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Abstract Flexible barriers are widely used as protection

structures against natural hazards in mountainous regions,

in particular for containing granular materials such as

debris flows, snow avalanches and rock slides. This article

presents a discrete element method-based model developed

in the aim of investigating the response of flexible barriers

in such contexts. It allows for accounting for the peculiar

mechanical and geometrical characteristics of both the

granular flow and the barrier in a same framework, and

with limited assumptions. The model, developed with

YADE software, is described in detail, as well as its cali-

bration. In particular, cables are modeled as continuous

bodies. Besides, it naturally considers the sliding of rings

along supporting cables. The model is then applied for a

generic flexible barrier to demonstrate its capacities in

accounting for the behavior of different components. A

detailed analysis of the forces in the different components

showed that energy dissipators (ED) had limited influence

on total force applied to the barrier and retaining capacity,

but greatly influenced the load transmission within the

barrier and the force in anchors. A sensitivity analysis

showed that the barrier’s response significantly changes

according to the choice of ED activation force and

incoming flow conditions.

Keywords DEM � Granular flows � Flexible barriers �
Mechanical interaction � Impact � Numerical modeling

List of symbols

A, B Segments representing cylinders

a, b Direction vectors

Ac Surface area of a cylindrical element

Dc Minimum distance vector between two

cylinders

Dn, Dmc, Dlc Net, main cable and lateral cable diameters

D50 Particle’s diameter at 50% of the

cumulative distribution

E Elastic modulus

Fa Mean force of two anchors installed on the

same main cable

FED�els Elastic limit of forces in energy dissipators

Fint Interaction force

Fn, Ft Normal and Tangential contact force

Ftot Total force applied by the flow

Fr Froude number

g Gravity acceleration

Gtw Shear modulus for the twisting moment

h Flow depth

Ib, Itw Bending and polar moments of inertia

kb, ktw Bending and twisting stiffness parameter

Lc Cylinder’s length
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m, n Coefficients between 0 and 1

mdz, mtot Dead zone mass and total initial mass

Mb, Mtw Bending and twisting moments

R
0

Radius of the spheres composing the clump

rs, rc Sphere and cylinder radii

Svir Virtual sphere placed at a cylinder’s axis

un, ut Normal and Tangential displacements

_ut Relative tangential velocity

v Depth-averaged velocity of the flow

Wfb, Hfb Width and height of the flexible barrier

wch, lch, hch Width, length and height of the channel

a Inclination angle of the channel base

cn Normal visco-elastic coefficient

/ Microscopic friction angle

e Restitution coefficient

Dt Time step

Xb
12, X

tw
12

Bending and twisting component of

spheres’ relative rotation

reln Elastic tensile limit

drc Friction angle between main cables and

sliding rings

dED Mean deformation of two energy

dissipators of a main cable

dED�brk Maximum allowable deformation of energy

dissipators

hFtot
Orientation of the total force applied by the

flow

DEM Discrete element method

ED Energy dissipator

FEM Finite element method

SA, SB Flexible barriers without and with energy

dissipators

1 Introduction

Mountainous areas are prone to different types of flowing

granular materials such as debris flows, dense snow ava-

lanches or rockslides, all constituting threats to human

environment. Protection against these natural gravity-dri-

ven phenomena may be achieved using interception and

containment structures such as flexible barriers. Flexible

barriers are mainly composed of net elements, sliding

rings, main cables, lateral cables, energy dissipators and

lateral anchors. Initially intended for stopping rockfall,

their use has been extended to any types of granular flows.

Flexible barriers are ideal for stopping granular flows

due to their high deformation capacity and their water

permeability (Guasti et al. 2011). In comparison with rigid

walls, they distribute the impact energy over longer impact

duration and thus reduce the peak impact force (Boetticher

et al. 2011). Furthermore, they are advantageous for their

short construction times and ease of installation in hard-to-

reach terrains. Last, one flexible net barrier can retain huge

volumes of granular materials, with values up to 2000 m3

of debris (Wendeler et al. 2008).

Up to now, flexible barriers have mainly been studied

with respect to rockfall, considering a single block impact.

Real-scale experiments have been performed by different

authors (Peila et al. 1998; Grassl 2002; Castro-Fresno et al.

2008; Gottardi and Govoni 2010). The aim was both to

evaluate the barrier nominal capacity and provide data for

validating the numerical models that were developed in

parallel (Nicot et al. 2001; Cazzani et al. 2002; Volkwein

2005; Castro-Fresno et al. 2008; Gentilini et al. 2012;

Bertrand et al. 2012; Gentilini et al. 2013). The use of

numerical models is first motivated by the high cost of

physical prototype testing. Besides, some loading condi-

tions cannot be tested on-site due to technical challenges

(Volkwein 2005). In this context, numerical models offer

an alternative for enabling a more innovative design of

these barriers by considering the different parameters

related to both the granular flow and the barrier. In addi-

tion, numerical modeling of flexible barriers can assess the

loads in each component and test innovative designs

accordingly (e.g., Bertrand et al. 2012).

Flexible barriers used for containing natural granular

material flows have received less attention. Some on-site

real-scale experiments were performed (Wendeler 2008;

Brighenti et al. 2013). Besides, guidelines for the design of

flexible barriers against debris flow were proposed (Volk-

wein 2014) considering the feedback from experiments and

on-site measurements.

The barrier numerical models described in the literature

are either based on finite element method (FEM) (Cazzani

et al. 2002; Castro-Fresno et al. 2008; Gentilini et al. 2012;

Spadari et al. 2012; Van Tran et al. 2013; Escallón et al.

2014; Leonardi et al. 2015) or DEM (Nicot et al.

1999, 2001; Bertrand et al. 2008, 2012; Bourrier et al.

2015).

DEM was the first numerical method used for modeling

flexible barriers. It was pioneered by Hearn (1992) with

application to flexpost rockfall fences. Later, Nicot et al.

(2001) used DEM to develop a model for highly flexible

rockfall barriers where the approach was proved to be

relevant in capturing the dynamics of the impact of a

rockfall on flexible barriers made of ring nets. With DEM,

two different approaches are considered for representing

the net as a collection of nodes, or spherical particles:

either the nodes are located in the center of each unit mesh

(Nicot et al. 2001) or it is located at the interception

between adjoining wires constituting the mesh. This second

alternative allows accounting for the real shape of the

mesh, as for example hexagonal meshes (Bertrand et al.
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2008; Thoeni et al. 2013), rings (Coulibaly et al. 2017) or

water drop-shaped meshes (Bertrand et al. 2012).

As for modeling a granular flowing material, DEM is

advantageous compared to FEM. DEM is well adapted to

describe the behavior of granular or discrete materials,

whereas FEM is mostly dedicated to modeling continuous

media. Large displacements and failures between elements

are easy to simulate with DEM; thus, it is well suited to

model protection nets where important strains and failure

may occur during a loading test.

Nevertheless, while the aforementioned barrier DEM

models were suitable for rockfall protection barriers, their

use for modeling the impact in case of granular flows is

confronted to with some challenges. In fact, DEM models

represent the components of the barrier as a collection of

distant nodes, or particles, interacting remotely. In such a

situation, some particles of the flow may unrealistically go

through the net. Besides, such a mesh representation does

not allow for a reliable granular flow/mesh interaction

modeling, the particles being in contact with nodes and not

with wires. Last, the well-known curtain effect, where a

ring slides on a cable, is complex to model as cables are

represented as a succession of nodes and not as a contin-

uous body.

This paper presents a new DEM model for addressing

the response of flexible barriers to impact by granular

flows. An innovative way in modeling the barrier is pro-

posed in order to overcome DEM limitations for this

application field. It consists in modeling the wires and

cables using the DEM-based cylinder model recently pro-

posed by Bourrier et al. (2013) for modeling plant roots’

interaction with soil particles. By modeling both the barrier

components and granular flow in the same framework, the

model is very computation time cost-effective. It allows for

a detailed investigation of forces developing in different

components of the barrier and also for visualizing the

overall deformation. The aim of this article is to detail the

model and demonstrate its capacities in modeling the flow-

barrier system in a realistic way, with limited assumptions

and simplifications. First, a typical flexible barrier is

described in detail which is general in its component and is

not limited to a specific technology, before presenting the

DEM modeling of the system. Next, the components of the

system are calibrated, based on data from the literature

using net punching tests. The friction between main cables

and sliding rings is calibrated by conducting experiments

on a boulder sliding on a zipline. For the purpose of

illustration of the capacities of the model, the flexible

barrier response to impact is investigated in details focus-

ing on the influence of the presence of energy dissipators,

or brakes, on the barrier response. This investigation is

based on a detailed description of both the flow-barrier

interaction and force transfer within the barrier

components, with a particular focus on the way the force is

transmitted to the anchors. Afterward, a sensitivity analysis

is carried out investigating the effect of the activation force

of energy dissipators (ED) and also the condition of

incoming flow on the barrier response in terms of its

deformation and loads in main cables. In the end, the DEM

modeling approach appears highly versatile in accounting

for different types of barriers and relevant for investigating

the influence of structural choices on the barrier response.

2 Typical Flexible Debris Flow Barrier

Flexible barriers for hazard protection (Fig. 1) are gener-

ally composed of net elements, sliding rings, main cables,

lateral cables, energy dissipators and lateral anchors (Nicot

et al. 2001; Bertrand et al. 2012; Brighenti et al. 2013). A

general description of these elements and their objectives is

detailed in the following sections, before introducing the

DEM model in the next main section. As this article

focuses on the ability of the numerical model in addressing

the interaction between a flexible barrier and a granular

flowing material, the choice was made to consider a gen-

eric barrier that has similar features as existing ones.

2.1 Net Elements

Net elements in flexible barriers exist in many geometries

which vary according to the purpose of the net element and

manufacturing company. The net elements are the first to

interact with bodies of the flow and then transmit the forces

to other components of the flexible barrier. They are usu-

ally tested using punching test. The punching test is aimed

at representing the behavior of the net against a block

punching through it, where the net is fixed to a metallic

frame (Bertolo et al. 2009). Different punching bodies of

different diameters were used in the past for testing square

samples of nets (Bonati and Galimberti 2004; Majoral et al.

2008; Agostini et al. 1998; Bertrand et al. 2012).

2.2 Rings

Rings are rigid elements that connect the net to the main

cables and allow for the force transmission between them

up to the lateral anchors. This connection is not rigid, and

sliding of the ring along the cable is possible adding

additional freedom for the structure to deform: this is the

so-called ‘curtain effect’. Allowing for the sliding of these

rings has not been addressed in details in the literature,

except some few attempts (e.g., Volkwein 2005). In this

paper, these rings will be modeled with DEM adding a new

insight for the capabilities of DEM modeling of such

elements.
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2.3 Main and Lateral Cables

Main cables are usually installed horizontally in the flexible

barrier and are attached to the anchors on the two sides. The

net elements are attached to the main cables via the rings,

where the main cables transmit the impacting force from the

net to the lateral anchors through the dissipating devices. The

main cables usually ranges from 16 to 32 mm in diameters.

The topmain cable is generally protected from abrasion. Last,

the lateral cables connect the sides of the net with the anchors.

They also help in supporting the net’s retaining capacity.

2.4 Energy Dissipators and Lateral Anchors

Energy dissipators are devices used to limit the forces

transmitted to the lateral anchors. Their working mecha-

nism depends on their ability to deform, which provides the

possibility of dissipating the incoming kinetic energy. They

are usually installed at the extremities of the main cables in

which they limit the force transmission from the main

cables to the anchors, thus protecting the anchors from

excessive loads. During progressive structural loading, the

energy dissipators first deform elastically until reaching the

elastic limit. Once reached, plastic strains will start taking

place and energy dissipators will keep straining up to a

failure length. Such length is not supposed to be reached

during the impact as it may lead to forces in excess in the

anchors which might cause the structure to collapse.

Energy dissipators exist in many mechanisms. Examples of

these mechanisms include: elastic perfectly-plastic mech-

anism, buckling-friction mechanism and the brittle mech-

anism (Bertrand et al. 2012). Their elastic limit force can

vary from 40 to 300 kN (Cazzani et al. 2002; Gentilini

et al. 2013; Peila et al. 1998; Van Tran et al. 2013).

3 Discrete Element Model

Both the granular flow and flexible barrier were simulated

using DEM. DEM became a pioneering method for mod-

eling granular materials in recent years as it accounts for

the interaction at the microscale between particles. It is

based on an explicit finite difference scheme proposed by

Cundall and Strack (1979). Different interaction types

could be taken into account alternating between remote and

contact types. The interaction contact force could be taken

in both normal and tangential directions. The force–dis-

placement contact forces are used in DEM along with

applying Newton’s second law of motion. The simulation

tool used in this article is YADE open source code for

discrete numerical models (Šmilauer et al. 2015). The loop

in YADE starts by identifying the existing contacts

between bodies, in which the overlapping distance (de-

formation) is calculated. Afterward, the chosen contact law

is applied and the interaction force is calculated. Then

Newton’s second law of motion is used to calculate the

acceleration which is then used to calculate the new posi-

tion of the particles where the loop is then initiated again.

3.1 Granular Flow Model

The granular flow was modeled as a set of non-spherical

particles, where each particle is a clump composed of two

identical spheres with an aspect ratio of 3/2. The choice of

non-spherical particles proved to be advantageous in

accounting for the shape effects of real granular flow par-

ticles (Albaba et al. 2015b). Particles in the simulations

were interacting with a linear spring-dashpot contact law

with Coulomb failure criterion. The normal and tangential

contact forces Fn, Ft between interacting bodies were

calculated as follows:

Fn ¼ knun � cn _unð Þn ð1Þ

Ft ¼
ktut
ktutj j Fnj j tan/ if ktutj j[ Fnj j tan/

ktut otherwise

8
<

:
ð2Þ

where kn and kt are the normal and tangential stiffness

parameters, un and ut are the normal and shear displace-

ments, / is the microscopic friction angle (taken as 40�)
and cn is the normal viscous damping coefficient which is

Fig. 1 Schematic

representation of the main

components of flexible granular

flow barriers
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calculated using the restitution coefficient value (Schwager

and Pöschel 2007).

The elastic modulus of interacting particles was chosen

as 108 Pa and the shear stiffness of the contact (kt) was

taken as 2/7 kn according to what was previously suggested

by Silbert et al. (2001).

The granular flow model has been previously calibrated

and validated for granular flows impact on rigid walls,

where full details can be found on the flow contact law

(Albaba et al. 2015a, b). Simulation results were compared

with experimental data of a granular flow (composed of

gravel particles prepared with different samples’ sizes and

inclination angles) impact on a rigid wall (Jiang and

Towhata 2013). These experimental data were selected

because they considered coarse grained flow made of real

gravel particles, which is the main case for natural granular

flow. In addition, the study provided detailed measure-

ments of normal impact force applied to different heights

(i.e., different segments of the rigid wall).

The calibration was based on flow thickness measure-

ment and final shape of the deposit behind the wall. �n
value lower than 0.5 was found to be sufficient to repro-

duce granular flows with corresponding measurements of

those in the experiments (Faug et al. 2009). In addition,

using non-spherical particles in DEM was found to get

better representation of the final deposit shape behind the

wall Albaba et al. (2015b). Each DEM particle was made

of two identical spheres with a radius R
0
overlapping over a

distance R
0
.

The validation of the DEM model with the experimental

data was based on the normal impact force and bending

moment applied to the wall. The DEM model and experi-

mental data were found to agree in terms of the value of

maximum impact value, time at which the maximum takes

place and also the final residual value of the force and

bending moment.

3.2 Flexible Barrier Model

The different components of the flexible barriers require

specific models to be developed and calibrated. On a DEM

perspective, different types of contacts are to be consid-

ered, depending on the modeled component. This section

describes these different interactions that can be applied to

any type of flexible barrier. The components constituting

the barrier (i.e., cables, rings and wires) are modeled as

deformable objects, as primarily developed by Bourrier

et al. (2013) and later on extended by Effeindzourou et al.

(2016) for modeling grids, shells and membranes. In this

modeling method, every shape of flexible element is rep-

resented using a cylinder as a basic element (Fig. 2).

Cylinders in the model are objects similar in principle to

the spheres in DEM. They can be effectively used to pro-

duce any geometrical shape of flexible elements with a

numerical model. More importantly, the cylindrical ele-

ment does not introduce any numerical roughness, in

contrast to remote interaction models. This is because the

cylinder geometrically corresponds to the Minkowski sum

of spheres and segments (Effeindzourou et al. 2016). In

addition, contact sliding is permitted to take place along the

outer surface of cylinders, which has not been previously

accounted for in the literature except some few attempts

(e.g., Volkwein 2005). This is achieved by a mechanism

that tracks the history of the contact even when an element

slide from one cylinder over an adjacent one. Thus, the

tangential force is not reset when such sliding occurs.

Three types of possible interactions that could take place

for flexible structures are presented in the following sec-

tions: node–node interaction, sphere–cylinder interaction

and cylinder–cylinder interaction. Afterward, the condi-

tions for applying plastic deformation in the cylinders are

presented.

3.2.1 Node–Node Interaction

The node–node interaction concerns the internal interaction

between two computational nodes of a cylinder. The

position and orientation of these two nodes define the

deformation of the cylinder. Such deformation could be

either normal (tensile and compressive), tangential, bend-

ing or twisting. The contact law used for this interaction

relates the relative displacement and relative rotation at the

contact point to the contact force F and bending momentM

(Bourrier et al. 2013). The normal and tangential forces

(Fn and Ft) are calculated as follows:

Fig. 2 A sample of two connected cylindrical elements with two

nodes at the ends of each cylinder
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Fn ¼ knnn ð3Þ

DFt ¼ kt _utDt ð4Þ

where kn and kt are the elastic stiffness parameters of the

normal and tangential force respectively, nn is the normal

displacement vector, _ut is the relative tangential velocity

and Dt is the time step between two successive steps.

Similarly, relative rotation of the two spheres is used to

define the bending Mb and twisting moments Mtw. They

are calculated as follows:

Mb ¼ kbX
b
12 ð5Þ

Mtw ¼ ktwX
tw
12 ð6Þ

where kb and ktw are bending and twisting stiffness

parameters of the bending and twisting moments respec-

tively and Xb
12 and Xtw

12 are the bending and twisting

components of the relative rotation between the two

spheres.

Bourrier et al. (2013) used the node–node interaction

between two nodes (N1 and N2) of a cylinder to define the

cylinder as a beam-like behaving object (Zienkiewicz and

Taylor 2005). Thus, by considering each cylinder as a

beam with length Lc, stiffness parameters kn, kt, kb, ktw can

be calculated as follows:

kn ¼
EAc

Lc
ð7Þ

kt ¼
12EIb

L3c
ð8Þ

kb ¼
EIb

Lc
ð9Þ

ktw ¼ GtwItw

Lc
ð10Þ

where E is the chosen elastic modulus, Ac is the reference

surface area (Ac ¼ pR2, where R = min (R1,R2) in which

R1 and R2 are the radii of the two cylinder nodes), Lc is the

length of the cylinder (distance between the two nodes

forming it), Ib is the bending moment of inertia

(Ib ¼ pR4=4), Gtw is the shear modulus for the twisting

moment (Poisson’s ratio = 0.3) and Itw is the polar moment

of inertia (Itw ¼ pR4=8).

3.2.2 Sphere–Cylinder Interaction

The sphere–cylinder interaction concerns the interaction

between a body of the granular flow and a cylinder that

forms part of a flexible barrier (e.g., net elements). In order

to calculate the deformation at the contact between the

sphere and the cylinder, a virtual sphere (Svir), of same

radius as the cylinder, is placed at the axis of the cylinder

(Fig. 3). When an external particle gets in contact with the

cylinder, the center of the virtual sphere is defined as the

projection of the contact point along the segment con-

necting the cylinder’s nodes. Then the velocity and rotation

of the virtual sphere is interpolated between the two adja-

cent nodes (Bourrier et al. 2013). Forces and bending

moments are distributed on the nodes of the cylinder after

interpolating their share according to the translational and

rotational velocities of the virtual sphere. The normal and

tangential contact forces between the sphere and the

cylinder can be calculated using Eqs. 3 and 4 in which:

kn ¼
2EsrsEcrc

Esrs þ Ecrc
ð11Þ

where Es and Ec are the elastic moduli of the sphere and

cylinder, respectively, and rs and rc are the radii of the

sphere and cylinder, respectively. The tangential stiffness

coefficient of the contact between the two is taken as

kt ¼ ð2=7Þkn.

3.2.3 Cylinder–Cylinder Interaction

This interactions concerns the contact interaction between

different components of the flexible barrier, and in partic-

ular between the rings and main cables. For a set of two

cylinders C1 and C2, two nodes exist on both sides of each

one: NC1

1 and NC1

2 for the first cylinder and NC2

1 and NC2

2 for

the second one (Fig. 4). The two cylinders could be rep-

resented by two segments A and B where A ¼ kNC1

1 NC1

2 k
and B ¼ kNC2

1 NC2

2 k. The parametric equations of segments

A and B can be defined as (Effeindzourou et al. 2016):

AðmÞ ¼ NC1

1 þ ma ð12Þ

BðnÞ ¼ NC2

1 þ nb ð13Þ

where m and n are coefficients between 0 and 1 and a and b

are the direction vector of segments A and B respectively.

Fig. 3 Representation of the sphere–cylinder interaction showing the

virtual sphere of a cylinder at the contact point
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123



At the contact point between the two cylinders, the

minimum distance between the two could be represented

by a vector Dc in which:

Dc ¼ AðmcÞ � BðncÞ: ð14Þ

If the two segments A and B are neither parallel nor

intersecting, vector Dc is uniquely perpendicular to both of

them. After calculating the contact point’s location on both

cylinders, the normal and tangential contact forces between

the two cylinders could be then calculated using Eqs. 3, 4

in which:

kn ¼
2Ec1rc1Ec2rc2
Ec1rc1 þ Ec2rc2

ð15Þ

where Ec1 and Ec2 are the elastic moduli of the first and

second cylinder respectively and rc1 and rc2 are the radii of

the first and second cylinder, respectively. The tangential

stiffness coefficient at the contact between the two is taken

as kt ¼ ð2=7Þkn.

3.2.4 Plastic Deformation of the Cylinders

The model has the capability to include an elastic limit, in

which beyond it the cylinders will deform plastically. Such

a limit is usually imposed when the failure of the structure

or damage is needed to be studied. However, in this article,

the granular flow flexible barriers are supposed to sustain

the loads without going through plastic deformation. The

only elements that are allowed to axially deform perma-

nently are the energy dissipators which would be replaced

by new ones at the end of impact events. Thus, in this

paper, elastic limit is only imposed on energy dissipators

and not on the net or main cables. This elastic limit is

introduced in the model by the following equation:

Fn 6 reln Ac ð16Þ

where reln is the elastic tensile limit. An elastic perfectly-

plastic model has been adopted using this equation to

model the energy dissipators (Sect. 4.5).

This set of interactions may be used for any flexible

barrier, whatever its design, components, geometry and

dimensions. In particular, the number and diameter of main

cables, the net unit mesh size and orientation or the energy

dissipators characteristics may be adapted to fit with other

design choices. In the following section, the considered

generic flexible barrier will be described.

4 Application Case Description and Calibration

The modeling approach developed in the previous section

is applied to the considered flow barrier system, which

calibration is described in the following sections. After-

ward, a description of the chosen characteristics of the

main cables, lateral anchors and energy dissipators will be

detailed.

4.1 Granular Flow Description and Scaling

The granular flow model is the same as the one calibrated

and validated by Albaba et al. (2015b), but with a larger

scale. The channel, which is rectangular in shape, has a

width (wch) of 15.20 m, a length (lch) of 30 m, a height (hch)

of 10 m and an inclination angle of (a) of 35�. At the end of
the channel, a flexible barrier is installed in a vertical

direction (parallel to gravity vector). The flexible barrier

has a width (Wfb) of 15.20 m (same as the channel) and an

initial height (Hfb) of 5.50 mm. The flow is composed of

clumps that are formed by two identical spheres overlap-

ping over a distance equal to their radius, with D50 ¼ 450

mm and a total initial mass of 340 kg. The normal resti-

tution coefficient en = 0.3 and the tangential one is equal to

zero. Although a larger scale is used, the flow is still in

supercritical state. This is accounted for by the Froude

number (Fr), which is a dimensionless parameter used to

indicate the influence of gravity on fluid motion (Savage

1979; Pudasaini and Domnik 2009; Domnik and Pudasaini

2012; Faug et al. 2012). It measures the ratio of the inertia

force on a fluid element to the weight of that element, and

is calculated as follows:

Fr ¼ v
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gh cos a

p ð17Þ

Fig. 4 The spacing vector between two non-intersecting cylinders

(adapted from Effeindzourou et al. 2016)
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where v is the depth-averaged velocity of the flow, g is the

gravity acceleration, h is the flow depth and a is the

inclination angle of the base.

The Froude number, Fr, for both the reference small

scale tests of Albaba et al. (2015b) and the large scale used

in this paper are larger than 1 indicating the presence of

supercritical fast-flowing flows. As a result, the flowing

material calibrated and validated in small scale flow by

Albaba et al. (2015b) could be scaled up and used for the

impact against full-scale flexible barriers.

4.2 Net Element

The net mesh is the same as the one used by Bonati and

Galimberti (2004). They used a net that is formed by 10

mm in diameter cable forming elementary mesh of 30

cm 9 30 cm, which represents 45� rotated squares (see net

mesh in Fig. 1). This type is considered because it is simple

and easy to model using the cylindrical elements, com-

paring to circular rings for example. Furthermore, no spe-

cial industrial net configuration is considered in order to

keep the achieved conclusions rather general. Moreover,

this simple net configuration with 45� rotated squares

allows for a diagonal load transmission which is expected

to limit the damage to the main cables. Last, the cell size

(300 mm) of the mesh is suitable for particles’ mean

diameter (D50 ¼ 450 mm) of the considered flow, which

limits particles flowing through the net.

Bonati and Galimberti (2004) carried out a punching

test using a cone 78 cm in height and 68 cm in diameter

(Fig. 5a). The test was considered for model calibration as

the boundary conditions are well defined. The net panel (3

m 9 3 m in size) was fixed to a metallic frame from the

four sides, and the punching elements were pulled out

against the net panel through its center. Records were

taken for the load-displacement behavior of the net panel.

Results of the punching test are presented in Fig. 6. A

loose response is seen at the first phase of loading of the

net ðfrom displacement ¼ 0 to displacement ¼ 150 mmÞ.
Afterward, a stiffer response is observed which is pro-

gressive until the failure point is reached at a normal force

applied by the punching body on the net panel of 35.5 kN

and a maximum vertical displacement of the net of 225

mm.

In order to calibrate the net mechanical parameters of

the model, the same loading conditions are reproduced in

the model along with the geometry of the net mesh

(Fig. 5b). Different values of the elastic modulus of the net

(En) were tested until reaching good calibration results

(Fig. 6) using En ¼ 60 GPa. Similar values of the elastic

modulus were reported previously in the literature for

tensile tests of cables (Bertrand et al. 2012; Mentani et al.

2016). In the full-scale simulation, the same elastic mod-

ulus was used but with a diameter (Dn) increased to 16 mm

to sustain the high loads expected from the granular flow

(Sect. 5).

Fig. 5 Net punching test.

a Experiment (after Bonati and

Galimberti 2004). b DEM

model

Fig. 6 Net punching results comparison between the experiment

(data from Bonati and Galimberti 2004) and the model
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4.3 Sliding Rings

Each ring is modeled using four cylinders (16 mm in

diameter) that form a closed loop (Fig. 7) with an inner

opening equal to 1.4 the diameter of the main cable it is

connected to (Dmc). From one of its corners, the ring is

connected to the net using one cylinder element. Such

approach of representing the sliding rings is advantageous

in being computationally inexpensive, especially that a

full-scale structure would require large number of rings.

The set of cylinders forming the ring is able to interact with

the main cable through the cylinder–cylinder interaction. In

terms of stiffness, the rings are modeled with a twice

higher stiffness than that of the net elements (Er ¼ 120

GPa). This is to ensure their rigidity and to prevent them

from deforming. One parameter needs to be calibrated

against experimental data which is the friction angle

between the sliding ring and the main cable, referred to as

drc.
Specific experiments have been conducted for drc cali-

bration purpose. The test set up consisted of a zip line made

of 18 mm in diameter cable with an average inclination of

34�. A 30 kg in mass boulder was hanged to this cable via a

ring 26 mm in internal diameter. The boulder was allowed

to slide freely under gravity, over a distance up to 7 m. Its

displacement was tracked with time at a 250 fps frequency

by a high-speed camera. Three runs were performed on-site

under the same conditions. Experimental results (Fig. 8)

show that the boulder’s velocity does not increase linearly,

instead, significant oscillations are observed. The block

velocity increases from 0 to 7 m/s which is thought to be a

relevant range for the application case considered.

These experiments were modeled considering the same

values for the different parameters: diameter of the cable,

inclination between the two fixed points of the cable, ring’s

internal opening and boulder mass. Three different values

of friction angle were tested in DEM: 8�, 10� and 12�
(Fig. 8). It is observed that the friction angle has a limited

influence on the velocity: a good agreement may be

obtained considering a friction angle in the 8�–12� range.

The minor oscillations observed in the simulations are due

to a relative displacement between the ring and the boulder

during the descent. This was also observed, but with minor

amplitude, in the experiments. In the end, the value of 10�
is considered for modeling the friction between the sliding

rings and the main cable in the full structure simulation.

4.4 Main Cables and Lateral Cables

Main cables used in the simulation were of 32 mm in

diameters (Dmc ¼ 32mm) with five cables being installed

horizontally. The bottom cable was fixed to the bottom of

the channel bed, in order to prevent flowing particles from

escaping beneath the structure (Brighenti et al. 2013). Each

main cable was modeled as a series of connected cylinders.

The length of the cylinder should be small enough so that,

on the scale of the structure, the cable could deform freely

in a close representation of reality. However, as the

cylinders get smaller in length, the number of cylinders

required to form a long cable would be very large making

the simulations computationally demanding. A cylinder

length (center-to-center) of 70 mm has been chosen for the

modeling of the main cables. For example, a flexible bar-

rier with a width of 15.20 m would need 217 cylinders to

form each main cable. The choice of this cylinder length

was a consequence of other parameters including the total

width of the structure, cell size of the net and initial spacing

between each two successive rings. A cylinder length of 70

mm results in six cylinders between two successive sliding

rings in this structure. Simulations showed that fewer

cylinders between each two successive rings resulted in

instabilities in the ring-cable interaction; the rings where

(a) (b)

Fig. 7 Schematic representation of the sliding rings arrangement:

a front view of the net, ring and main cables, b cross section of the

ring

Fig. 8 Boulder velocity with time for three repeated experiments and

three different DEM simulations using different values of friction

angle between main cables and sliding rings (drc)
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not smoothly sliding over the cables. That also led to large

displacements of the nodes forming the main cables over

very short period of times and thus an extremely small time

step would be needed to avoid the crash of the code. The

lateral cables on the other hand connect the side points of

the net and provide lateral confinement of the retained

material. The diameter used for the lateral cables (Dlc) was

16 mm.

These cable characteristics were checked to be consis-

tent with the expected loading. In particular, the diameter

of the cables were determined from preliminary simula-

tions with the aim of remaining in the elastic domain of the

cables. No excessive strains took place in all cylinders

except for those of energy dissipators.

4.5 Energy Dissipators and Lateral Anchors

The energy dissipators in this paper are modeled as elastic

perfectly-plastic elements. At the beginning, the energy

dissipators deform linearly until reaching the elastic limit.

Once reached, the dissipators start perfect plastic straining,

which is limited by a maximum deformation of 2.5 m

(Fig. 9). If reached, the forces will be directly transferred to

the anchors without limitation. If energy dissipators are in

use, two of them are installed at the extremities of each

main cable.

5 Full-Scale Simulation of a Flexible Barrier
Impacted by a Granular Flow

The model described in the previous section was used

while considering the parameters given in Table 1. Results

are presented investigating the different facets of the flow-

barrier system response, that is to say describing the flow,

the flow-structure interaction and the structure response

successively. First, results concerning the flow velocity,

total force applied on the structure and the evolution of the

dead zone are compared. Next, the internal forces and

deformation in the structure’s components (main cables,

energy dissipators and lateral anchors) are addressed. This

exhaustive results description aims at illustrating the

capabilities of the model in providing data of interest to

understand and quantify the mechanisms governing the

structure response to impact. It also provides some insights

on this response of the considered barrier.

For illustration purpose, two cases with two flexible

structures are compared in the following sections; structure

A that has no energy dissipators installed (SA) and struc-

ture B where energy dissipators are in use (SB). For con-

venience, the direction of the flow (i.e., parallel to the

channel base) is referred to as x-direction, the transverse

direction is called y-direction and the direction perpen-

dicular to the channel base is called z-direction (Fig. 10).

Figure 10 shows simulation snapshots of the barrier

equipped with energy dissipators when at rest. No overflow

was observed and most of the material is deposited below

cable 4. The deformed shape of the whole barrier as well as

of the net, results from the complexity of the structure,

where each component interacts with each other and

influences the global structure deformation. Figure 10 also

reveals that the displacement of the net on both sides of the

barrier leads to the creation of spaces allowing for some

particles to go beyond the barrier. In the following, the

system’s response is addressed detailing the flow-barrier

interaction in terms of force applied on the barrier and dead

zone mass evolution and the barrier response in terms of

force in the different components and barrier deformation.

Fig. 9 The force–displacement response of the energy dissipators

considered in the DEM model

Table 1 Mechanical and geometrical properties of the flexible barrier

elements

Parameter Value

Net diameter Dn (mm) 16

Net elastic modulus En (GPa) 60

Ring element diameter Dr (mm) 16

Ring elastic modulus En (GPa) 120

Ring-cable friction angle drc (�) 10

Main cable diameter Dmc (mm) 32

Main cable elastic modulus Emc (GPa) 60

Lateral cable diameter Dlc (mm) 32

Lateral cable elastic modulus Elc (GPa) 60

Energy dissipators elastic modulus EED (GPa) 60

Elastic force limit of energy dissipators FED�els (kN) 250

Maximum allowable deformation of energy dissipators

dED�brk (m)

2.5
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5.1 Flowing Velocity and Total Force Applied

on the Structure

The flow velocity is a governing parameter for the granular

flow impact on the structure. For both cases, the flowing

velocity for the front part of the flow is around 9 m/s,

which is higher than the rest of the flow bodies. Afterward,

the main body of the flow has a quasi-constant velocity of

8 m/s, yielding an incoming kinetic energy of the whole

granular mass of 11.2 MJ.

The total force/pressure applied by the flow on the

barrier is also an important parameter, which is usually

roughly approximated in recommendations of flexible

debris flow barriers. In this study, the norm of the total

force applied by the flowing particles on the different

flexible barrier components is calculated as:

kFtotk ¼
Pnint

i¼1 Fint, where nint is the number of interactions

between the flowing particles and cylindrical elements and

Fint is the interaction force between a particle of the flow

and a cylinder of the flexible barrier.

The comparisons of SA case with that of SB (Fig. 11)

shows that at the early stage of the impact, the two Ftot

curves are very similar. Significant differences are

observed from t = 3.5 s. These differences concern the time

the maximum impact force is reached (4.5 vs. 5.05 s for SA

and SB cases resp.) and residual force, at rest (2250 and

2040 N for SA and SB cases resp.). The peak values are

close to 2500 N in both cases. The final residual force

value for SB is 12% smaller than that of SA although the

initial avalanche weight is the same.

The difference in total force applied on the structure also

concerns the force orientation with respect to the base of

the channel (hFtot
). Figure 12 reveals a distinctive differ-

ence from t ¼ 4 s, that is to say before the force peak is

reached, between the total force orientation for the two

cases. The SA case exhibits a positive value, while in the

SB case the inclination progressively tends to a negative

value. In the end, the difference in impact force orientation

is of about 20�.
These differences in both the norm and orientation of

the total force applied by the flow on the structure are

attributed to the higher deformability of the structure

equipped with energy dissipators. The lower norm

observed in this case is due to the fact that part of the

retained avalanche gets into interaction with the down-

stream base of the channel as a result of a barrier larger

deformation. As seen earlier in Fig. 10b, part of the weight

of the retained avalanche is supported by the base. The

difference in force orientation also results from the dif-

ference in deformed shape, in particular observed at later

stages of the impact.

5.2 Dead Zone Mass

The dead zone is the zone where particles are at rest, or in

quasi-static condition, behind the barrier. This corresponds

(a)

(b)

(c)

Fig. 10 Snapshots of the granular flow impact on the flexible barrier

with energy dissipators (SB): a top view, b front view, c side view

Fig. 11 Total force applied on the barrier versus time for two cases: a

flexible barrier without energy dissipators (SA) and a flexible barrier

with energy dissipators (SB)
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to particles trapped between the channel base and the

barrier, but still under the influence of the flowing particles

above. Determining this dead zone and its evolution aims

at quantifying the different components of the granular

flow impact force on the barrier as indicated by existing

guidelines (Volkwein 2014). Indeed, the force acting on the

structure is generally made of two components, one con-

cerning the force applied by the dead particles and the

other resulting from the impact by flowing particles. In

addition, the dead zone is partially responsible for the

dissipation of energy of incoming flow through the colli-

sion with the dynamic part of the flow (Albaba 2015).

The dead zone particles are identified considering a

velocity criterion. Dead particles are those having a

velocity, in the direction of the flow, lower than five per-

cent of the maximum recorded value of the velocity in x-

direction throughout the simulation history (Faug et al.

2009; Albaba et al. 2015b).

The evolution of the dead zone mass (mdz) has been

recorded and the ratio of mdz=mtot has been compared for

the two cases: SA and SB (Fig. 13), where mtot is the total

initial mass of the avalanche. Again, we notice that the two

curves are similar but starts departing around t ¼ 3:5 s.

The slight delay of the dead zone mass evolution is

attributed to the additional deformation of the flexible

barrier in the SB case.

5.3 Internal Forces in the Main Cables

The internal force in each main cable is computed as the

average out of internal forces developing in all cylinders

forming that cable (excluding the two cylinders at the

extremities representing the energy dissipators in SB case).

By contrast with the previously presented results, a sig-

nificant difference in terms of internal cable forces is

observed between the two cases (Fig. 14).

The curve concerning cable 1 is not plotted as this cable

is fixed to the bed of the channel, and experienced no

internal force. Internal force increase first concerns cable 2,

in both cases.

For SA case, highest peak force values are reached for

cables 2 and 3 with peaks around 745 and 810 kN,

respectively. These cables are also subjected to high

residual forces, which are 720 and 770 kN, respectively.

Cable 5 is the least loaded one without a significant dif-

ference between its peak and residual force. A ratio of

almost 3 is observed between the peak values of cables 3

and 5. The peak for the different cables is reached at the

same time. The total duration of the impact for SA case is

around 3.2 s.

For SB case, lower peaks and residual forces are

observed for all cables. Forces are almost evenly dis-

tributed between cables 2 and 3. With the exception of

cable 5, the difference in the internal forces between the

different cables is very small. The force in cable 5 exhibit

different trends from t ¼ 3:3 s with a progressive decrease

in force down to negligible values.

These differences are attributed to the energy dissipators

activation, preventing excessive loading of the cable. Once

activated, energy dissipators add additional length to the

cable, resulting in a decrease in force.

5.4 Forces in the Anchors

Forces in the main cables are transferred to the anchors, via

the energy dissipators, if any. In this later case, two energy

Fig. 12 Orientation of the total force acting on the barrier with

respect to the channel versus time for two cases: a flexible barrier

without energy dissipators (SA) and a flexible barrier with energy

dissipators (SB). Inset schematic representation of the total force

vector direction with respect to the initial position of the barrier and

the channel bed

Fig. 13 Dead zone mass evolution versus time for two cases: a

flexible barrier without energy dissipators (SA) and a flexible barrier

with energy dissipators (SB)
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dissipators are installed at the extremities of each main

cable in order to limit the load transmitted to the anchors

(Fig. 1). Energy dissipators gets activated when the maxi-

mum elastic limit of the energy dissipators is reached,

which is 250 kN for the case under consideration.

Figure 15 presents the average out of the forces

developing in the two anchors connected to a same cable,

normalized by the energy dissipator elastic force limit.

When no energy dissipator are used (SA), forces on the

anchors are unevenly distributed, with a concentration of

loads on the middle anchors (A2 and A3), in accordance

with the previous observation where cables 2 and 3 were

the highest loaded ones. For instance, the peak of the force

acting on the anchors of the third cable is 3.5 times higher

than the value of FED�els. Such high forces on the anchors

could lead to the collapse of the whole structure and this is

where the energy dissipators are intended to play a role.

For SB case, loads on the anchors are almost evenly

distributed, with no concentration of forces on specific

anchors, although anchors on cable 2 are the first to be

loaded since that cable is the first to be impacted. The

dynamic peak of the forces seen in SA case has been

eliminated in SB case due to the activation of the energy

dissipators. The final residual forces on the anchors are

roughly the same for all anchors. The even distribution of

force on the anchors suggests that the activation of the

energy dissipators leads to a redistribution of loads. This

even force distribution allows for having a unique design

for the anchors in the presence of energy dissipators.

5.5 Deformation of the Energy Dissipators (ED)

The additional length provided by the energy dissipators

to the structure results in different final barrier shapes.

The maximum span of the cables in the direction of the

flow (Fig. 16) is larger in the case of SB. In addition, the

maximum spanned cable is different between SA and SB

cases. For SA, the maximum deformation takes place at

cables 2 and 3 which are between the middle and the

bottom half of the barrier. In contrast, the maximum

deformation for SB case is observed for the upper half of

the barrier. Moreover, the least deformed cables are also

different; being cable 5 and cable 2 for SA and SB,

respectively. The difference in final deformation partly

explains the difference in the final residual force at the

end of the impacting events, observed earlier in Fig. 11 as

well as the difference in the total force orientation

(Fig. 12).

(a)

(b)

Fig. 14 Internal forces in main cables versus time for a flexible

barrier without energy dissipators (SA) and a flexible barrier with

energy dissipators (SB): a the whole evolution with time, b a zoomed

view for the beginning of the evolution

Fig. 15 Average force on each two anchors at the same cable versus

time for a flexible barrier without energy dissipators (SA) and a

flexible barrier with energy dissipators (SB)
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5.6 Load Transmission Through the Barrier

The impact load by the flow on the barrier transfers through

the net to the main cables, and then to the anchors. This

section addresses the load transfer pattern in the inter-

cepting elements of the barrier focusing on the later stage,

after the system is mainly at rest.

First, the final deformation of barrier is visualized from

the side for both barriers SA and SB (Fig. 17), with con-

tinuous dots representing main cables and discretized dots

representing net element cylinders. The final height of the

barrier at the end of the event, which is a crucial parameter

for estimating the nominal containment capacity of the

barrier, is reduced to 4.9 and 5.15 m for the barriers with

and without energy dissipator, respectively. This difference

does not significantly impact the barrier containment

capacity. In addition, for SB case, it can be observed that

part of the retained mass could be interacting with the

channel downstream of the barrier (Fig. 17b). This is due

to the excessive deformation of the barrier in the direction

of the flow, which could be the reason for the difference in

final residual force as previously discussed in Sect. 5.1.

To study the force transmission within the barrier, the

residual tensile force developing in cylinders forming the

net and main cables are compared for the two cases. Fig-

ure 18 shows the residual tensile force in each cylinder,

depending on its position in the (y, z) plan. Each dot rep-

resents a cylinder. For symmetry reasons, half of the

structure is represented. Only cylinders with tensile forces

higher than 60 kN are shown, in order to exclude the

weakly loaded ones for viewing purposes.

On the whole, forces higher than 60 kN are observed on

cylinders constituting main cables 2–5, lateral cables

between the extremities of cables 4 and 5 (upper cables),

and net wires that are connected to the extremities of cables

4 and 5. Cable 5 is weakly loaded, which is partially due to

the limited height of the deposit (cf. Fig. 10). Cable 1 is not

visible as it does not sustain tensile forces.

In the absence of energy dissipators (Fig. 18a), the

highest tensile forces are observed in cables 2 and 3 in

agreement with the findings of Fig. 15. Besides, high force

concentration is observed at the extremities of each cable.

For example, the tensile force in the cylinder at the

extremity of cable 3 reaches a value of 800 kN, while it is

of about 770 kN for the other cylinders of that cable. The

cylinders at the extremity of the cable in fact connect the

anchors to both the main cable and the lateral cable. The

force is higher because it accounts for the tensile force in

both cables.

For SB case (Fig. 18b), lower values are observed for

the tensile force in the cylinders forming the main cables,

in comparison with SA case. The even distribution of

forces from one main cable to the other is confirmed. Loads

on the extremities of cables 2 and 3 are 226 and 219 kN,

Fig. 16 Maximum span of main cables in the direction of the flow

versus time for a flexible barrier without energy dissipators (SA) and

a flexible barrier with energy dissipators (SB)

(a)

(b)

Fig. 17 Side view of the final deformation of the barrier showing

main cable as continuous dots and net element cylinders as discretized

dots: (a) flexible barrier without energy dissipators (SA), b flexible

barrier with energy dissipators (SB)
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respectively. The cylinders at the extremity represent the

energy dissipators and connect the anchors to both the

lateral cable and the main cable. The distance between the

dot representing this cylinder and the others of the main

cable is due to the energy dissipator elongation.

As for net cylinders, a diagonal load transmission is

observed in the direction of the extremities of cables 4 and

5, in both cases, via the last cylinder of each lateral cable.

No diagonal force transmission is observed in the direction

of cylinders constituting the main cables or other cylinders

of the lateral cables, as cable extremities offer more rigid

boundary conditions where forces concentrate. This con-

tributes to the extra load observed on the last cylinder of

cables 4 and 5 in the SA case.

As for the contribution of the lateral cables to the forces

developed in the anchors, Fig. 19 focuses on the forces in

the 4 cylinders forming the portion of lateral cable between

anchors 4 and 5. The increase trend observed from cylinder

1 to 4 for both SA and SB cases is due to the connections of

the lateral cable cylinders to wire net cylinders. The

increase is gradual for SA cases until reaching the maxi-

mum value for cylinder 4 connected to anchor 5. This is

related to the diagonal load transmission and results from

the fact that anchors form fixed points where all the forces

are eventually transmitted.

In SB case, a big difference is observed between the force

in the top cylinder (number 4) and that in the rest of the

cylinders. The difference between SA and SB curves (for

cylinders 1–3) starts from the moment the force in main

cable 5 drops for SB case (Fig. 14), while there is no force

drop in anchor 5 (Fig. 15). Loads are directed from the net to

the anchors via the lateral cable. In SB case, the combination

of the force in the main cable and that in the lateral cable

leads to the activation of the energy dissipator, in particular

resulting in an extra-length given to main cable number 5

and leading, in turn, to the force decrease observed in that

cable. To some extent, the force drop observed in the main

cable is compensated by forces developing in the lateral

cable at a higher value in the SB case than in the SA case

(Fig. 19). So, these curves tend to show that in SB case, the

force transmitted to anchor 5 mainly transits through the

lateral cable, in contrast to SA case where both the lateral

and main cable contribute to the force in anchor 5.

This shows that the force transfer pattern strongly

depends on structural design choices, and in particular the

presence of energy dissipators. These findings could be

different if the geometrical configuration of the net is

changed (different mesh type or orientation) or if the

boundary conditions (not fixing the bottom cable to the

ground or not connecting the lateral cables to the anchors)

are modified.

6 Sensitivity Analysis

As seen in the previous section, the barrier’s response is

found to greatly change once energy dissipators are used.

In this section, the effect of some parameters will be

(a)

(b)

Fig. 18 Tensile forces larger than 60 kN in cylinders forming main

cables and net elements: a flexible barrier without energy dissipators

(SA), b flexible barrier with energy dissipators (SB). Colored version

is available online

Fig. 19 Internal forces evolution versus time in all 4 cylinders (from

bottom to top) of the lateral cable connecting main cables 4 and 5, for

a flexible barrier without energy dissipators (SA) and a flexible barrier

with energy dissipators (SB)
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analyzed and their effect on the barrier response will be

discussed, with a special attention given to the conse-

quences these parameters would have on design choices for

flexible barriers for granular flow mitigation. All barriers

tested in this section are provided with energy dissipators at

the extremities of each main cable.

6.1 Effect of the Activation Force Value of Energy

Dissipators

Different energy dissipators techniques could be used for

flexible barriers (Castanon-Jano et al. 2017). They vary in

their activation force value and their dissipating mecha-

nism. In this section, three barriers are tested with three

different activation force of energy dissipators: 50, 150 and

250 kN. Such an analysis could provide an insight on the

consequences of the choice of energy dissipators on the

barriers resistance and deformation and the way forces are

transmitted within the different components.

First the elongation of energy dissipators is compared

for the three cases (Fig. 20). For the case with 50 kN

activation force, the maximum elongation (2.5 m) was

reached for the energy dissipators installed at the extrem-

ities of cable 4. This has led to the failure of the anchors on

that cable. Subsequently, the other dissipators kept elon-

gating due to the excessive load transmitted to them after

the failure of the first anchors. As a result, the flow totally

passed the barrier and no significant material has been

retained by it. For the case of 150 kN, the barrier was found

to resist the impacting flow with no failure in the anchors.

However, in comparison with the case of 250 kN, signifi-

cant elongation of the energy dissipators is observed.

Furthermore, the elongation takes place over a longer

period of time. More interestingly, the ratio of elongation

from one energy dissipator to the other is very different

when comparing cases 150 and 250 kN. The highest

elongation of energy dissipators for 150 kN case is

observed in ED 4 and 5. Their elongation is almost three

times higher than that of ED2. This is not the same for 250

kN case where lower difference is seen for the elongation

of the different energy dissipators. Moreover, the highest

elongation takes place at the middle cable (ED3) and is less

than twice that of ED2. Due to the excessive deformation

of the barrier for 150 kN case, the effective height at the

end of the impact event was 22% lower than that of 250 kN

case

Next, we compare the evolution of the average force in

each main cable for cases 150 and 250 kN (Fig. 21),

ignoring the case of 50 kN as the structure was found to be

completely destroyed by the impact. For 150 kN case,

except for cable 5, lower forces are observed in comparison

with 250 kN case. In addition, the residual force is more

uniformly distributed between the different cables with

very similar values. Although force in cable 5 decrease

rapidly for both cases for t[ 4 s, it can be seen that for 150

kN case the force in that cable starts increasing again at

t ¼ 5:1 s until reaching a residual force value that is 40%

of that of the other cables. Such a behavior of increase,

decrease and second increase in cable 5 shows the com-

plexity of force transmission and distribution within the

barrier in accordance to the choice of energy dissipators

activation force. In terms of the total force applied to the

barrier, both cases had similar force evolution with time

until the activation of energy dissipators. The peak of 150

kN case was found to be 10% lower than that of 250 kN

case. More significantly, the residual force was found to be

20% lower when lower activation force is used. This could

Fig. 20 Average elongation of each two energy dissipators at the

same cable versus time, for flexible barriers with 50, 150 and 250 kN

energy dissipator activation force

Fig. 21 Internal forces in main cables versus time for flexible barriers

with 150 and 250 kN energy dissipator activation force
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be partially explained by the support of the retained

material that is due to its interaction with the channel

downstream the barrier. Overall, although no significant

difference was observed in terms of peak total impact force

on the two barriers, significant differences were seen in

terms of forces developing in the main cables and also in

the deformation of energy dissipators.

6.2 Effect of Successive Impacts of Small-Sized

Granular Flows

In this section, the effect of having multiple surges of

granular flows impacting the barrier is investigated. Two

scenarios involving the same flowing material mass are

compared. The barrier in each scenario has the same

mechanical parameters as SB (previously detailed Sect. 5).

The first scenario considers a single impacting event; one

surge of granular flow, as presented before in all previous

simulations. The second scenario (Sc2) considers two

surges: an impact by half of the initial mass at the begin-

ning, and once all that mass is stopped, a second surge of

flowing material representing the second half of the initial

mass impacts the barrier. Such a scenario could be linked

to real cases where a flexible barrier is designed to mitigate

multiple small-sized sliding events that would take place

over a certain period of time.

The elongation of energy dissipators is compared

between the two scenarios (Fig. 22). Although the initial

mass is the same for both scenarios, the final elongation of

energy dissipators in Sc2 case is found to be 3–4 times

lower than that of Sc1. Furthermore, the highest elongated

energy dissipators are ED2 and ED3 for Sc1, which is

different from Sc2 (ED3 and ED4). In addition, although

the two surges in Sc2 had similar velocities, their effect on

the elongation of energy dissipators is not the same. For

example, ED2 elongated 5% (out of 2.5 m) due to the

impact of the first surge of the granular flow, while the

second impacting surge led only to an additional 2.5%

elongation. In contrast, Elongation of ED5 is higher due to

the first surge than that of the second surge.

In terms of forces in main cables (Fig. 23), cab2 has

similar peak and residual forces in both scenarios. The

difference in the peak force is more significant with upper

cables 3 and 4. However, the residual force for these cables

is very similar in both scenarios. Cable 5 behavior is very

unique in Sc2 as it drops to its first residual value at the end

of the impact of first surge, and then drops to lower value

after the end of the impact of the second surge. This

indicates that although an additional residual load was

added to the barrier, this new load was distributed within

the barrier so that it is supported by the other cables.

Another significant difference between the two scenarios is

the evolution of the force applied by the flow on the barrier

(Fig. 24). The maximum peak impact force is 25% lower

when two surges impact the barrier. This could be

explained by a possible loss of impacting energy due to the

collision between the incoming second surge and the dead

zone formed by the first surge (Faug et al. 2009). Fur-

thermore, although the same mass is retained at the end of

both scenarios, the final residual force is different. This

suggests that the deformation of the barrier has a direct

impact on the way this residual force is acting on it.

Results of these sensitivity analysis indicate that even

when same mechanical parameters are the same for flexible

barriers, changes in energy dissipators technology or the

impacting mechanism could lead to significant difference

in the barrier’s response. The force transmission to

Fig. 22 Average elongation of each two energy dissipators at the

same cable versus time, for flexible barrier impacted with one surge

(Sc1) and flexible barrier impacted with two successive surges (Sc2)

Fig. 23 Internal forces in main cables versus time for flexible barrier

impacted with one surge (Sc1) and flexible barrier impacted with two

successive surges (Sc2)
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different components as well as the magnitude of defor-

mation would change. This points out the importance of

testing the different scenarios in order to optimize the

design procedures of flexible granular flow barriers.

7 Conclusions

In this paper, a numerical model of flexible barrier intended

to intercept natural granular flows has been presented in

details. In a same DEM environment, both the granular

material and the flexible structure are modeled, allowing to

catch the complexity of both of these materials, including

the granular nature of the flowing material and the shape of

the particles as well as strong the anisotropy and nonlin-

earities of the barrier.

For illustration purpose the modeling approach was

applied to a structure representative of existing ones and

consisting of net mesh, sliding rings, main cables, lateral

cables, energy dissipators and lateral anchors. The cylinder

model used as an elementary object for modeling the dif-

ferent linear components of the barrier was presented in

details. Different types of interaction for this model were

described: node–node interaction, sphere–cylinder inter-

action and also cylinder–cylinder interaction.

The different parts of the flexible barrier have been

discussed in details showing their validation procedure. A

general mesh type has been chosen that is made of 45�
rotated squares. The net element model was calibrated

against experimental net punching data. The sliding rings

were modeled as a square made of four cylinders that could

slide on the cylinders of the main cables. The value of

friction angle between sliding rings and main cables was

calibrated using data of a zipline full-scale experiment.

Energy dissipators were modeled as elastic perfectly-plas-

tic elements with threshold elastic limit and maximum

allowable deformation.

After presenting the details of modeling different parts

of the barrier, full-scale simulations were conducted for

two flexible barriers, without and with energy dissipators

installed at the extremities of each main cable. The pres-

ence of energy dissipators was found to have a small

influence on the flow dynamics, in terms of deposition rate

and impact force on the structure. On the other hand, it has

significant influence on the forces transmitted within the

barrier. For instance, energy dissipators led to a reduction

in a ratio of 3 of the forces in the main cables and in the

anchors. This was found to be the consequence of the

additional barrier deformation induced by the activation of

the energy dissipators of the structure which reduces the

internal force within the main cables. Indeed, different

internal force distribution can lead to the same resultant

force, according to the geometrical configuration of the

structure. By increasing the deformation of the structure,

energy dissipators make it possible to significantly reduce

internal forces. Moreover, they limited the forces trans-

mitted to the lateral anchors. By analyzing the load trans-

mission in the barrier for both cases (SA and SB), the

tensile forces were found to be distributed more evenly

between the main cables when energy dissipators were

used.

A sensitivity analysis revealed that changing the acti-

vation force of energy dissipators or impacting the barrier

with successive small-sized surges leads to significant

changes in the barrier response in terms of force develop-

ment and its deformation mechanism. As the model proved

to be effective in modeling the flexible barrier with its

complex components, more investigations could be carried

out for different loading conditions and different geome-

tries (different orientation of the net elements) in order to

recommend design guidelines for engineers.
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Evaluation of the resistant capacity of cable nets using the finite

element method and experimental validation. Eng Geol

100(1):1–10

Cazzani A, Mongiovı L, Frenez T (2002) Dynamic finite element

analysis of interceptive devices for falling rocks. Int J Rock

Mech Min Sci 39(3):303–321

Coulibaly JB, Chanut M-A, Lambert S, Nicot F (2017) Non-linear

discrete mechanical model of steel rings. J Eng Mech

143(9):04017087

Cundall PA, Strack OD (1979) A discrete numerical model for

granular assemblies. Geotechnique 29(1):47–65

Domnik B, Pudasaini SP (2012) Full two-dimensional rapid chute

flows of simple viscoplastic granular materials with a pressure-

dependent dynamic slip-velocity and their numerical simula-

tions. J Nonnewton Fluid Mech 173:72–86

Effeindzourou A, Chareyre B, Thoeni K, Giacomini A, Kneib F

(2016) Modelling of deformable structures in the general

framework of the discrete element method. Geotext Geomembr

44(2):143–156

Escallón J, Wendeler C, Chatzi E, Bartelt P (2014) Parameter

identification of rockfall protection barrier components through

an inverse formulation. Eng Struct 77:1–16

Faug T, Beguin R, Chanut B (2009) Mean steady granular force on a

wall overflowed by free-surface gravity-driven dense flows. Phys

Rev E 80(2):021305

Faug T, Caccamo P, Chanut B (2012) A scaling law for impact force

of a granular avalanche flowing past a wall. Geophys Res Lett

39(23):021305

Gentilini C, Gottardi G, Govoni L, Mentani A, Ubertini F (2013)

Design of falling rock protection barriers using numerical

models. Eng Struct 50:96–106

Gentilini C, Govoni L, de Miranda S, Gottardi G, Ubertini F (2012)

Three-dimensional numerical modelling of falling rock protec-

tion barriers. Comput Geotech 44:58–72

Gottardi G, Govoni L (2010) Full-scale modelling of falling rock

protection barriers. Rock Mech Rock Eng 43(3):261–274

Grassl H (2002) Experimentelle und numerische Modellierung des

dynamischen Trag-und Verformungsverhaltens von hochflex-

iblen Schutzsystemen gegen Steinschlag. Ph.D. thesis, Dis-

sertation, Technische Wissenschaften ETH Zürich, Nr. 14817,

2002

Guasti G, Volkwein A, Wendeler C (2011) Design of flexible debris

flow barriers. In: 5th international conference on Debris-flow

hazard mitigation, mechanics, prediction and assessment, Padua,

Italy, June, pp 14–17

Hearn G (1992) High-capacity flexpost rockfall fences. Final report.

Technical report

Jiang Y-J, Towhata I (2013) Experimental study of dry granular flow

and impact behavior against a rigid retaining wall. Rock Mech

Rock Eng 46(4):713–729

Leonardi A, Wittel FK, Mendoza M, Vetter R, Herrmann HJ (2015)

Particle-fluid-structure interaction for debris flow impact on

flexible barriers. Comput Aided Civil Infrastruct Eng

31:323–333

Majoral R, Bertolo P, Giachetti G (2008) Las mallas en la

estabilizacion de taludes, II curso sobre proteccion contra caida

de rocas. Colegio de Ingegneros de Caminos, Canales y puertos,

Madrid, p 26

Mentani A, Giacomini A, Buzzi O, Govoni L, Gottardi G, Fityus S

(2016) Numerical modelling of a low-energy rockfall barrier:

new insight into the bullet effect. Rock Mech Rock Eng

49(4):1247–1262

Nicot F, Cambou B, Mazzoleni G (2001) From a constitutive
modelling of metallic rings to the design of rockfall restraining

nets. Int J Numer Anal Methods Geomech 25(1):49–70

Nicot F, Nouvel P, Cambou B, Rochet L, Mazzoléni G (1999) Etude
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