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Abstract 

ASM4 rockfall barriers is a protection device against the risk of rocks falls. These structures undergo   
large deformation and due to high geometrical and material non-linearities, the development and 
the use of computational tools are essential to carry out predictive approaches and optimise their 
design at reduced cost.  In order to reduce considerably computation times, this paper presents an 
original approach, which consists of considering a reduced model of rockfall barrier comprising only 
few degrees of freedom rather than many thousands for a complete structure. The model is 
developed from the numerical simulations results carried out from a quasi-static experiment. After 
the accuracy of the model is verified with this first experiment, its potential to reproduce the real 
dynamic behaviour of a barrier is studied.  

Keywords: reduced model, sliding cable, non-linear behaviour, dynamic relaxation. 

 

1 Introduction 

The hazard of landslide, mainly in mountain areas, 
compromises the safety of inhabitants. The need to 
protect them, their properties and infrastructures 
against this risk requires the installation of 
protective structures. Rockfall barrier is an often 
used alternative because of its low weight and its 
high capacity to absorb energy. It can be installed, 
by specialized workers, on hardly accessible zones. 
These kits have complex structures which can be 
described schematically as follows: a wire net 
(intercepting the block) supported by cables 
connected by steel posts to the cliff. The dissipation 
of the rock kinetic energy is insured by the net itself 
and by brakes distributed along the cables. The first 
section of this paper is dedicated to the modelling 
of a rockfall barrier. The second section presents 
the simulations of quasi-static experiment on a 
barrier prototype with a dynamic relaxation 
algorithm. The results of these simulations are then 
investigated to develop a simplified model of 
barrier whose accuracy is verified with the same 

experiment. This model is then subjected to a 
dynamic loading and the comparison of its 
behaviour with a full scale experiment is conducted 
in the last section. Every experiments presented in 
this paper were carried out in the framework of the 
French national project C2ROP (www.c2rop.fr) 
which brings together many public and private 
partners around the topics of landslide risk and 
protection devices. 

2 Rockfall barrier modelling  

In this paper, we focus on the numerical modelling 
of two components: the support cables and the 
net. All modelled behaviours presented in this 
section are elastic. 

2.1 The wire net 

The wire net used for the barrier studied in this 
paper is an ASM4 ring net (see figure 1). It is an anti-
submarine net in which each ring has four 
neighbours. This kind of net is widely used in 
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practice and many authors have proposed models 
to simulate its behaviour ([1], [2], [3]). 

 

Figure 1. Pattern of ASM4 ring net 

The behaviour of a ring is deduced from a plane 
tensile test on a net of 3 cells by 3 cells, whose 
results are presented in figure 2. It can be divided 
in two different stages. During the first stage only 
bending occurs without elongation of the ring 
perimeter, while in the second stage the 
constituent cable of the ring undergoes tensile 
stress. By assuming that the ring deformation is 
uniform in the square net, the tensile behaviour 
law of a single ring can be identified from the 
experimental results in the loading direction.  This 
law is then continuously described thanks to the 
least squares method with a 5th degree polynomial. 
The modelled ring is a diamond whose vertices are 
the contact points with the four adjacent rings (see 
figure 1). Its initial length from which the strain is 
calculated is hence the perimeter of the square 

inside the circle of diameter 𝑑: i.e. 𝑙0 = 2√2𝑑.  

 

Figure 2. Experimental results of the plane tensile 
test 

2.2 The support cables 

When a block impacts the interception structure, 
the net slides along the support cables and tends to 
concentrate around the impacted zone. The 
geometric reorganization, created by the sliding of 
the net, allows to increase the motion (in the 
vertical direction) of the complete structure and 
minimise hence the forces in the structure. This 
phenomenon is called “curtain effect” and is 
commonly modelled with a “sliding cable”. Many 
models with or without friction have been 
developed and are available in the literature ([1],  
[4],  [5]). The model used here does not take into 
account friction [6]. In practice these cables are 
currently linked with one or two energy dissipating 
devices which confers to the set formed by these 
two elements a bi-linear elastic-plastic behaviour.  

 
Figure 3. Components nomenclature and brakes installation 

3 Simulation of a QS experiment 
with the dynamic relaxation 

3.1 Structure description 

The scheme of the tested barrier with the positions 
of all brakes is presented on the figure 3. A three-
modulus barrier is orthogonally anchored on a 
vertical cliff. The whole fence is 2,75m high and 

15m long (5m for each modulus). This fence 
comprises 10 support cables (4 on each edge 
parallel to the cliff and 1 on each lateral edge). With 
this layout, the sliding is possible along each edge. 
Because of the large span of such structures, the 
wiring along the edge is generally complex. It is 
symmetric between the upstream and 
downstream edges. The two external cables link 
the lateral anchor with the head of a central post 
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(cables A and Abis on the figure 2) and two central 
cables connect the head of the first and the third 
posts (cable B and Bbis). Each cable holds partially 
the net and is free near the head of each post. With 
this assembly, the net is held by two cables in the 
centre of modulus and by a single cable near the 
posts. The net is of type ASM4 and is oriented as 
shown in Figure 1. It consists of 34 rings in the 
length direction and 8 rings in the height, each 
27cm in diameter. The set formed by the net and 
the support cables is held to the cliff by 4 steel 
posts (modelled by beam elements). Moreover 3 
cables (two upstream and one downstream), 
anchored in the cliff, hold the head of each post. 
Brake elements are connected in series with each 
support cable.  

A quasi-static loading is applied to the structure. A 
740 kg normalized polyhedral-shaped concrete 
block as specified in ETAG 027 [7] is maintained by 
a winch and slowly placed on the middle of the net 
until the barrier reaches equilibrium under dead-
weight and block load. Then, another winch is 
hooked on the bottom part of the block and pulled 
orthogonally to the net. Its vertical displacement is 
controlled and slowly increased so that the loading 
might be considered as quasi-static. 

3.2 Dynamic relaxation method 

The dynamic relaxation is a discrete numerical 
method used to determine the equilibrium state of 
a system subjected to mechanical loads [8]. Its 
principle consists in linearizing the differential 
equation of the first Newton law by an explicit 
scheme of numerical integration. The static 
position of a structure is hence considered as the 
result of a smoothed dynamical process. If the 
forces are conservative the dynamical behaviour of 
the system has no influence on its equilibrium 
state. So the damping parameters may be chosen 
to optimize the convergence of the algorithm. In 
this paper an artificial damping proposed by 
P.Cundall and called “kinetic damping” is 
considered [9]. The numerical tool used in this 
study was developed in Laboratoire Navier for the 
study of structure in large displacement [10]. 

3.3 Comparison with the numerical 
simulation 

During the experiment the resultant force applied 
to the winch is recorded by a load cell. In order to 
minimize the impact of local phenomena on the 
numerical results, we focus on the elastic energy 
which is integrated on the whole structure. This 
elastic energy is compared with the work of the 
resultant force applied to the winch, which has 
been numerically smoothed (see figure 4). The 
tensile forces in the central support cables are also 
compared (cables B and Bbis in figure 3). Since the 
real structure is not symmetric and different cell 
technologies have been used, an average of the 
forces in the upstream and downstream cables is 
compared with the numerical results (see figure 5). 
Even if the simulated behaviours of these cables 
does not correspond exactly to reality (difference 
of the initial stiffness), it can be considered that the 
numerical results are generally in good agreement 
with regard to both an overall and a local criterion. 
We can therefore have reasonable confidence in 
our numerical simulations and thus study more 
precisely the distribution of forces in the structure 
in order to propose a simplified model of this 
barrier. 

 

 

Figure 4. QS experiment vs numerical results 
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Figure 5. Central support cables behaviour: 
experiment vs numerical simulations 

4 Development of a reduced rockfall 
barrier model 

4.1 Geometry choice 

To define the geometry of our model, we consider 
the deformed shape of our barrier for an axial 
deformation of 3,75 m, which corresponds to the 
moment when half of the final elastic energy of the 
structure is stored (see figure 6). The first 
assumption is to consider that the structure is 
completely symmetrical according to the two main 
directions of the net plane. Secondly, post head 
motions are assumed to be very small compared to 
the motions of other points in the structure. 

Considering only the superstructure (i.e. the edge 
cables, since the displacement of the posts is 
neglected), the motion of the barrier is fully 
described by the displacements of the two points 
marked A and B in Figure 6. Considering only these 
degrees of freedom, it is still necessary to disregard 
the curvature of the edge cables at the central 
module.  

To model the deformation of the net, it is chosen 
to follow the displacement of the lowest point of 
the structure located in the middle of the net (point 
C in figure 6). The vertical deformation of the net is 
thus given by the elongation of the BC segment. 
This degree of freedom is the only one added for 
the net. Indeed, the front view shows that outside 
the central modulus the net is contained in the 
same plane as the edge cables.  

The complete behaviour of the structure shows 
that this geometry changes very little from a 
vertical displacement of 2m. Between 0 and 2m, 
the central support cables have not yet completely 
slipped and point B is not located in the centre of 
the net. To simplify the model as much as possible, 
we neglect the geometric changes due to the cable 
slip. Since this transformation is made without 
deformation, it has no influence in terms of energy. 
Moreover for symmetry reasons, only a quarter of 
the structure is studied in the rest of this paper. 

 

 

 

Figure 6. Distribution of internal forces in the structure for a vertical displacement of 3,75 m 
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4.2 Modelling internal efforts 

4.2.1 Equilibrium of point A and B 

The distribution of forces in the structure is shown 
in Figure 6 using a gradient of colours. Elements 
with a tensile stress of less than 0,5 kN are drawn 
in green while those with a tensile stress of more 
than 1 kN are drawn in red. It is thus observed that 
only the rings in the centre of the net are loaded so 
that the choice is made to apply a net-related stress 
only on the AB and BC segments. The other internal 
stresses in the modelled structure are related to 
the deformation of the support cables whose 
elastic-plastic behaviour has been described above. 
Figure 7 shows the reduced model and the 
different interactions taken into account. 

According to the notations in Figure 7, the static 
equilibria of points A and B are fully described by 
the following system of equations: 

{
(𝑇1 + 𝑇2)𝑈𝐴𝑃1 + (𝑇1 + 𝑇𝑛2)𝑈𝐴𝐵 + 𝑇2𝑈𝐴𝑃2 = 0

𝑇1𝑈𝐵𝑃2 + (𝑇1 + 𝑇𝑛2)𝑈𝐵𝐴 + 𝑇𝑛1𝑈𝐵𝐶 = 0
 (1) 

Where U-vectors designate the guiding vectors of 
considered segments. Note that the problem will 
be solved in 3 dimensions, but the drawings of the 
structure in top and front view are the same. 𝑇1 
and 𝑇2 being the uniform tensile force in the centre 
and side edge cables and 𝑇𝑛1 and 𝑇𝑛2 the tensile 
stress associated with the net along the AB and BC 
segments respectively. All the interactions 
considered model cable behaviours, the elements 
of the simplified structure have thus no 
compression and bending stiffness.  

 

Figure 7. Reduced model of structure 

4.2.2 Calculation of internal forces 

Stress in the edge cables is calculated directly from 
the deformed geometry of the structure. By noting 
∆𝑙𝑙𝑖𝑚 the limit deformation for which the stiffness 
of the assembly formed by the support cable and 
the brake element changes, the stress in a support 
cable is given by: 

  {
𝑇 =  𝐾0∆𝑙                                     𝑖𝑓 ∆𝑙 < ∆𝑙𝑙𝑖𝑚
𝑇 =  𝐾(∆𝑙 − ∆𝑙𝑙𝑖𝑚) + 𝐾0∆𝑙𝑙𝑖𝑚 𝑖𝑓 ∆𝑙 > ∆𝑙𝑙𝑖𝑚

  (2) 

Where 𝐾0 and 𝐾 are respectively the stiffnesses 
before and after the limit deformation. The initial 
length is the same for the two cables: 𝑙0 = 10𝑚, 
and the limit deformation is given by the behaviour 
of the brake element. On the complete structure 
the cables are connected in series with a brake at 
each end. Equivalent stiffnesses and limit 
elongation of the cables are thus: 𝐾0 = 1190 𝑘𝑁, 
𝐾 = 3600 𝑘𝑁 and ∆𝑙𝑙𝑖𝑚 = 21 𝑐𝑚. 

The difficulty is now to determine the behaviour of 
the two elements of the net from the ring 
behaviour that was established in the section 2.1. 
To simplify the reduced problem, the bending stage 
of the behaviour is not considered. The simplest 
way to describe these two efforts is thus given by 
the following relation: 

  {
𝑇 = 0                                 𝑖𝑓 𝑙 < 𝑙0,𝑛
𝑇 =  𝐾𝑛(𝑙 − 𝑙0,𝑟)           𝑖𝑓 𝑙 > 𝑙0,𝑛

  (3) 

Where 𝐾𝑛 is the stiffness of the net element and 

𝑙0,𝑛 its relaxed length. This two parameters must 

be calibrated from experimental results presented 
in section 3.3 for both net elements associated with 
AB and BC segments.  

4.3 Fitting net properties with QS 
simulations 

In order to determine the parameters (𝐾𝑛1, 𝑙0,𝑛1, 
𝐾𝑛2, 𝑙0,𝑛2), the quasi-static test presented in 

Section 3 is reproduced here. Loading in 
displacement is imposed by setting the altitude of 
point C. Since point B is fixed according to X, the 
problem has only 5 degrees of freedom. The 
equilibrium state of this system is solved with a 
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non-linear solver implemented in the software 
Matlab and using a trust-region algorithm [11]. This 
problem could be solved with the dynamic 
relaxation algorithm presented in section 2, but to 
facilitate the processing of the results, we prefer to 
use here this commercial scientific computation 
software. The resultant applied to the winch is 
hence compared with the force applied on the 
point C in the reduced barrier model for different 
vertical displacements. 

Complete behaviours are calculated in this way for 
several sets of parameters determined from a 4th 
order Sobol series. Instead of approaching the 
results using an analytical response surface, the 
choice was here to densely map the parameters 
space and then determine the solution among the 
set of evaluation points. By noting 𝑋𝑛 the series of 

evaluation points, the solution is hence determined 
by means of the least square-method so that: 

  𝑋𝑠 = min
𝑋𝑖
∑ [𝐹𝑒(𝛿𝑗) − 𝐹𝑛𝑢𝑚(𝛿𝑗, 𝑋𝑖)]

2

𝑗
  (4) 

In equation 4, 𝑋𝑠 is the vector grouping the best 

combination of parameters (𝐾𝑛1, 𝑙0,𝑛1, 𝐾𝑛2, 𝑙0,𝑛2) 

among all 𝑋𝑖  tested. 𝐹𝑒 and 𝐹𝑛𝑢𝑚 are the forces 

measured experimentally and computed 
numerically respectively, while 𝛿𝑗  is the vertical 

displacement of the barrier (point C for the model). 
Identification results are presented in Table 1, and 
the numerical behaviour computed with these 
parameters is presented in figure 8. 

Table 1. Net properties 

𝐾𝑛1(kN) 𝑙0,𝑛1(m) 𝐾𝑛2(kN) 𝑙0,𝑛2(m) 

4000 1,78 45 3,4 

A change in behaviour of simplified model is 
observed for a vertical displacement of 2,25m. 
From this altitude, the force applied at point C 
increases linearly as a function of the displacement. 
The same phenomenon can be observed on 
experimental data for a vertical displacement of 
about 1,75m. 

This behaviour change is due to the material non-
linearity of sliding cables (see figure 9). It is possible 

to identify 3 stages of the reduced model 
behaviour. In the first one the net deforms a lot 
without effort, in the second one (between 1,5 and 
2,25 m) the length of the net almost no longer 
increases (high stiffness) and the support cable is 
activated. Finally for vertical block displacements 
greater than 2,25m the stiffness of the set 
composed by the cable and the brake elements 
change and the whole behaviour becomes linear.  

 

Figure 8. Simplified model behaviour 

 

Figure 9. Support cables behaviour 

Figure 9 shows the comparison between the 
evolutions of the tensile load in the support cables 
for the simplified model and the real structure. For 
the reduced model, the triggering of brakes occurs 
with a slight delay compared to the experiment.  

For reasons of brevity, we will not further develop 
the study of the behaviour of this structure in 
quasi-static. However, we will note the potential of 
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simplified models to understand how efforts 
evolve in the structure. Now as the model is 
correctly calibrated and its performance has been 
validated in quasi-static, it can be tested under the 
dynamic loading regulated by ETAG27 and applied 
to rockfall barriers to certify their efficiency. 

5 From Quasi-static to dynamic 

5.1 Experimental device 

The model response is compared to an experiment 
carried out in the framework of the C2ROP project 
and reproducing the conditions indicated by 
ETAG27 [10]. The barrier presented in Section 3 is 
impacted in the middle by a polyhedral boulder of 
740 kg with a speed of 27m/s. This impact is 
repeated twice with two identical barriers. The 
acceleration of the block, its position and the 
tensile stress in some components are measured 
for both test during the whole impact period. 

5.2 Calculation assumptions 

The experimental results obtained during the two 
impacts reveal that the behaviour of the energy 
dissipating devices is different in quasi-statics and 
dynamics. The stiffenesses and the elastic limit 
given in the section 4.2.2 must thus be updated. 
The new values of these parameters are: 𝐾0 =
1190 𝑘𝑁, 𝐾𝑏 = 0 𝑘𝑁 and ∆𝑙𝑙𝑖𝑚 = 16,8 𝑐𝑚.  
Moreover, the plastic dissipation due to the brakes 
is the only taking into account. The net elements 
are considered here perfectly elastic. A viscous 
damping representing the dissipation due to 
friction between elements in the real barrier is also 
introduced for nodes A and B. The problem has this 
time 6 ddl and is governed by the following system 
of equations: 

{
 

 
𝑚𝑓�̈�𝐴 = (𝑇1 + 𝑇2)𝑈𝐴𝑃1 + (𝑇1 + 𝑇𝑛2)𝑈𝐴𝐵 + 𝑇2𝑈𝐴𝑃2 − 𝐶𝐴𝑉𝐴

𝑚𝑓�̈�𝐵 = 𝑇1𝑈𝐵𝑃2 + (𝑇1 + 𝑇𝑛2)𝑈𝐵𝐴 + 𝑇𝑛1𝑈𝐵𝐶 − 𝐶𝐵𝑉𝐵

𝑚𝑏�̈�𝑐 = 𝑇𝑛1𝑈𝐶𝐵

 (8) 

The initial speed of all points is null except that of 
point C which is equal to -27m/s. The initial 
positions are given by the real barrier architecture, 
even if the initial position of point A has no 
influence on the barrier behaviour. The mass of the 
set formed by the net and the four support cables 
is estimated to be about 95 kg, which represents a 

mass per nodes of 5,9 kg. Due to this difference 
between the masses, inertial forces will be 
concentrated in the block. The two damping 
coefficients are chosen equal to 10% of the critical 
damping associated with each node. Numerical 
integration is carried out using the explicit Runge-
Khuta method of order 4 implemented in Matlab. 

5.3 Comparison with the experiment 

The response of the model to the impact described 
in section 5.1 is presented here and compared with 
the experimental results. We will focus here on the 
vertical trajectory of the block and the energy 
stored by the structure. Figure 10 presents the 
comparison of the block displacement between the 
model and the experiments. We observe that the 
numerical results are in good agreement with the 
experiments, even if the maximum elongation is 
reached with a slight delay: 0,28 s for the model 
against 0,25 s and 0,27 s for the first and the second 
impacts respectively. 

 

Figure 10. Block vertical displacement 

The energy dissipated by the structure is calculated 
in each case by integrating the resultant force 
applied to the block. For the experiments this force 
is deduced from the vertical acceleration of the 
block. 
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Figure 11. Energy dissipated by the barrier 

The overall shape of the curve is in good agreement 
with experimental results although the dissipated 
energy is a little overestimate by the reduced 
model. We observe also a delay due to the 
modelling of the net interaction. Unlike the quasi-
static behaviour, the structure is this time 
immediately loaded. The plates of energy which 
appear at the beginning of the impact for the 
reduced model are due to the gradually damped 
oscillations of point B caused by the sudden 
tensioning of the net element BC. 

6 Conclusion 

We showed in this paper that simple assumptions 
can be used to accurately reflect the overall 
dynamic behaviour of a rockfall barrier. However, 
there are still some limitations to use such models. 
Firstly, the behaviour of the net is not defined a 
priori. The stress distribution in the net should be 
more precisely investigated to define analytically 
equivalent behaviour. Secondly, by concentrating 
the net masses in two nodes we change the 
dynamical behaviour of the structure, even if this 
new distribution should not have a significant 
impact on the total energy dissipated by the 
barrier. Further development will be hence 
dedicated to better take into account dissipative 
phenomena such as friction and plasticity. Another 
work could also be dedicated to models off-centre 
impacts. 
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