets de
forme des particules, est implémentée pour modéliser le processus d’impact. Le modèle
d’impact est validé à partir d’expériences issues de la littérature. Ce travail s’intéresse en
particulier au rebond du bloc en relation avec l’évolution de la microstructure du milieu
impacté.

Le rebond du bloc est étudié à partir des processus de propagation d’énergie au sein
du milieu impacté. Des simulations considérant plusieurs tailles de bloc et plusieurs
épaisseurs du milieu montrent que trois régimes de rebond existent. Une étude détaillée
révèle que le rebond du bloc est lié à la résistance mécanique du milieu et aux faibles ca-
pacités de dissipation d’énergie. L’analyse micromécanique démontre que les chaines de
force jouent un rôle majeur dans la résistance du milieu en formant un réseau capable de
transmettre les forces. L’effondrement de ces chaînes de force apparaît donc comme étant
la principale caractéristique microstructurelle contrôlant la pénétration voire l’absence
de rebond du bloc.

Mots-clés: Chute de bloc, impact, matériau granulaire, DEM, rebond, chaîne de force.
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