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ABSTRACT 

Cellular sandwich structures constitute efficient technological solutions to 

protect elements at risk from rockfall hazard. The design of these structures is for the 

most part empirically based which does not allow optimization. The mechanical 

behaviour of a cellular structure is investigated using a multi-scale approach: from 

the individual layers of the structure made up of rocky particles contained in wire 

netting cages, fine granular material and reinforced embankment, to the entire 

structure which is an assembly of these different layers. A computational tool based 

on discrete modelling of the structure is developed for design purposes. Information 

is gathered from experiments at the layer scale to calibrate the parameters of the 

structure model. These experimental results are also used to evaluate the capability of 

the model to provide relevant results for the impact of falling rocks on the structure. 

INTRODUCTION 

Reinforced soil structures can be used to protect infrastructures against 

rockfall. The technologies used to build such structures lead to massive structures, 

i.e. embankments, built from geomaterials, and located upstream in the area 

potentially affected by the falling rocks (Labiouse et al., 1994; Hearn et al., 1995; 

RiskYdrogeo, 2006; Peila et al., 2007; Aminata et al., 2008). To reduce the overall 

size of such protection structures and improve their efficiency, innovative 

technologies using cellular sandwich structures are developed (Figure 1). These 

structures are composed with several layers: a front layer impacted by the falling 

boulder coupled to a kernel layer aiming at dissipating energy and a back part that 

maintains structure stability and increases structure rigidity. The front layer is 

composed of coarse, gravel-like materials contained in wire netting cages, or 

geocells. The kernel layer is composed of fine granular materials that can either be 

sand or sand mixed with scrapped tyres (Gotteland et al., 2007). Finally, the back 

part can either be a rigid concrete wall or a reinforced soil embankment. 

The aim of this study is to develop a practical design tool for rockfall 

protection sandwich structures using a multi-scale approach (Bertrand et al., 2006; 

Nicot et al., 2007). Multi-scale approaches consist in collecting information at the 

elementary scale, called microscopic scale, and at an intermediary scale, called 

mesoscopic scale, to define a model usable 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 determinant properties of constitutive 
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materials on both microscopic and mesoscopic scales. In this study, the microscopic 

scale corresponds to the size of the particles of the materials of the structure, the 

mesoscopic scale is associated with each layer of the structure and the macroscopic 

scale is the structure scale. The approach presented consists in defining constitutive 

models for each layer type from experiments at the mesoscopic scale in order to 

couple these models and define a macroscopic structure model. The principle of the 

macroscopic numerical model of the structure is first presented. The calibration of 

the constitutive models for each layer type is then exposed. Finally, comparisons 

between impact simulations and experimental results are performed for impacts on 

individual cells and on layers assembly.  

MULTI-SCALE MODELLING OF A SANDWICH STRUCTURE 

Principle of the structure model 

The type of structure considered is presented in Figure 1.The size of the 

geocells of the front layer is 50 x 50 x 50 cm.  

This structure is modelled as an assembly of cells. The geometries of the 

front and kernel layers are explicitly modelled whereas the back part embankment is 

modelled as an elastic boundary condition (Figure 1). The kernel layer is divided into 

cells of same size as the front layer geocells. The cells are modelled by spherical 

particles located at their centre. In a first approximation, it is assumed that each cell 

can only move along the normal direction to the front face of the structure (x-

direction). Indeed, due to the confinement of geocells within the structure, it seems 

reasonable to consider the displacements of the gravity centre of the cells along both 

y- and z-directions negligible with respect to the displacements along x-direction. 

Figure 1. Principle of rockfall protection sandwich structures and definition of 

the structure model. 

The different cells of the structure interact at their interfaces by means of 

forces applied at the cells gravity centre. For the calculation of the interaction forces, 

each cell is divided into two sub-cells and a constitutive model is associated with 

each of these sub-cells (Figure 1). Depending on the sub-cells position, the 
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constitutive models are developed from dynamic or static experimental 

investigations. Front sub-cells that are directly impacted by the boulders require 

defining constitutive models from experiments in which sub-cells are subjected to 

dynamic loadings (sub-cell 1 on Fig. 1). On the contrary, inner sub-cells inside the 

structure are considered to be only subjected to static loadings. 

Front sub-cells: dynamic constitutive models  

As the impacting boulder stiffness is larger than the front sub-cell stiffness 

the interaction force between them is only depending on the sub-cell strain. In the x-

direction, the increment dFi of the interaction force Fi between the boulder and the 

cell i of the front layer is given by (Figure 2): 

i

g

ii
dukdF = (1) 

where dui is the increment of the penetration of the boulder inside the cell i: 

iri
dxdxdu −= (2)

where k
g

i is the stiffness of the front sub-cell of the cell i. The stiffness k
g

i is defined 

from a constitutive model based on the function f
d

i which relates the force Fi on the 

projectile and the projectile penetration ui: 

i

d
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i
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∂
∂
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As the impact direction of the velocity of the boulder is not normal to the 

front face of the structure, a tangential force at the contact point also exists. This 

force is depending on the normal force Fi following a Coulomb’s friction model. 

Modelling this tangential interaction allows accounting for the changes in the boulder 

tangential and rotational velocities during the impact.  

Figure 2. Cell strains definition. 
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 The experiments (Lambert et al., 2009) used to characterize the constitutive 

models consisted in the impact of cells located above a concrete support by a 

spherical boulder. The lateral boundary conditions of the impacted cells (Figure 4) 

were either free-to-deform (FD), confined with the same material as the fill material 

of the cell (MC) or rigidly confined (RC).  

In accordance with the experimental results (Figure 5a) from Lambert et al. 

(2009), different patterns of the constitutive models of the front sub-cells are defined 

depending on the lateral boundary conditions (Figure 5b). For any boundary 

conditions, the same linear relation is modelled for penetrations smaller than u
lim

: 

Fi=k
l
ui. For penetrations larger than u

lim
, the same linear relation is used for RC 

conditions. On the contrary, the impact force remains constant for both FD and MC 

conditions. However, the value of the force Fi is lower for FD conditions (F
pl

) than 

for MC conditions (F
lim

). Finally, for any confining conditions, the unloading phase 

is characterized by a strong linear decrease of the force Fi for decreasing 

penetrations:  

i

ul

i
ukF = (4) 

The calibration of all parameters will be exposed in details in the section 

dedicated to the simulation results. 

Figure 4. Lateral boundary conditions used in the experiments: a) free-to-

deform (FD) ; b) rigid confinement (RC) ; c) material confined (MC) (after 

Lambert et al., 2009). 

Figure 5. Experimental results of impacts on front- sub-cells (a) and 

corresponding constitutive models (b). 
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Inner sub-cells: static constitutive models 

The interaction force between inner sub-cells depends on the strains of both 

sub-cells in contact along the x-axis. The equilibrium condition between the two 

adjoining sub-cells i and j yields a relation between the increment dFi/j of the 

interaction force Fi/j and the relative displacement duij between the two cells along 

the x-direction, (Figure 2): 

ijg
j

d
i

ijc
ji du

ll

ES
dF

00/ +
= (5) 

with   

ijij
dxdxdu −= (6)

where l
d0

i, l
g0

j are the lengths of  the sub-cells associated with the cell i and cell j at 

the first time step ; and Sc is the area of the interaction surface. Eij is the equivalent 

modulus accounting for both modulii E
d

i and E
g

j of the sub-cells:  
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d
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+
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Figure 6. Constitutive models for inner sub-cells associated with front cells (a) 

and for inner sub-cells associated with kernel cells (b). 

Assuming that the interface between adjoining cells exhibits only little 

changes in size and shape over the loading, it is possible to express the modulii E
d
i 

and E
g

j in terms of stresses and strains. For inner sub-cells associated with the front 

layer, the constitutive models are characterized from static compression tests 

(Lambert, 2007) of cells under RC and FD conditions (Figure 6). For FD conditions, 

the evolution of the axial stress σxx
i between sub-cells in the x-direction, depending 

on the sub-cell axial strain εxx
i in the x-direction, is characterized by a linear increase 

in the stress until the threshold value εlim is reached. For εxx
i larger than εlim, the stress 

is equal to σlim
. On the contrary, no threshold value is observed for RC conditions. 
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Interestingly, the coefficient of the linear relation is different depending on the 

confinement conditions (Figure 6a): E
l
rc (for RC conditions) and E

l
fd (for FD 

conditions). Finally, the unloading phase is also characterized by a linear decrease of 

σxx
i for decreasing εxx

i using the coefficient E
ul

rc for RC conditions, and E
ul

fd for FD 

conditions (Figure 6a). The constitutive model associated with MC conditions is 

comprised between these two extreme cases. Values of the parameters obtained are 

reported in Table 1. 

For the kernel layer, it is assumed that the constitutive behaviour of sub-cells 

can be modelled as a bilinear relation involving a loading modulus E
l
ke and an 

unloading modulus E
ul

ke (Figure 6b). 

Finally, the back part of the structure is associated with a linear elastic 

constitutive model characterized by the elastic modulus Ebo. 

Lateral forces 

The cell strain in the x-direction entails lateral cell strains that induce normal 

forces F
lat

i at cell interfaces in the y- and z-directions. F
lat

i are calculated with Kδ, a 

constant coefficient, as follows (Nicot et al., 2007):  

)( d
i

g
i

lat
i llKF += δ (8) 

where l
d

i, l
g

j are the lengths of the sub-cells associated with the cell i and cell j at the 

current time step. 

The F
lat

i forces induce tangential forces F
f
i that counter the cells 

displacements along the x-direction: 

lat
ii

f
i FF μ= (9) 

where μi is the Coulomb’s friction coefficient associated with the cell i. 

The values of K
δ
 and μi were determined from numerical simulations 

performed at the cell scale (Nicot et al., 2007). One can also note that, when the cell 

length reaches a limit value l
lim

 corresponding to the compaction limit of the cell, the 

cell is considered as a rigid body that stills interacts with its neighbouring cells. 

IMPACT SIMULATIONS 

All simulations were done using an explicit solving scheme. At the beginning 

of the simulation, the velocity of the boulder is set at the desired value. For each time 

step, the structure model used allows calculating the position, the velocities and the 

interaction forces applied on the impacting boulder and on all cells.  

Simulations of impacts at the cell scale are first held to calibrate the 

parameters of the constitutive models for the sub-cells associated with the front layer. 

The model considered is simplified as in this case there is no kernel (Figure 7). The 

calibration procedure consisted in comparing the experiments (Lambert et al., 2009) 

with the simulations allowing calibrating the dynamic constitutive model of the front 

sub-cells for different lateral boundary conditions (Figure 8). The impact force 

measured for MC conditions is first used to calibrate the parameters u
lim

, k
l
, k

ul
 and 

6



F
lim

 (Table 1). Once these parameters are fixed, simulations under FD conditions 

allow calibrating the parameter F
pl

. 

Figure 7. Model used for the simulations of impacts at the cell scale. 

Table 1. Values of the parameters of the constitutive models. 

Dynamic constitutive model  

Front layer 

 FD 
ulim=0.05m ; kl=2x106N/m ;k

ul=2x107N/m ; Flim=90000N/m; 

Fpl=37000N 

MC ulim=0.05m ; kl=2x106N/m ; k
ul=2x107N/m ; Flim=90000N/m 

RC kl=2x106N/m ; kul=2x107N/m 

Static constitutive model  

Front layer 

FD El
rc=36MPa ; Eul

rc=360MPa 

RC εlim=3% ; σlim=60kN/m2 ; El
fd=2MPa ;Eul

fd=20MPa 

Static constitutive model  

Kernel layer 
El

ke=200MPa ; Eul
ke=600MPa 

Elastic boundary conditions 

Back part 
Ebo=200000MPa 

The comparison between the experiments and the simulations for the time 

evolution of the impact force and of the force transmitted to the concrete support first 

shows the capability of the model to capture the dynamic effects occurring during the 

impact (Figure 8). The time delay between the peak of the impact forces and of the 

transmitted forces is very similar and the curves also exhibit similar global shapes. 

On the other hand, the model is not able to reproduce the noises observed on the 

experimental curves resulting from the stones crushing (Lambert et al., 2009). 

Indeed, the model considers the cell as a unique element whereas it is made of a large 

number of stones that successively crush. This also explains the poor matching for 

FD curves. From a quantitative point of view, the peak values reached are also of the 

same order both in the experiments and in the simulations for any lateral boundary 

conditions. One could however note a slight underestimation of the peak values of 

the transmitted forces in the simulations. This quantitative accordance is not 

surprising for what concerns the impact forces because the parameters of the model 

were calibrated in this purpose. On the contrary, the experimental results for the 

transmitted forces were not used in the calibration procedure. The accordance 
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between the experiments and the simulations for the time evolution of the transmitted 

forces therefore constitutes a validation of the model (Figure 8).  

Figure 8. Comparison between experiments and simulations for impacts 

on front cells under FD (a), MC (b) and RC (c) conditions. 

In a second phase, experiments of the impact of a boulder on a RC front cell 

located above a 50 cm sand layer were simulated using the structure model (Figure 

9). These simulations aimed at calibrating both the loading and the unloading 

modulus of the constitutive model associated with kernel cells (Table 1).  

The results of this calibration procedure show that relevant quantitative 

values of the maximum impact and transmitted forces can be obtained using the 

structure model. These results also show that using a simple bilinear constitutive 

model for the sub-cells associated with the kernel layer does not allow precisely 

accounting for the time evolution of the transmitted force, in particular (Figure 10). 

Here again, the experimentally observed noises are not reproduced. Using more 

complex constitutive models could improve the model on this point. However, the 

calibration of such constitutive models would require using complementary 

experimental results that are not yet available. 
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Figure 9. Model used for the simulation of impacts on a front cell under 

RC conditions located above a 50 cm sand layer. 

Figure 10. Comparison between experiments and simulations for the impact on 

a front cell under RC conditions located above a sand layer. 

CONCLUSION 

In this paper a model usable for the design of rockfall protection sandwich 

structures is proposed. This model is based on a multi-scale approach which allows 

getting information from experiments at a mesoscopic scale, the cell scale, in order to 

characterize the parameter of a macroscopic model, the structure model. 

This paper focuses on describing the structure model and the procedure for 

the calibration of the parameters of this model. The simulations of impact 

experiments using a simplified version of the structure model provide encouraging 

results regarding the capability of the model to capture the mechanisms occurring 

during the impact. However, the constitutive models associated with the kernel layers 

should be improved in order to increase the capability of the model to account for 

dynamic mechanisms occurring during the impact. In addition, in the near future, the 

capability of the model to be used for the design of real-scale structures will be 

evaluated using results of impact experiments on real-scale sandwich structures that 

are currently in progress. 
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