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How multi-scale approaches can benefit the design of cellular 
rockfall protection structures

Introduction

In the field of civil engineering, soil structures are some-
times designed to withstand localized impact loadings result-
ing from projectiles, vehicle crashes or falling rocks. In the
case of falling rocks, the aim can be either to protect a buried
structure (Pichler et al. 2005) or to create an impassable ob-
stacle in the rock’s trajectory (Peila et al. 2007). This barrier
function is often provided by a reinforced soil levee or em-
bankment. Despite several past experimental and numerical
studies (Hearn et al. 1995; Yoshida 1999; Blovsky 2002;
Peila et al. 2002; Carotti et al. 2004; Aminata et al. 2008;
Ronco et al. 2009; Plassiard and Donzé 2010), the design of
these embankments generally stems from an empirical ap-
proach, based mainly on static equivalent loadings (Jaecklin

2006). Several analytical approaches for the design of these
structures have also been developed based on a comparison
between the braking force associated with the boulder and
the shearing force associated with the embankment (see, for
instance, Tissières 1999). Such approaches generally lead to
the designing of massive rockfall protection structures, a
problem for land occupancy reasons. A thorough analysis of
the mechanical response of these structures remains to be
done to improve their design, fully taking into account the
dynamics associated with the loadings.
Numerical simulations have been performed to account for

the complexity of the impact on embankments (Burroughs et
al. 1993; Hearn et al. 1995; Peila et al. 2002, 2007; Carotti et
al. 2004; Sung et al. 2007; Ronco et al. 2009; Plassiard and
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Donzé 2010). These approaches obtained fair agreement with
real-scale experimental results (Burroughs et al. 1993; Peila
et al. 2002; Sung et al. 2007). Relevant information to ac-
count for the dynamic response of the structure may also be
found in research on real-scale impact experiments on soil
layers (Pichler et al. 2005) and gravel materials laid on rigid
bases (Labiouse et al. 1994; Montani Stoffel 1998; Calvetti et
al. 2005; Schellenberg et al. 2008).
With the aim of improving the efficiency of rockfall pro-

tection structures and reducing their overall size, an intensive
research program was initiated — the Rempare project,
funded by the French National Research Agency (ANR; proj-
ect number ANR-06-rgcu-009-01). The main objectives of
this project were to develop innovative rockfall protection
structures and improve the methodologies used for the design
of rockfall protection structures. Reinvestigating the principle
of a sandwich structure, first pioneered in this domain by
Yoshida (1999), the proposed solution consists of a structure
built using cells filled with different materials (Fig. 1). The
cellular structure is composed of several layers: a front layer
subjected to the localized impact by the rock, coupled to a
kernel layer aiming at dissipating the energy, and a back part
that maintains stability and increases rigidity of the structure.
The cells considered in this study are parallelepiped-like wire
netting cages (or gabions). The front-layer cells are filled
with a crushed quarry limestone. Finer fill material used for
the kernel layer can either be sand or sand mixed with
scrapped tires (Gotteland et al. 2005). Finally, the back part
can be either a rigid concrete wall or a small embankment.
The different scales from the constitutive materials to the
structure were investigated in this research program, combin-
ing experiments with numerical modelling (Bertrand et al.
2005; Nicot et al. 2007; Lambert et al. 2009).
The present study aims at providing a practical design tool

for rockfall protection cellular structures based on new exper-
imental data and following a multi-scale approach. Multi-
scale approaches consist of collecting information at the mi-
croscopic and mesoscopic scales, to define a model that can
be used at the macroscopic scale. Multi-scale approaches,
therefore, make it possible to investigate the response of a
structure on a macroscopic scale by accounting for the deter-
minant properties of constitutive materials at both micro-
scopic and mesoscopic scales. In this study, the microscopic
scale corresponds to the size of the particles of the constitutive
materials, the mesoscopic scale is associated with each layer,
and the macroscopic scale corresponds to the structure scale.
The approach consists of defining constitutive models for

each layer based on experimental results at the mesoscopic
scale, to combine these models and define a macroscopic
structure model. The principle of the structure model is pre-
sented first. Then, the calibration of the constitutive models
for the front layer is discussed. Finally, comparisons between
impact simulations and experimental results for impacts on a
small structure are used to study the influence of the proper-
ties of the kernel layer.

Numerical model

Principle of the structure model

The first objective of modelling the structure was to ac-
count for the discrete nature of a cellular structure, modelled

as an assembly of elementary cells. Second, the aim was to
build a model that could easily be used as a decision-making
tool for engineering purposes. To achieve these objectives, a
model based on the discrete element method (Cundall and
Strack 1979), naturally accounting for the discrete nature of
the structure, was developed. Rather than a continuous alter-
native method, such as a finite element method, this type of
model also accounts for the large strains that are likely to oc-
cur within the structure and for the discontinuous displace-
ments between the cells.
The structure described in the previous section is modelled

as an assembly of cells. The geometries of the front and ker-
nel layers are explicitly modelled, whereas the back part em-
bankment is considered an elastic boundary condition. The
front and kernel layers are divided into cells the same size as
the front layer geocells (50 cm × 50 cm × 50 cm). The front
and upper sides of the structure are assumed to be free to de-
form. The lower face of the structure lies directly on the soil,
and is assumed to be rigid, with no additional anchorage.
The lateral boundaries of the structure can either be free to
deform or rigid.
The structure is replaced by a mesh of nodes located at the

gravity centre of the cells (Fig. 2). The mass of each cell is
concentrated at the node location. The different nodes inter-
act with each other by remote interactions. The impacting

Fig. 1. Sandwich structures for rockfall protection: (a) embankment
type and (b) wall type.
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boulder is modelled as a sphere interacting with the nodes as-
sociated with the front-layer cells by remote interactions.
In a first approximation, the displacements of the nodes’

gravity centre along the tangent to the structure’s front-side
directions (y-direction and z-direction; Fig. 2) are considered
negligible with respect to the displacements along the normal
to the structure's front-side direction (x-direction). Each node
is therefore assumed to move along the x-direction only.
The remote interactions account for the contact forces ap-

plied at the interfaces between cells or between a cell and the
boulder. The formulation of the remote interactions assumes
that the cells are laterally confined by the neighbouring cells
and uniaxially loaded by the boulder or the front cells. The
models used for the calculation of the remote interactions be-
tween two nodes or between the front nodes and the boulder
are different for the following reasons.
First, during the impact, it is assumed that the contact sur-

faces between two cells do not evolve significantly. On the
contrary, the contact surface between the boulder and the
front cells evolves substantially. Consequently, contact forces
between nodes are determined assuming that the contact sur-
face is a plane. Thus, the remote interaction forces between
cells are calculated using stress–strain relationships associ-
ated with both of the interacting cells. The contact forces be-
tween the front nodes and the boulder are calculated directly
in terms of interaction forces – boulder displacement relation-
ships, because no simple formulation for the evolution of the
contact surface is available.
Second, dynamics is of paramount importance for interac-

tions in the vicinity of the impact point, i.e., for interactions
between the front cells and the boulder (Fig. 2). On the other
hand, for interactions between cells far from the impact point,
the inertial effects are negligible, and the loading can be con-
sidered pseudo-static. As a consequence, the remote interac-
tion models have been identified from dynamic experiments

for interactions between the boulder and the front nodes, and
from static experiments for interactions between nodes.

Remote interactions

Interactions between boulder and front nodes

In the x-direction, the increment dFn
i of the normal interac-

tion force F
n
i applied by the boulder to the node i associated

with a front cell is related with the displacement increment
dui, including the strain increments of the boulder and the
cell i (Fig. 3):

½1� dFn
i ¼

k
g
i k

b

k
g
i þ kb

dui x

where k
g
i and kb are the stiffness of the front cell i and the

boulder, respectively, x is the unit vector associated with the
x-direction, and

½2� dui ¼ dxr � dxi

where dxr and dxi are the increments of the displacements of
the boulder and the node i, respectively, in the x-direction
(Fig. 3).
Equation [1] can be rewritten as follows:

½3� dFn
i ¼

k
g
i

1þ ðkgi =k
bÞ
dui x

As kb >> k
g
i , eq. [3] can be simplified to

½4� dFn
i ¼ k

g
i dui x

The stiffness kgi is determined from the boulder – front-cell
interaction model (Fig. 2) which is characterized by the func-
tion f Fi relating the force applied on the cell by the boulder
and the boulder penetration ui

Fig. 2. (a) Three-dimensional view and (b) top view of the cellular structure model. Cube ridges are fictitious.
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½5� k
g
i ¼

@f Fi
@ui

If the impact velocity of the boulder is not normal to the
front side of the structure or if the boulder’s rotational veloc-
ity is not nil, a tangential force F

t
i is also applied to the

boulder at the contact point and the impacted front node.
The tangential force F

t
i accounts for the changes in the

boulder’s tangential and rotational velocities during the im-
pact. F t

i is calculated following a Coulomb friction model

½6� F
t
i ¼ �mF

i jjF
n
i jj

VbðCÞ

jjVbðCÞjj

where VbðCÞ is the tangent component of the velocity of the
contact point C associated with the boulder in relation to the
cell i and mF

i is the friction coefficient associated with the in-
teraction between the boulder and the front cells.
Impact experiments (Lambert et al. 2009) were used to

characterize the boulder – front-cell interaction mechanisms
embedded in the function f Fi . These experiments considered
the impact by a spherical boulder on cells located above a
concrete support.
The confinement conditions of the cells are highly varia-

ble, depending on the location of the cell in the structure. In
our approach, two limit cases of confining conditions were
explored. The lateral boundary conditions of the impacted
cells (Fig. 4) were either free-to-deform (FD) or rigidly con-
fined (RC). Real conditions are bounded by these two limit
situations. Interaction models are first characterized for both
of these confinement conditions and the more suitable model
is chosen in the second stage by the comparative analysis of
experimental and simulation results at the structure scale. For
both confinement conditions, the interaction force between
the boulder and the cell, the boulder’s penetration, and the
force transmitted to the concrete support were recorded.
The results from these experiments (Fig. 5a) allowed the

definition of patterns of the function f Fi depending on the lat-
eral confinement of the cells (Fig. 5b).
During the loading phase (dui ≥ 0), for any confinement

conditions and for penetrations smaller than the limit penetra-
tion, ulim, the function f Fi is characterized by a linear relation

where kl is the loading stiffness. For penetrations larger than
ulim, and for FD conditions only, the interaction force de-
creases when the penetration reaches the ulim value to a lower
value termed the limit force Fpl. For all confinement condi-
tions, the unloading phase (dui < 0) is characterized by a
sharp linear decrease in the interaction force for decreasing
penetrations where kul is the unloading stiffness.
For RC conditions, the incremental formulation of the

boulder – front-cell interaction model is therefore: if dui ≥ 0,
then

½7� dFn
i ¼ kl dui

if dui < 0, then

½8� dFn
i ¼ kul dui

For FD conditions, the boulder – front-cell interaction
model can be expressed as follows: if dui ≥ 0 and ui < ulim,
then

½9� dFn
i ¼ kl dui

if dui ≥ 0 and ui ≥ ulim, then

½10� Fn
i ¼ Fpl

if dui < 0, then

½11� dFn
i ¼ kul dui

The calibration of the different parameters associated with
the function f Fi will be detailed in the section titled “Impact
simulations” (Table 1).

Interactions between cells

The force F
n
i=j, in the x-direction, applied by cell i to the

cell j is calculated from the increment dFn
i=j (Fig. 3)

½12� dFn
i=j ¼ �

ScEij

d0
duij x

where d0 is the distance between the nodes at the initial time-
step and Sc is the area of the contact surface between the
cells. duij is the relative displacement of node i in relation to j

½13� duij ¼ dxi � dxj

where dxi and dxj are the increments of the displacements of
nodes i and j in the x-direction (Fig. 3). Eij is the equivalent
modulus accounting for both tangent moduli Ei and Ej asso-
ciated with the nodes i and j

½14� Eij ¼
EiEj

Ei þ Ej

The tangent moduli Ei and Ej are defined from constitutive
models characterized by functions f Ei and f Ej relating the
stress inside the cells to their strain. As the cell displace-
ments only occur along the x-direction, the strain field within
each cell has a single component 3ixx. The functions f Ei and
f Ej can therefore be determined as follows:

½15� Ei ¼
@f Ei
@3ixx

Fig. 3. Definition of the displacements of the gravity centre of the
boulder (xr), front cell i (xi), and kernel cell j (xj). These displace-
ments are used for the calculation of the strains of front and kernel
cells.
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½16� Ej ¼
@f Ej

@3
j
xx

Depending on the cell location, the tangent moduli Ei and
Ej are determined using different constitutive models. Three
types of constitutive models are used: front-cell constitutive
models, kernel-cell constitutive models, and boundary con-
stitutive models (Fig. 2).

Front-cell constitutive model

For the front-cell constitutive models, the modulus Ei is
expressed using stress–strain relationships from static com-
pression tests (Lambert 2007). Similar to the boulder –

front-cell interaction models, the confinement conditions of
the cells were either rigid (RC) or free-to-deform (FD)
(Fig. 6). For the loading phase, the axial stress si

xx at the
cell interface in the x-direction, depending on the cell’s axial
strain 3ixx in the x-direction, is characterized by a linear in-
crease in stress (Fig. 6). This relation is valid for both con-
finement conditions until the threshold value 3lim is reached.
For FD conditions and for 3ixx greater than 3lim, the stress si

xx

remains equal to slim. On the other hand, no threshold value
is observed for RC conditions. Interestingly, the slope of the
linear relation is different depending on the confinement con-
ditions (Fig. 6): El

rc (for RC conditions) and El
fd (for FD con-

ditions). The unloading phase is characterized by a linear
decrease of si

xx for decreasing 3ixx using the coefficient Eul
rc

for RC conditions and Eul
fd for FD conditions (Fig. 6). The

values of the different parameters used in the simulations are
reported in Table 1.
For RC conditions, the incremental formulation of the

front-cell constitutive model is: if d3ixx � 0, then

½17� dsi
xx ¼ El

rc d3
i
xx

if d3ixx < 0, then

½18� dsi
xx ¼ Eul

rc d3
i
xx

For FD conditions, the incremental formulation of the
front-cell constitutive model is: if d3ixx � 0, then

½19� dsi
xx ¼ El

fd d3
i
xxxðs

lim � si
xxÞ

where x is the Heaviside function: x(x) = 1 if x >0 and x(x) =
0 if x ≤ 0. If d3ixx < 0, then

½20� dsi
xx ¼ Eul

fd d3
i
xx

Kernel-cell constitutive model

For the kernel-cell constitutive models, one can consider,
in a first approximation, that the cells are loaded along a

Fig. 4. Lateral boundary conditions used in the experiments: (a) free-to-deform (FD); (b) rigid confinement (RC) (adapted from Lambert et al.
2009).

Fig. 5. (a) Experimental results of impacts on front-layer cells and
(b) corresponding boulder – front-cell interaction models. Fpl, limit
force; kl, loading stiffness; kul, unloading stiffness.
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nearly oedometric path. A constant value of the loading mod-
ulus El

ke is defined due to the lack of relevant experimental
results in relation to the complexity of the lateral confinement
conditions. A larger unloading modulus Eul

ke is also defined to
account for the plastic strains observed during oedometric
tests on sands. Values of the loading modulus El

ke ranging
from 1 to 100 MPa will be used in the simulations presented
here to account for a wide range of sand density (Table 1).
The influence of the ratio between the loading and the un-
loading moduli (Eul

ke=E
l
ke) will also be studied for 1 ≤

Eul
ke=E

l
ke ≤ 10 (Table 1).

The incremental formulation of the kernel cells constitutive
model is: if d3ixx � 0, then

½21� dsi
xx ¼ El

ke d3
i
xx

if d3ixx < 0, then

½22� dsi
xx ¼ Eul

ke d3
i
xx

Boundary constitutive model

Finally, for the boundary constitutive models, the back part
of the structure is modelled by a linear elastic model charac-
terized by the elastic modulus Ebo, which depends on the em-
bankment material. The incremental formulation of the
kernel-cell constitutive model is

½23� dsi
xx ¼ Ebo d3

i
xx

In the simulations, the back part is modelled as a concrete
support (Table 1).

Lateral force model

The lateral diffusion inside the cellular structure of the
energy transmitted by the projectile is related mainly to the
lateral (y- and z-direction) cell strains induced by the cell
strain in the x-direction. To account for this phenomenon,
the assumption is made that, in the y- and z-directions, the
cell i applies a force to the cell j (Fig. 7) related to the
forces applied to the cell i in the x-direction (Nicot et al.
2007) with a normal component Fn

i=j and a tangential com-
ponent F t

i=j

½24� F
n
i=j ¼ Ki maxðjjFn;�

i jj; jjFn;þ
i jjÞ t

where F
n;�
i (respectively F

n;þ
i ) is the normal force applied on

the front (respectively back) side of the cell i, Ki is a constant
coefficient, and t is the unit vector associated with the y- or
z-direction. The influence of the coefficient Ki will be ex-
plored in detail for Ki ranging from 0 to 0.5 (Table 1).
The tangential component F t

i=j is related to F
n
i=j and F

t
j=i

½25� F
t
i=j ¼ �tanð4ÞmaxðjjFn

i=jjj; jjF
n
j=ijjÞ

Vi=j

jjVi=jjj

� �

where 4 is the Coulomb friction angle associated with the
cells i and j and Vi=j is the relative velocity of the cell i in
relation to the cell j. 4 was set at 4 = 45° for front cells and
4 = 30° for kernel cells (Table 1).

Table 1. Parameters used in the structure model and their range of variation.

Model Condition Parameters Value or variation range
Front-cell interaction FD Loading stiffness, kl 2.8 × 106 N/m

Unloading stiffness, kul 2.8 × 107 N/m
Limit penetration, ulim 0.075 m
Limit force, Fpl 40 kN

RC Loading stiffness, kl 2.8 × 106 N/m
Unloading stiffness, kul 2.8 × 107 N/m

Front-cell constitutive FD Loading modulus, El
fd

5.5 MPa
Unloading modulus, Eul

fd
55 MPa

Limit strain, 3lim 4%
RC Loading modulus, El

rc
16 MPa

Unloading modulus, Eul
rc

160 MPa
Kernel-cell constitutive — Loading modulus, El

ke 1 MPa ≤ El
ke ≤ 100 MPa

— Unloading modulus, Eul
ke El

ke ≤ Eul
ke ≤ 10El

ke

Boundary constitutive — Elastic modulus, Ebo 200 000 MPa
Lateral interaction Front cells Diffusion coefficient, Ki 0 ≤ Ki ≤ 0.5

Friction angle, 4 4 = 45°
Kernel cells Diffusion coefficient, Ki 0 ≤ Ki ≤ 0.5

Friction angle, 4 4 = 30°

Fig. 6. Front-cell constitutive models determined from static com-
pression tests.
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Impact simulations

Impacts on single cells

Simulations of impact experiments at the cell scale (Lam-
bert et al. 2009) are first considered to calibrate the parame-
ters of the interaction model between the boulder and the
front cells. For these simulations, the structure model is re-
duced to a single node (Fig. 8) that models a front-layer cell
in front of a concrete support. A spherical projectile impacts
the structure normal to the front face with an incident veloc-
ity Vin = 10.4 m/s. The mass of the projectile is 262 kg. Sim-
ulations of impacts on cells under FD and RC confinement
conditions are performed. The parameters used for the front-
cell constitutive models and for the boundary constitutive
models are set with the values defined in the previous section
(Table 1).
The experimental results of the impact force for FD con-

finement conditions are first used to calibrate all the parame-
ters of the boulder – front-cell interaction models for both FD
and RC confinement conditions (Fig. 9). The values obtained
during this calibration phase are summarized in Table 1.
The transmitted forces measured in the experiments are

used in the second phase for validation purposes. The com-
parison between the experimental and the simulation results
shows that the model can predict the experimental results
(Fig. 10). The correct prediction of the maximum values
reached by the transmitted forces (4% and 18% differences
for RC and FD conditions, respectively) is useful for design
purposes. In addition, the agreement between the experimen-
tal and simulated time evolutions of all forces (Fig. 10)
shows that the model proposed simulates the main character-
istics of the dynamic interactions between the boulder, the
cell, and the support. However, the model does not reproduce
the fast variations observed on the experimental curves re-
sulting from stone crushing (Lambert et al. 2009).
The simulation of impacts on front-layer cells determined

the values of all parameters associated with the boulder –

front-cell interaction model (Table 1). In addition, static com-
pression tests were used to determine the parameters associ-
ated with the front-cell constitutive model (Table 1), and
friction angles associated with the lateral forces model are
set at values inside classical ranges of variation for gravels
and sands (Bardet 1998).
However, using the structure model for design purposes

also requires choosing between FD and RC conditions for

the interaction and constitutive models associated with front-
layer cells. The use of the structure model also requires char-
acterizing the parameters of the kernel-layer cell constitutive
model (El

ke and Eul
ke) and the coefficients Ki associated with

the lateral force model. As no relevant values from the litera-
ture or from additional experiments at the cell scale are avail-
able to characterize these parameters, comparisons between
experiments at the structure scale and simulation using the
structure model will be reported in the following section to
provide additional information for the complete characteriza-
tion of the parameters of the structure model.

Impacts on structures

Impact experiments at the structure scale were also simu-
lated to evaluate the consistency of the structure model by
comparative analyses with experimental results. The method-
ology followed in this section consists of performing simula-
tions of the experiments for different values of the loading
modulus of the kernel cells El

ke, the Eul
ke=E

l
ke ratio between

the unloading and the loading modulus of the kernel cells,
and the coefficients Ki for both front and kernel cells.

Impact experiments on a structure

The experiments consisted of subjecting a two-layered
sandwich structure to pendulum impacts (Heymann et al.
2010). The impacted structure was 1.5 m high, 2.5 m long,
and 1 m thick (Fig. 11). The front of the structure was com-
posed of 15 cubic cells, 500 mm in height. The fill material
was a crushed quarry limestone, 80 to 150 mm in grain size.
The kernel of the structure consisted of a 50 cm thick sand
cushion. The sand was well graded with a grain size ranging
from 0.2 to 5 mm. This material was dumped bulk in a geo-
textile between the front layer and a concrete wall reinforced
by a ground-compacted embankment.
The projectile consisted of a spherical boulder weighing

262 kg, 54 cm in diameter. This boulder was suspended
above the structure using two cables. The maximum release
height of the projectile was 4.75 m above the soil. The im-
pact point was centered on the front of the structure. The
structure was impacted, successively increasing the impact
energy. The investigated energies were 2, 4, 8, and 10 kJ.
The projectile acceleration was measured using a triaxial

piezoresistive accelerometer. Accelerations within the struc-
ture were measured in the impact direction in the middle of
the kernel layer and at the interface between the front layer
and the kernel layer, using uniaxial piezoresistive accelerom-
eters. Finally, the force transmitted to the concrete wall was
measured using sensors with a sensitive surface of 0.1 m2.
The results presented are the impact force Fimp (Fig. 12)

and the normal stresses on the wall, stran
F1 and stran

F4 , respec-
tively, measured in the impact direction and 50 cm from the im-
pact vertical plane on the same horizontal plane (Figs. 11, 13).

Impact simulations at the structure scale

The complete model presented in the section titled “Nu-
merical model” was used for the simulations of the impact
experiments at the structure scale. As the confinement condi-
tions provided by the material surrounding each cell are situ-
ated between FD and RC conditions, preliminary simulations
were required to evaluate which of the constitutive models

Fig. 7. Definition of F t
i=j, F

n
i=j, F

n
j=i, F

n;�
i , and F

n;þ
i forces.
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associated with RC or FD confinement conditions is the most
suitable for real confinement conditions.
Second, a sensitivity analysis was carried out to evaluate

the influence of the loading modulus El
ke, the Eul

ke=E
l
ke ratio,

and the coefficients Ki on the simulation results. The param-
eters concerned varied within the following ranges: 1 MPa ≤

El
ke ≤ 100 MPa, 1 ≤ Eul

ke=E
l
ke ≤ 10, and 0 ≤ Ki ≤ 0.5 (Ta-

ble 1). In all simulations, when the influence of each of these
parameters was not explored, they were set at El

ke = 10 MPa,
Eul
ke=E

l
ke = 3, Kfront

i = 0.25, Kkernel
i = 0.25.

In the experiments, impact tests at increasing energies were
carried out on the same structure, whereas in the simulations,

Fig. 8. Model used for the simulations of impact experiments on a front-layer cell.

Fig. 9. Calibration of the boulder – front-cell interaction models for both (a) FD and (b) RC conditions using the impact force measured
during impact experiments. Exp., experiment; sim., simulation.

Fig. 10. Comparison between the experimental and simulation results for the force transmitted to the support using cells in both (a) FD and
(b) RC conditions.
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the structure was different for each impact simulation. The
choice was made not to include the effects of successive im-
pacts in the structure model in the first stage. Indeed, it
would significantly increase the complexity of the model. In
particular, for repeated impacts on the same structure, the
shapes of the lateral interaction surfaces between adjoining
cells evolve from planar surfaces to curved surfaces. As the

shearing between cells differs greatly for planar surfaces and
curved surfaces, modelling structure damage would entail de-
fining, in particular, the changes from one impact to the fol-
lowing in the relationship between the forces F

n
i=j, F

n;�
i , and

F
n;þ
i , not a trivial task.

Influence of the confinement conditions

The effect of the confinement conditions is first studied by
simulating impacts of different impact energies for front cells
in both RC and FD confinement conditions. In these simula-
tions, El

ke = 10 MPa, Eul
ke=E

l
ke = 3, Kfront

i = 0.25, Kkernel
i =

0.25. The simulations clearly show that the confinement con-
ditions strongly influence the impact force on the projectile
in terms of both time evolution and maximum value
(Fig. 14). However, differences between models associated
with FD and RC conditions are only observed for energies
greater than 2 kJ, i.e., for energies great enough for Fimp to
reach the limit impact force Flim. For this range of energy,
one can observe that FD conditions induce smaller maximum
forces and longer contact — the contact being associated
with a non-nul impact force — durations between the struc-
ture and the boulder.
Using models based on FD conditions does not allow fit-

ting of the experimentally observed increase in the impact
force for increasing impact energy (Figs. 12, 14a). Constitu-
tive models associated with FD conditions are therefore not
suitable in terms of prediction of the maximum impact force.
Models associated with RC conditions provide more rele-

vant predictions of the maximum impact force, in particular
for low-impact energies (Figs. 12, 14b, 15). Differences are

Fig. 11. Experimental device used in the experiments of impact on a
structure. An accelerometer (a1) was placed in the projectile and two
stress sensors (F1 and F4) were located on the rear side of the struc-
ture behind the kernel cells C1 and C4.

Fig. 12. Impact force, Fimp, measured in the experiments.

Fig. 13. Transmitted stresses (a) stran
F1 and (b) stran

F4 measured in the
experiments.
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observed, however, due to the cumulative damage from one
impact to another in the experimental structure, which is not
accounted for in the simulations. Differences are also ob-
served in the time evolution of the forces in the simulations
and experiments (Figs. 12, 14b, 15). First, the main peak of
the impact force occurs sooner in the experiments than in the
simulations (Fig. 15). Second, after the main peak, the im-
pact force vanishes directly in the simulations, whereas a
slow decrease is observed in the experiments. The differences
in the occurrence of the main peak may be explained by the
differences in terms of granulometry and stone resistance be-
tween the fill material of the front cells in the experiments at
the structure scale and in the experiments at the cell scale
used for calibration of the model. In addition, as the vertical
displacements of the structure are not accounted for in the
simulations, differences can be observed during the decreas-
ing phase of the impact force. Indeed, during the decreasing
phase of the impact force in the experiments, the boulder
stops penetrating the structure and starts falling down. The
front-layer cells that were deformed by the impact also start
falling down, which is not accounted for in the model. Con-
sequently, an interaction may occur between the projectile
and the front-layer cells that are vertically moving, which is
not accounted for in the simulation.
Despite the differences observed, the models associated

with RC conditions provide relevant results for the main
peak of the contact force, i.e., for the main energy exchanges.

The correct prediction of the energy exchanges is considered
as the most important criterion, therefore the models associ-
ated with RC conditions are used in the following.

Influence of the kernel cells moduli El
ke and Eul

ke

To limit the effects of structure damage in the experiments
compared with the simulations, the analysis of the influence
of the kernel-cell moduli is undertaken for impact energies
set at 4 kJ. Indeed, for higher energies the damage is too
great, while for lower energy values, the forces and stresses
measured are too small.
For the analysis of the influence of the loading modulus

El
ke, interaction and constitutive models associated with RC

conditions were chosen for front cells. The Ki coefficients
were set at Kfront

i = 0.25 and Kkernel
i = 0.25, and Eul

ke=E
l
ke was

set at 3. Different values for the loading modulus El
ke were

used, ranging from 1 to 100 MPa.
For increasing values of the loading modulus of the kernel

cells El
ke, the impact force increases only slightly (Fig. 16a).

Indeed, the increase in the loading modulus of the kernel
layer entails an increase in the global stiffness of the struc-
ture, which results in an increase in the interaction force be-
tween the structure and the boulder. The stiffness of the
kernel cells also strongly influences the time evolution of the
transmitted stresses (Fig. 17). As loading modulus El

ke in-
creases, the duration of the loading on the rear side of the
structure decreases and the maximum transmitted stresses in-

Fig. 14. Impact force, Fimp, using front-cell constitutive models as-
sociated with (a) FD and (b) RC conditions for different impact en-
ergies (Ecimp).

Fig. 15. Comparison of the impact force Fimp between the experi-
ments and the simulation using front-cell constitutive models as-
suming RC conditions for impact energies equal to (a) 2 kJ and
(b) 8 kJ.
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crease. Similarly, the experimental results show that, as im-
pact energy increases, the loading duration decreases and the
maximum transmitted stresses increase (Fig. 13). This similar
evolution shows that repeated impacts at increasing energies
alter the loading modulus of the kernel-layer cells. Indeed,
the successive impacts induce compaction of the kernel layer
and, consequently, an increase in the kernel-layer modulus.
The value of the ratio between the loading and the unload-

ing modulus, Eul
ke=E

l
ke, does not influence the impact force

(Fig. 16b). Noting that the stress at the interface between the
front and kernel cells starts decreasing for durations longer
than 0.02 s (Fig. 18) for which the impact force has already
vanished (Fig. 16b), one can deduce that the unloading of the
kernel cells occurs after the vanishing of the impact force. As
the value of the Eul

ke ratio only acts during the unloading of
the kernel cells, the observed independence of the impact
force on the ratio Eul

ke=E
l
ke is consistent. The influence of the

ratio Eul
ke=E

l
ke is only significant on the transmitted stresses

stran
F1 and stran

F4 (Fig. 19). The increase in the ratio Eul
ke=E

l
ke pro-

duces larger plastic strains in the kernel-layer material, that is
larger energy dissipation inside the cells, which results in de-
creasing transmitted stresses stran

F1 and stran
F4 .

Influence of the diffusion coefficients Ki

As for the analysis of the kernel cells moduli, the study of
the influence of the diffusion coefficients Ki was done for
impact energies set at 4 kJ. For the analysis of the influence
of the coefficients Kfront

i and Kkernel
i , constitutive models asso-

ciated with RC conditions were chosen for the front cells.
The loading modulus of the kernel cells and the ratio
Eul
ke=E

l
ke were set at El

ke = 10 MPa and Eul
ke=E

l
ke = 3. Both co-

efficients Kfront
i and Kkernel

i were chosen equal (Kfront
i ¼

Kkernel
i ¼ Ki) and different values of Ki were explored.
The coefficients Ki account for the diffusion of the energy

transmitted to the cell considered. For increasing values of
Ki, more cells are involved in transmitting the impact energy
through the whole structure. As a result, the global resistance
of the structure is increased (Fig. 20): the impact force in-
creases with Ki.

Fig. 16. Impact force, Fimp, for different loading moduli of (a) the
kernel-layer cells El

ke and (b) ratio Eul
ke=E

l
ke.

Fig. 17. Transmitted stresses (a) stran
F1 and (b) stran

F4 for different
loading moduli of the kernel-layer cells El

ke.

Fig. 18. Stress at the interface between the front and the kernel cells,
stran
front=cell, for different ratios of E

ul
ke=E

l
ke.
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In addition, the simulations show that the increase in the
coefficients Ki entails a decrease in the transmitted stresses
stran
F1 (Fig. 21a). Indeed, for low values of Ki, the cell C1

(Fig. 11) is the only cell transmitting the impact energy. For
increasing values of Ki, the number of cells involved in the
impact energy transmission increases, which decreases the
stress transmitted by the cell C1.
The changes in the transmitted stresses stran

F4 in terms of the
coefficient Ki values is more complex (Fig. 21b). stran

F4 is nil
for Ki = 0, increases until Ki reaches 0.2, and decreases when
Ki is higher than 0.2. This complex behaviour is related to

the location of the force sensor F4. As the force sensor F4 is
located 50 cm from the impact direction, it is not loaded if
diffusion is not considered, i.e., if Ki = 0. When Ki increases,
the shear forces F

t
i=j applied on the cell C4 by the adjoining

kernel cell C1 (Fig. 11), in particular, also increase. The
strain of cell C4 (Fig. 11) therefore increases, which induces
an increase in the transmitted stress stran

F4 . However, when Ki

reaches high values (Ki = 0.2, Fig. 21b), the cells located far-
ther from the impact point than cell C4 are also loaded. The
transmitted energy is therefore divided into a larger number
of cells, which tends to decrease the stress transmitted by
cell C4.

Conclusions and perspectives for the use of

the model in engineering practice

The approach presented throughout this paper was devel-
oped for engineering purposes. To this aim, a set of simple
constitutive models was developed for the different parts of
the structure, through a multi-scale approach. The good
agreement observed between the experimental and numerical
results proves the relevance of this approach and shows that
the main physical mechanisms appear to have been accounted
for. In particular, the simulations at the structure scale high-
light the potential of the model for the design of rockfall pro-
tection structures.
The design of rockfall protection structures consists of as-

sessing the efficiency of the structure to stop the rocks and of

Fig. 19. Transmitted stresses (a) stran
F1 and (b) stran

F4 for varying ratios
of Eul

ke=E
l
ke.

Fig. 20. Impact force, Fimp, for different values of the coefficients
Kfront
i and Kkernel

i .

Fig. 21. Transmitted stresses (a) stran
F1 and (b) stran

F4 for different va-
lues of the coefficients Kfront

i and Kkernel
i .
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quantifying the damage induced by the impact. Assessing the
efficiency of the structure requires analysing the evolution of
the rock trajectory to determine whether the rock is stopped
or not. The characterization of the damage induced by the
impact is different, depending on the part of the structure
considered. Rockfall protection structures (in particular, cel-
lular structures) are designed so that the front part of the
structure allows dissipation of the impact energy. In addition,
the rear part of the structure is designed to prevent the struc-
ture from being completely destroyed after impact. Conse-
quently, the front part is composed of highly deformable
materials and the rear part is a rigid structure in which plastic
strains have to be limited. The damages on the structure are
therefore related to both the deformation of the front part and
the intensity of the stresses on the rear part of the structure.
The model developed can first provide relevant informa-

tion on the capacity of the structure to stop the rock. Indeed,
the trajectory of the rocks is explicitly calculated during the
impact. However the calculated rock trajectories can only be
used as initial estimates due to the assumptions associated
with the calculation of the interactions between the rock and
the structure.Although the incidence angle and the rotational
velocity of the rock are accounted for, the tangential interac-
tion forces between the rock and the structure are modelled
using a simple Coulomb friction model. In addition, impacts
at the boundary between two cells cannot be modelled.
The model can also provide quantitative information on the

damages on the front and rear parts of the structure. The de-
formation of the front face can be assessed using the evolu-
tion of the boulder penetration depth during impact. In
addition, the model allows calculating the evolution of the
stresses applied on the rear part of the structure, which can
then be used to estimate the potential plastic strains. One
can note that the time evolution of all these quantities can be
used as loading cases for detailed design of the structure us-
ing complex numerical approaches based on the finite ele-
ment method (Ronco et al. 2009) or a discrete element
method (Plassiard and Donzé 2010).
Depending on the effort put into the calibration of the

model, the model can either be used as a preliminary design
tool to determine the general layout of the structure and the
materials composing the different layers or as a quantitative
design model.
Using the model as a preliminary design tool can provide

information on the global sizes of the structure and on the
materials in the different layers. For that purpose, the calibra-
tion effort may be reduced based on constitutive models and
experiments from the literature. Simulations for different val-
ues of the parameters of the constitutive models extracted
from possible ranges of variation allow determination of the
general structure layout, and the material composing each
layer. For a specific type of structure, general design and
building guidelines can therefore be determined based on sim-
ulations results using the model as a preliminary design tool.
Using the model as a quantitative design tool requires per-

forming intensive experiments at the cell scale to determine
the constitutive models for the different layers and the values
of the associated parameters. The results obtained at the
structure scale emphasize that defining a clear procedure for
calibrating the model is possible. Indeed, the simulation re-
sults have shown that each output of the model —time evolu-

tion or maximum values of the impact force or the
transmitted stresses — can be used to calibrate the parame-
ters introduced in the simulation.
It is worth noting that this model constitutes a powerful,

simplified quantitative design tool compared with complex
models based on the finite element method (Ronco et al.
2009) or on a discrete element method (Plassiard and Donzé
2010). The main advantage of the model compared with
these approaches is its computational efficiency. Due the rel-
ative simplicity of the model compared with these ap-
proaches, the simulation of a simple impact is much faster.
Such a model can therefore be considered as a compromise
between empirical or analytical design approaches and design
methodologies based on complex numerical simulations.
Consequently, detailed analysis of the influence of the as-
sumed parameters for the structure can be done using this
model in a reasonable and practical time frame. In addition,
the computational efficiency of the model also allows the
possibility for the performance of reliability analyses for the
structure. Reliability analyses are based on the statistical
analysis of numerous impact simulations under varying im-
pact conditions and structure parameters. They allow charac-
terization of the probability of failure of the structure or the
probability that a rock will not be be stopped depending on
the variability of the impact conditions and the material pa-
rameters. Accounting for the variability of the mechanical pa-
rameters used to describe the structure through a stochastic
approach could therefore be regarded as a useful perspective
for this work, in line with stochastic modelling of the rockfall
trajectory recently carried out by Bourrier et al. (2009a,
2009b).
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