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Abstract 

Herein a discrete element model of a full-scale compound mesh barrier, formed by interweaved 

double-twist hexagonal meshes and strand rope square meshes is presented. A plastic hardening 

model is employed to investigate the energy dissipation terms within the barrier. The computational 

effort required for model initialization is reduced through a novel generation procedure. The effect of 

different impact positions on the energy dissipation within the barrier and the way the impact load is 

transmitted to the main structural elements of the barrier are investigated through a sensitivity 

analysis. The results show that the impact position has both qualitative and quantitative effects on the 

barrier response, which significantly modify the peak load acting on the structural elements and the 

combination of shear, tensile and moment loading on the fence posts.  

List of abbreviations 

BMP Bending moment on the fence posts 

DEM Discrete Element Method 

DT Double-Twist 

FEM Finite Element Method 

GA Ground Anchor 

MBV Minimum boulder velocity 

PBD Peak boulder deceleration 

PFA Peak force acting on the ground anchors 

PFC Particle Flow Code 

PMD Peak mesh deformation 

SR Strand rope square mesh 

SW Single-Wire 

TBD Total barrier deformation 

List of notations 

A Section area 

E Young modulus 
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𝐸𝐸  Elastic energy 

𝐸𝑊 Wire sliding energy 

𝐸𝑃 Plastic energy 

𝐸𝐹 Frictional sliding of the boulder on the mesh 

𝐸𝐾 Kinetic energy 

F Force 

𝐹𝐺𝐴 Forces acting on the ground anchors 

𝑓𝑟𝑖𝑐 Friction coefficient 

𝐹𝑋,𝑌,𝑍 Forces acting at the base of the fence posts 

𝐺 Shear modulus 

L Wire length 

𝑘𝑛 Normal stiffness in linear contacts 

𝑘𝑠 Shear stiffness in linear contacts 

𝑀𝐼𝑊,𝐷𝑆 Bending moment acting at the base of the fence posts 

𝑟 Wire radius 

𝑟𝑑 Random value within the range [0,1] 

𝛽 Damping coefficient 

𝜀 Nominal strain 

𝜀𝑊 Wire sliding strain 

𝜀𝐸 Elastic strain 

𝜀𝑃 Plastic strain 

𝜆𝑢 Force-Displacement curve shift in the stochastic distortion model 

𝜆𝐹 Wire stiffness parameter in the shifted area of the stochastic distortion model 

𝜃  Fence post inclination with the horizontal 

�̇�𝐵 Time derivative of the boulder velocity 
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1. Introduction 

Rockfall can be defined as the rapid movement of one or several boulders which can reach significant 

kinetic energy as they travel. Mitigation strategies can be either active, preventing the detachment of 

the blocks from the slope, or passive, intercepting and deviating the blocks during their movement 

(Peila and Ronco, 2009). Flexible protection systems (FPS) are one of the most widespread 

implementations of the latter. They are constituted by a highly deformable mesh fixed to one or more 

structural components, such as fence posts and ground anchors. Historically, these barriers have 

been characterized by their Maximum Energy Level (MEL), the kinetic energy that they must 

withstand once, and Service Energy Level (SEL), the energy level needs to be withstood twice. 

However, this classification system, based on kinetic energy alone, has proven to be lacking (Buzzi 

and Krummenacher, 2014). Throughout the years, researchers have investigated the behaviour of 

FPS through experimental and numerical approaches, to provide a more accurate characterization of 

the barrier response and improve its design. During field tests, the barrier response is typically 

characterized with discrete data, by tracking the boulder deceleration, the peak force on the anchor 

wires, and maximum barrier deflection (Buzzi et al., 2013; Thoeni et al., 2013; Gao et al., 2018). 

During these tests, it is generally required for the boulder impact position to be known beforehand, to 

aid the data acquisition procedure (e.g. aim the focus of a high-speed camera). The impact position is 

typically controlled using zip-lines and free-falling blocks, which prevent realistic boulder trajectories 

and the investigation of non-standard loading conditions (Volkwein et al., 2011). Quasi-static 

experiments, such as punch tests, provide information on the load-displacement relationship of the 

structure but fail to account for the strain-rate dependant material response (Johnson and Cook, 

1983; Al-budairi et al., 2016) and the variation in peak load caused by dynamic impacts (Hambleton et 

al., 2012). 

In recent years, numerical simulations have become a staple of research as they are relatively 

inexpensive, provide large amounts of data and can be used to investigate any type of impact. These 

models have been used to investigate specific phenomena such as the bullet (Hambleton et al., 2012) 

and curtain (Ghoussoub et al., 2014) effects, the influence of non-standard barrier setups and 

conditions (Moon et al., 2014; Luciani et al., 2018; Xu et al., 2018), and the contribution of different 

barrier components on their overall behaviour (Escallón et al., 2014).  
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As it is not currently feasible to simulate the real phenomenon at the full scale, a multiscale approach 

is typically adopted. The individual mesh elements (i.e. a piece of wire, steel rings) are investigated 

experimentally or numerically (Escallón et al., 2014). Successively, their small-scale behaviour is 

implemented with discrete numerical objects such as beams and trusses, which are then combined to 

represent the full-scale geometry. The quality of the simulation hence depends on both the small-

scale models and the correct representation of their interactions. The numerical simulation must 

therefore account for (i) large displacements, (ii) dynamic conditions and (iii) contact detection, which 

standard Finite Element Method (FEM) formulations are unable to reproduce. In recent years, FEM 

caught up on these aspects through advanced formulations; that use explicit time integration to solve 

non-linear constitutive models and dynamic problems (Govoni et al., 2011; Gentilini et al., 2012; Al-

budairi et al., 2017; Castanon-Jano et al., 2018; Luciani et al., 2018). The Discrete Element Method 

(DEM) is a viable alternative to such advanced methods as it fulfils all these requirements in its basic 

formulation (Hearn et al., 1995; Zhang et al., 2021). Additionally, it is the most efficient way to 

simulate a large number of bodies interacting with each other, which is a requirement for simulating 

certain gravity-driven hazards that can be mitigated through flexible protection systems (i.e. debris 

flow, rock avalanche) (Albaba et al., 2017). Within the DEM framework, the mesh can be discretized 

following two main approaches. The cell-based approach, as defined by (Pol et al., 2021), disregards 

the mesh geometry components in favour of preserving their behaviour under specific conditions (i.e. 

two intertwined rings are substituted with a truss element that only replicates their tensile behaviour) 

(Nicot et al., 2001). The wire-based approach attempts to implement both the local-scale behaviour 

and the pattern of the mesh (i.e. the DEM contacts replicate the shape of double-twisted hexagons 

mesh) (Bertrand et al., 2005).  

The number of DEM elements used to discretize a piece of the mesh may vary depending on the aim 

of the model. Since remote interactions have no physical body, contact detection with external bodies 

(i.e. the boulder) is only carried out on the DEM particles. Therefore, a larger number of particles 

provides more accurate contact detection (Jiang et al., 2020; Zhu et al., 2020) and wire behaviour 

(Previtali et al., 2020a), in exchange for performance. Alternatively, the cylinder-cylinder contact 

model (Effeindzourou et al., 2016) also allows continuous wire contact detection for a relatively small 

increase in computational burden. The constitutive models for DEM wires found in the literature range 

from pure elastic (Albaba et al., 2017), to perfect plasticity (Moon et al., 2014), to plastic hardening 
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(Bertrand et al., 2005); while the compressive and bending behaviour of the wires may be considered 

equivalent to that of a thin beam (Albaba et al., 2017; Li and Zhao, 2018) or negligible (Thoeni et al., 

2013). 

In this paper, the DEM is used to simulate the dynamic behaviour of a flexible protection system when 

impacted by a boulder. After introducing the geometry of the barrier analysed, an efficient model 

generation methodology is presented. The numerical model is then used to perform a parametric 

study considering impact position, impact velocity and non-physical fitting parameters. Considerations 

on the energy repartition and the loads on the structural elements are presented.  All the simulations 

were carried out using Itasca Particle Flow Code 3D 6.0, herein referred to as PFC (Itasca Consulting 

Group, 2014). 

2. The barrier model 

The impact tests are carried out on an idealized barrier, modelled after Coccolo and Paronuzzi 

(1995). This flexible protection system is constituted by two interweaved meshes, characterized by 

different sieve sizes and strength. The stronger mesh, consisting of a stranded rope (SR) steel mesh 

with a repeating square pattern (25 cm side size), bears the brunt of the load, while a double-twisted 

(DT) steel wire mesh characterized by a repeating hexagons pattern (10 x 8 cm), provides a finer 

sieve size that catches smaller blocks. The edges of both meshes are framed by a thick steel strand 

rope, the selvedge (18 mm wire diameter), which is connected to the fence posts on the sides and to 

ground anchors on the bottom (Figure 1a). During installation, the anchor wires (i.e. the 12 mm 

diameter wires that connect the lower corners of the mesh to the ground anchors, 6 meters upslope) 

are pulled until the net is no longer hanging loose, generating a 1.2 m deep pocket-like structure. The 

coordinate system is relative to the barrier: the X-Axis is the downslope direction, the Y-Axis is the 

fence post orientation and the Z-axis is the mesh extent (Figure 1b,c).The posts are 4.5 meters tall, 

have a centre-to-centre distance of 9 meters and angle with the horizontal (𝜃) of 70 degrees. The 

structure is recreated using the remote interactions approach by (Bertrand et al., 2005). Therefore, 

the DEM elements are placed at the end of each wire (i.e. at the vertices of a hexagon for the DT 

mesh, in a line for the SR mesh) and bonded using the parallel bond contact model (Potyondy and 

Cundall, 2004). Each contact is characterized by four physical parameters describing the geometry 

and the mechanical properties of the wire: length 𝐿, radius 𝑟, Young Modulus 𝐸 and Poisson ratio 𝜈. 
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The boulder is modelled as a polyhedron, referred to as rigid block (rblock) in PFC, with the truncated 

cube shape prescribed in the European guidelines (EOTA, 2018). Since the boulder size (side size 

0.3 m, mass 60 kg) is bigger than the mesh holes (4 cm), it is assumed that further increasing the 

mesh discretization has no influence on contact detection (Mentani et al., 2016; Pol et al., 2018). 

Follows that the criteria employed for mesh discretization are model efficiency and accuracy under 

uniaxial and bending conditions. Therefore, each side of a SR mesh square is discretized using 5 

DEM elements (Previtali, Ciantia, Castellanza, et al., 2020); while 2 elements are used for each 

segment of the DT mesh, as they are assumed to have significant (Albaba et al., 2017) and negligible 

(Thoeni et al., 2013) bending stiffness, respectively. The mesh-boulder interactions are solved using 

the linear contact model, characterized by the normal stiffness 𝑘𝑛, shear stiffness 𝑘𝑠 and friction 

coefficient 𝑓𝑟𝑖𝑐, following (Thoeni et al., 2013). To obtain the correct contact surface curvature in the 

mesh-boulder interactions, spheres  with the same radius of the wires they represent and a density so 

that the total mass of the mesh is consistent with that of the real mesh (steel density of 8050 𝑘𝑔/𝑚3) 

is used (Thoeni et al., 2013). For simplicity, the deformation of the fence posts and upslope anchors is 

assumed to be negligible, meaning that these structures are implemented by applying pinned 

boundary conditions to the DEM elements at the edges of the domain (Figure 1a,c). The DEM 

elements representing the mesh are pinned along the upper 4 meters of the fence post. The two 

nodes of the bottom corners of the mesh are pinned to a fixed point using a bond with a stiffness 

representing a 6 meters long steel wire. 
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Figure 1: (A) Test configuration in the X-Y plane, (B) coordinate system in reference to the fence post orientation, 
(C) 3D representation of the mesh model with the boulder impact positions in the sensitivity analysis. The DEM 
particles are pinned at the edges of the mesh and to the ground anchor rope. 

The composite mesh system, a DT hexagonal mesh interweaved with a SR square mesh, can be 

implemented in multiple ways, depending on their configuration and test type. During quasi-static 

punch tests, the contact area is always large enough so that both meshes are loaded at the same 

time (i.e. under no conditions the finer mesh is loaded while the large one is not). Additionally, as the 

load increases monotonically under quasi-static conditions, there are no shock waves propagating 

within the wires and their deformation depends entirely on the platter displacement. Therefore, their 

deformation profile is always compatible, regardless of  whether they are connected or not, meaning 

no additional operation is required to connect them (Previtali et al., 2020b). During an impact test, 

even if the boulder is large and impacts both meshes at the same time; the two affect each other due 

to the onset of inertial effects: the shockwave propagates faster in the stiffer mesh, which then 

transmits the actions to the finer one. Since the meshes employed herein are interweaved, meaning 

their relative displacement is minimal, their connection is modelled through additional contact bonds 

between the DEM elements of the two meshes. The distance threshold for mesh-mesh bond 

generation is set equal to the DT contact length (Table 1), which provides a homogeneous connection 

between the meshes without affecting the behaviour of the DT wires distant from the SR wires. As 

contact stiffness influences the maximum timestep allowed for numerical stability (O’Sullivan and 

Bray, 2004), the contact stiffness of these interactions is set equal to that of strand rope wires. For 
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non-interweaved composite mesh systems, where mesh detachment and sliding interactions may 

occur, the use of cylindrical DEM elements (Effeindzourou et al., 2017) would be more appropriate. 

The DEM contact models adopted herein are the following: the SR, which constitutes the square 

mesh, the selvedge and the anchor cables, are modelled using a purely elastic parallel bond model 

(Potyondy and Cundall, 2004). The rationale behind this choice is that this type of wire has been 

shown to exhibit negligible plastic deformation (Xiang et al., 2015; Albaba et al., 2017; Kalentev et al., 

2017). The contact model parameters are summarised in Table 1 and were calibrated against 

literature data in (Previtali et al., 2020b). For both SW and DT components of the mesh, the plastic 

hardening contact model proposed by Thoeni et al. (2013) is used. This approach introduces the 

stochastic distortion model, which, for each wire, translates the strain thresholds by the product of a 

random amount (𝑟𝑑 = [0,1]) and a prescribed strain value (𝜆𝑢). Within this interval, the wire stiffness is 

set as fraction of the yield force, prescribed by the parameter 𝜆𝐹 (Figure 2a). The low stiffness 

irreversible response at the beginning of the loading process is used to replicate the initial adjustment 

(wire sliding) of the wires within the double-twist interweavement. In the rest of the paper, the term 

“wire sliding” will be used to refer to this specific interaction, implemented within the constitutive model 

of the wire. The contact model parameters used in this work the same employed by Pol et al., (2017)  

who calibrated the stochastic distortion model on quasi-static punch tests. Following Thoeni et al., 

(2013), a damping ratio coefficient (𝛽) of 0.5 is employed to account for other dissipative processes 

(i.e. thermal and acoustic) not included in the model. To ascertain the effects of damping coefficient 

on the global response of the mesh, a parametric analysis was performed, not reported herein for 

brevity. The results illustrate that, while the barrier behaviour remains the same, the non-damped 

response is characterized by significant noise. Table 1 lists all contact models and contact 

parameters. 

Table 1: DEM contact model parameters 

𝐹𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡s 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑏𝑜𝑛𝑑 𝑚𝑜𝑑𝑒𝑙 𝐸 [𝐺𝑃𝑎] 𝐺[𝐺𝑃𝑎] 𝐿 [𝑚𝑚] 𝑟 [𝑚𝑚] 𝜆𝑢[−] 𝜆𝐹[−] 

Single Wire Thoeni et al, 2013 20.44 0.0 5.0 1.5 0.02 0.8 

Double Twist Thoeni et al., 2013 10.01 0.0 4.0 1.5⋅2 0.02 0.8 

Square Mesh Parallel Bond 60.0 23.07 6.25 5.0 N/A N/A 

Selvedge Parallel Bond 60.0 23.07 6.25 9.0 N/A N/A 

Anchor cable Parallel Bond 60.0 23.07 6.25 6.0 N/A N/A 
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Mesh-Mesh Parallel Bond 60.0 N/A 4.0 5.0 N/A N/A 

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑚𝑜𝑑𝑒𝑙 𝑘𝑛 [𝑁/𝑚] 𝑘𝑠 [𝑁/𝑚] 𝑓𝑟𝑖𝑐 [−] 

Mesh-Boulder Linear 1e9 1e8 0.2 

 

All tests carried out are variations of the reference scenario: the boulder impacts the centre of the 

barrier with a translational velocity of 15 [m/s], with a 10 degrees angle to the barrier normal (Figure 

1a), and no rotational velocity. The centre of the barrier is defined as the average of the barrier 

extents, which differs from the centre of the mesh due to the way the mesh folds at the bottom. Two 

sensitivity studies are carried out: (i) impact position and (ii) boulder velocity. The simulation 

parameters are listed in Error! Reference source not found., while the boulder position in the impact 

location analysis, are shown in (Figure 1c).  

Table 2: List of all the simulations in the parametric study 

𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 𝐵𝑜𝑢𝑙𝑑𝑒𝑟 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 [𝑚/𝑠] 𝐼𝑚𝑝𝑎𝑐𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 [𝑘𝐽] 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑍 [𝑚] 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌 [𝑚] 

1 15 6.75 4.5 0.15 

2 15 6.75 2.475 0.15 

3 15 6.75 0.45 0.15 

4 15 6.75 4.5 2.25 

5 15 6.75 2.475 2.25 

6 15 6.75 0.45 2.25 

7 15 6.75 4.5 4.35 

8 15 6.75 2.475 4.35 

9 15 6.75 0.45 4.35 

10 7.5 1.68 4.5 2.25 

11 15 6.75 4.5 2.25 

12 22.5 15.19 4.5 2.25 
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13 30 27 4.5 2.25 

3. Energy dissipation during the impact 

When the boulder impacts the barrier, its kinetic energy is progressively dissipated through 

irreversible processes. In this paper, the following energy components are considered: (i) kinetic 

energy, (ii) frictional energy, (iii) elastic energy, (iv) plastic energy, (v) wire sliding energy and (vi) 

damping energy. The Kinetic energy (𝐸𝐾) is computed from the mass and velocity of the boulder (𝐸𝐵𝐾) 

and the mesh (𝐸𝑀𝐾) following Newton’s laws. The frictional energy (𝐸𝐹) represents the energy 

dissipated by the boulder through friction with the steel mesh. The elastic energy (𝐸𝐸) is the 

mechanical potential energy stored in the contact bonds after deformation, following Hooke’s law 

(Figure 2b): 

𝐸𝐸 =
1

2
𝐴𝐸(Δ𝐿)2 

(1) 

 

The sliding (𝐸𝑊) and plastic (𝐸𝑃) energy components depend on the loading path and their increments 

are obtained as the area subtended by the force-displacement curve 𝑓(𝑢): 

𝐸𝑊 = ∫ 𝑓(𝑢) 𝑑𝑢 − 𝐸𝐸  𝑓𝑜𝑟 𝑢 ≤ 𝑟𝑑𝜆𝑢𝐿
𝑢

0

 
(2) 

 

𝐸𝑃 = ∫ 𝑓(𝑢) 𝑑𝑢 − 𝐸𝐸 − 𝐸𝑊  𝑓𝑜𝑟 𝑢 > 𝑟𝑑𝜆𝑢𝐿
𝑢

𝑟𝑑𝜆𝑢𝐿

 
(3) 
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Finally, damping energy (𝐸𝐷) is the energy dissipated through numerical damping. 

 

Figure 2: (A) The plastic hardening model, translated by the stochastic distortion model (Thoeni et al., 2013). The 
inclination of the dashed line is the axial stiffness of the wire under elastic conditions, used for 
unloading/reloading. (B) Energy components for an individual mesh element, calculated as the area subtended 
by the curves.  

4. Model generation 

Since the initial stress state within the wires is not known a priori, it is necessary to carry out a 

preliminary simulation to obtain the appropriate system state. To this end, it is essential to consider (i) 

the simulation time (computational burden) and (ii) the effect on the procedure on the internal wire 

stress for both the final state and load path-dependent constitutive models (i.e. plasticity). In this 

paper, the following assumptions are made: (i) in the final configuration it is assumed that the SW and 

DT are in their state of maximum load history (i.e. they do not experience pre-plasticization during the 

setup), (ii) the strand rope wires bear most of the load (Previtali et al., 2020b), (iii) the double-twisted 

mesh is characterized by plastic behaviour (Bertrand et al., 2008; Thoeni et al., 2013) whereas (iv) the 

strand rope is not (Wang et al., 2015; Albaba et al., 2017; Kalentev et al., 2017). The most 

straightforward approach to obtain the correct initial conditions is to replicate the real installation 

process (Thoeni et al., 2013). For our model, this means letting the mesh deform under self-weight 

and successively drag the lower portion of the mesh upward and let the model run until it equilibrates 

(i.e. the ratio of inertial forces to elastic forces is lower than a threshold). Unfortunately, this approach 

is only feasible with a low number of elements and low contact stiffness (i.e. high timestep values, 

following (O’Sullivan and Bray, 2004)), as done in (Thoeni et al., 2013; Koo et al., 2017). The barrier 

model in this paper is constituted by 23,600 DEM elements and 43,200 contact interactions, while the 

maximum timestep allowed for numerical stability is 1.07E-08 seconds due to the presence of high-
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stiffness SR contacts, meaning it would take approximatively 3 months to obtain the initial target state 

with this approach (Inter Core i7-7820X, 8 cores, 3.6 GHz; 32 GB RAM). 

A multi-step approach was adopted to overcome this limitation. Since the strand rope wires are 

assumed to be the primary structural component within the net, a simplified mesh model, constituted 

solely of SR contacts and elements, is used to obtain the initial target state. Successively, the DT and 

SW contacts and elements are introduced by interpolating the spatial data of the SR elements. The 

complete procedure follows: 

• The entire mesh model is generated (i.e. both the DT mesh and SR mesh contacts and 

elements), to establish the geometrical relations between the elements (Figure 3a). After the 

mesh contacts have been generated, ball-ball contact detection is deactivated to reduce the 

computational burden.  

• For each square of the strand rope mesh, the position of the double-twist mesh elements is 

recorded. The relative positions of the double-twist DEM elements and square mesh DEM 

elements in the initial configuration are used to calculate the linear shape function 

(Zienkiewicz et al., 2005) of each strand rope mesh square (Figure 3b). 

• The DT elements are classified depending on their degree of separation with the closest SR 

element, considering the DEM elements as nodes in a graph (Figure 3c), (Dijkstra, 1959). 

Starting from the internal elements with the highest degree of separation, the DT elements 

are deleted, and their mass is split between the elements to which they are connected. This is 

carried out recursively until the final weight is applied as a force to the SR elements. 

• The edges of the SR mesh are pulled to their target position (Figure 3d) using the timestep 

scaling function (Itasca Consulting Group, 2014). This procedure consists of temporarily 

increasing the particle mass to achieve numerical stability with a higher timestep value. While 

this approach does introduce non-physical stresses within the wires, it removes, de facto, the 

simulation time required to obtain the target displacement. Therefore, the entire computational 

effort can be directed toward stabilizing the model at the end of the displacement. Due to the 

assumption of no plasticity within the strand rope wires, the stress path has no influence on 

the system state, and this approach can be adopted. Afterwards, the model is cycled to 
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stability and the new position of the SR elements is stored (Figure 3e). This step took 8 hours 

to complete for the specific case study. 

• The complete mesh is generated again. The SR elements are placed in the position 

computed by the simplified model, while the position of the DT elements is set by interpolating 

the displacement of the SR elements using the shape function obtained during the third step 

(Figure 3f). Since the geometric relationship between the two meshes is maintained, the DT 

mesh is also deformed. The model is then again cycled to stability, which was achieved in 

less than 1e5 steps (roughly 10 minutes in terms of computational time). 

 

Figure 3: Multi-step mesh generation procedure. A) The initial compound mesh is generated and connected, B) 
the   relative element position is used to calculate the shape function, C) the degrees of separation of the DEM 
elements is used to assign the weight to the square mesh, D,E) the mesh corners are pulled upward to their final 
position. F) The double-twisted mesh is reintroduced and G) its deformation is derived from that of the strand 
rope mesh. Note: the particle size in the plots is not representative of their actual size. 
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5. Results and discussion 

During an impact event, the boulder decelerates as it transfers kinetic energy to the mesh. The rate of 

deceleration increases as a larger portion of the barrier is loaded, the wires start acting in tension and 

the impact force is propagated to the fence posts and the upslope anchors. Subsequently, the mesh 

reaches its peak deformation, and the boulder stops (𝑡 = 𝑡𝑃𝑀𝐷 = 𝑡𝑀𝐵𝑉).  The time between the 

moment of first contact between the block and the intercepting structure and the moment of maximum 

elongation of the mesh during the test is referred to as Braking Time (EOTA, 2018). Depending on the 

size of the barrier and the wire stiffness, the overall mesh deformation increases for some time due to 

the inertial movement of the wires (i.e. wave propagation). During the impact process, a series of key 

sub events where experimental measurable quantities can be monitored were identified. During 

experimental tests, the peak boulder deceleration (PBD) and minimum boulder velocity (MBV) can be 

recorded using Inertial Measurements Units (IMU) built into an artificial boulder (Caviezel et al., 2018) 

or using video frames from high-speed cameras (Gao et al., 2018). The peak mesh displacement 

(PMD),  also known as maximum elongation (EOTA, 2018), can be obtained through video frames 

(Volkwein, 2005; Thoeni et al., 2013; Gao et al., 2018) and it is one of the most commonly employed 

parameters to describe the barrier response. The peak force acting on the upslope anchors (PFA) is 

typically obtained from the deformation of wires and energy dissipating devices (Gentilini et al., 2013) 

while measuring the bending moment acting on the fence posts (BMP) is more difficult (Gottardi and 

Govoni, 2010).  These parameters are obtained from the simulation data as follows: to exclude 

outliers, the peak boulder deceleration is obtained as the 95th percentile of the boulder velocity time 

derivative (�̇�𝐵) from the simulation data. The bending moment acting on the fence posts is calculated 

from the simulation data as the dot product between the forces acting on the DEM elements at the 

edges of the barrier and their position, following the coordinate system convention shown in Figure 

1b. The peak mesh displacement is obtained as the displacement of the individual DEM element that 

is subject to the maximum displacement along the slope (i.e. X axis). 

In Figure 4, the wave propagation for Test #4 (centred), Test #1 (centred on the lower portion of the 

mesh) and Test #9 (upper corner of the mesh) are shown. During the centred impact, the shockwave 

follows the direction of the maximum mesh stiffness, i.e. the Y-axis, due to the orientation of the DT 

hexagons. In particular, the wave propagates upward due to the increased tension within the wires, 

caused by the weight of the mesh. Successively, it propagates radially from the centre as one uniform 
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and compact front; is reflected on the boundaries, the fence posts, and slowly dissipates within the 

mesh. For Test #1 (Figure 4b), although a similar radial behaviour is shown, most of the wave 

propagates on the lower selvedge first and, from there, along the Y-axis, in well distinct waves. At the 

end of the simulation, the wave is still confined to the lower portion of the mesh. Finally, in Test #9 

(Figure 4c), although the shockwave  propagates first on the selvedge, and successively toward the 

rest of the mesh as a series of well distinct waves, it is not confined to that specific area. 

5.1 Energy dissipation 

Figure 5 shows the energy dissipation through wire sliding and plasticization for Test #4 and #9. In the 

former, a large portion of the wires is bearing the impact load and the irreversible deformation is 

concentrated in the impact centre. In the latter, due to the boundary effect of the fence post head, 

higher localized deformation is achieved in a uniform area. The same behaviour is shown in Figure 

6Figure 5b). The boulder decelerates at an higher rate,  the impact sub-events occur within a short 

interval (< 5 ms) and most of the energy is dissipated within the first 0.03 seconds. After that point, 

there is hardly any increment in mesh plasticity and the wire strain gradually increases as the wave 

propagates downward. The behaviour of Test #1, not depicted herein for brevity, shows a time-energy 

trend similar to Test #4. The impact sub-event are equally spaced within the entire simulation as 

energy is conserved for a longer time. The behaviour of the rest of the tests imitates one or more of 

these scenarios, depending on the impact position and boulder velocity (Figure 7). Approximatively 

85% of all plastic energy 𝐸𝑃  and 80% of all wire sliding energy 𝐸𝑊 is released by the single-wire 

bonds.  

The energy dissipated by frictional sliding of the block (𝐸𝐹) on the wires is relatively insignificant for 

this type of impacts, reaching its peak at the mesh edges, where the boulder is partially deflected. The 

boulder velocity sensitivity analysis (Figure 7b) shows an exponential increase of the energy 

dissipation components, while the forces acting on the structural components increase linearly. As 

stated in the barrier model section, the energy dissipated by numerical damping (𝐸𝐷) is negligible 

through all the simulations. 

5.2 Forces acting on the structural elements 

The load acting on the structural elements is quantified as (i) maximum tensile force on the ground 

anchors (𝐹𝐺𝐴), (ii) downslope (𝑀𝐷𝑆) and inward (𝑀𝐼𝑊) tilting bending moments and (iii) forces at the 
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base of the fence post (𝐹𝑋,𝑌,𝑍). Figure 8 shows the distributions of forces and moment acting on the 

fence posts for Tests #1, #4 and #7. Test #1 shows, due to the impact proximity to the bottom of the 

mesh, compressive (𝐹𝑧 < 0), inward (𝐹𝑧) and toppling (𝐹𝑋>0) loading on the fence posts. Successively, 

as the wave reflects on the fence post and travels in the lower portion of the mesh, the normal force 

becomes tensile (𝐹𝑦 > 0) and the toppling forces decreases. The centred impact, Test #4, shows an 

initial increase in downslope shearing force (𝐹𝑋), followed by an increase in tensile force (𝐹𝑌). On the 

X-Z plane there is an identical increase in force on both the X and Z directions for Test #4 and #9. 

However, while Test #4 exhibits successive unloading along X and Z, in Test #9 the downslope force 

𝐹𝑋 keeps increasing linearly until the maximum mesh displacement is achieved, before unloading.  

The bending moments acting on the fence posts (Figure 8C) exhibits the following behaviour: an initial 

increase in the inward bending moment (𝑀𝐼𝑊), followed by an increase in downslope bending (𝑀𝐷𝑆) 

and successive unloading. This behaviour is present in all the tests, although only Test #7 and #9 are 

shown for visual clarity (i.e. they have the highest moment branch length, meaning higher moment 

values and overall signal to noise ratio, see Figure 9 for the bending moment modules). As the impact 

location gets closer to the fence post, the downslope toppling moment 𝑀𝐷𝑆 increases (Figure 9, right 

post), while the force is converted entirely into inward bending behaviour on the opposite post (Figure 

9, left post). Table 3 lists the outputs for all the simulations. 
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(A) Test #4 

 

(B) Test #1 
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(C) Test #9 

Figure 4: Barrier acceleration for selected tests. (A) Test #4, centred impact, the shockwave first propagates 
toward the upper selvedge and successively in a large elliptical wave from the centre. (B) Test #1, impact in the 
bottom of the mesh, the wave first propagates within the pocket structure and from there into the rest of the 
mesh. (C) Test #9, impact in the top right portion of the mesh. The shockwave transmits on the selvedge and 
near the fence post in well distinct sinusoidal waves. 
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(A) 

 

(B) 

                                                               

Figure 5: Comparison of 𝐸𝑊 at the maximum mesh deformation. (A) Centred impact, test #4, wire deformation is 
spread in a large portion of the mesh and 𝐸𝑊 decreases radially from the impact position. (B) Impact in the 

proximity of the post head, test #9, 𝐸𝑊 is roughly uniform within the affected area, which is limited to the upper 

section. 

  

Auto-generated PDF by ReView Geotechnical Engineering (Proceedings of the ICE)

papericemay2021MP.docxMainDocument RVT Review Copy Only 22



21 

 

(A)  

 

 (B)  

 

Figure 6: Mechanical energy and its dissipation within the mesh for (A) Test #4 and (B) Test #9. On the left axis, 
the principal energy terms within the mesh and the boulder, on the right axis, the boulder acceleration. As the 
mesh deformation is more concentrated in the latter, the plastic energy is significantly higher than the wire sliding 
energy. 
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(A) 

 

(B) 

 

Figure 7: Energy dissipated by the mesh at the peak mesh deformation. (A) Impact position sensitivity, the mesh 
plasticization is the principal energy dissipation component, while the boulder friction on the mesh is only 

significant for the impacts near the edges of the mesh. (B) Impact velocity sensitivity.  
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(A) 

 

(B) 

 

(C) 

 

Figure 8: Distribution of the forces and moments on the fence posts. (A) Compressive/tensile force vs downslope 
shear force, (B) shear force parallel to the structure vs downslope shear force, (C) downslope and inward 

bending moments on the fence posts. 
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(A) 

 

(B) 

 

Figure 9: Maximum forces (A) and moments (B) acting on the fence posts during the impact position sensitivity 
tests. The right post is the one close to the impact position. Significant compressive forces are only achieved 
when the boulder impacts the bottom of the mesh. 
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Table 3: Maximum forces, moments and impact sub-event variables measured in all the simulations. 

Test  

𝐹𝑋 

 [𝑘𝑁] 

𝐹𝑌 

(𝑇𝑒𝑛𝑠𝑖𝑙𝑒) 

[𝑘𝑁] 

𝐹𝑌 

(𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒)  

[𝑘𝑁] 

𝐹𝑍  

[𝑘𝑁] 

𝐹𝐺𝐴 

[𝑘𝑁] 

𝑀𝐼𝑊 

[𝑘𝑁 ⋅ 𝑚] 

𝑀𝐷𝑆 

[𝑘𝑁 ⋅ 𝑚] 

𝑃𝐵𝐷  

[𝑚/𝑠2] 

𝑃𝑀𝐷  

[𝑚] 

1 3.2 7.9 -7.9 16.7 3.0 13.4 4.4 740.7 0.2 

2 7.4 13.0 -13.0 24.7 4.0 16.9 8.0 750.9 0.2 

3 34.8 46.8 -24.9 39.1 3.7 13.4 26.7 771.8 0.2 

4 1.9 4.7 -1.4 63.3 0.3 117.7 3.1 534.7 0.3 

5 8.5 26.6 -4.3 66.4 0.3 122.3 17.4 406.5 0.4 

6 40.0 93.6 -2.5 69.9 0.3 130.6 86.9 1054.0 0.2 

7 9.2 10.3 -1.0 52.5 0.3 198.8 32.3 444.4 0.5 

8 17.2 20.4 -2.2 62.0 0.3 240.8 61.4 424.7 0.4 

9 53.0 69.5 -3.8 72.3 0.4 286.3 200.8 951.6 0.2 

10 0.8 3.0 -1.0 43.2 0.2 90.0 0.4 122.0 0.31 

11 1.9 4.7 -1.4 63.3 0.3 117.7 3.1 534.7 0.36 

12 4.1 11.3 -8.5 255 2.8 510.0 120.0 582.0 0.41 

13 9.3 23.5 -13.9 349 3.6 696.0 187.0 881.0 0.44  

 

6. Conclusions 

In this paper, a numerical model based on DEM of an idealized rockfall barrier constituted by a 

double-twisted mesh and a strand rope mesh subject to dynamic impact loads is presented. The 

plastic hardening contact model presented by Thoeni et al., (2013) is employed to investigate the 

spatial and temporal evolution of energy dissipation within the double-twisted mesh. An efficient 

model generation procedure aimed at setting the initial conditions of the composite strand rope and 

double-twist mesh is proposed to overcome the computational cost of the model initialization phase. 

The effect of non-centred impacts is investigated through parametric analyses, revealing that the 

boulder impact location has both qualitative and quantitative effects on the barrier response, 

changing, de facto, the way the barrier behaves. In particular: 

• The kinetic energy transmission is shown to follow preferential pathways when the 

boulder impacts the edges of the mesh, which can significantly increase the peak load 

acting on either the fence posts or the ground anchors, up to 2500% and 1000%, 

respectively.  
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• Independently on the location of the impact, the loading on the fence posts transmitted on 

the foundations is highly coupled, showing combined shear, tensile and moment loading. 

The magnitude and direction of these forces evolve with time and depend on the 

proximity of the impact location to the fence posts. 

• The maximum toppling behaviour occurs when the boulder impacts in the proximity of the 

fence post head, while significant tensile forces develop within the fence post when the 

impact is more centred along the vertical. This should be considered when designing the 

fence post foundations. 

• Overall, the inward bending moment exhibits higher values than its downslope equivalent. 

The worst-case scenario for the total mesh plasticization occurs when the barrier is hit in 

its lower portion, and the peak plasticization occurs near the fence post head.  

Considering that the design of rockfall barriers is usually performed using the expected kinetic 

energy of the boulder and the available space for the barrier elongation, assuming centred 

impacts, the key findings listed above should hence be taken into consideration. Rather than 

upsizing the barrier, given that the use of numerical modelling is becoming more common in 

design, it is more convenient to use stochastic analysis of block propagation (Agliardi and Crosta, 

2003; Bourrier et al., 2014) to identify the portions of the mesh subject to the highest chance of 

impact. Successively, using numerical models, for which DEM-based approaches do not require 

advanced numerical codes, it is possible to identify the most critical scenarios and choose the 

barrier design that best mitigates the risk of failure. Eventually, the entire procedure should be 

standardized and unified, implementing meta-models calibrated on numerical results (Lambert et 

al., 2020), within the block propagation codes. 

Within the scope of full-scale simulation of compound meshes, future research should cover more 

impact conditions, such as different impact angles and rotational velocities, in order to provide a 

complete image of the barrier response.  
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Table Captions 

Table 1: DEM contact model parameters 

Table 2: List of all the simulations in the parametric study 

Table 3: Maximum forces, moments and impact sub-event variables measured in all the simulations 

Figure Captions 

Figure 1: (A) Test configuration in the X-Y plane, (B) coordinate system in reference to the fence post 

orientation, (C) 3D representation of the mesh model with the boulder impact positions in the 

sensitivity analysis. The DEM particles are pinned at the edges of the mesh and to the ground anchor 

rope. 

Figure 2: (A) The plastic hardening model, translated by the stochastic distortion model (Thoeni et al., 

2013). The inclination of the dashed line is the axial stiffness of the wire under elastic conditions, used 

for unloading/reloading. (B) Energy components for an individual mesh element, calculated as the 

area subtended by the curves. 

Figure 3: Multi-step mesh generation procedure. A) The initial compound mesh is generated and 

connected, B) the   relative element position is used to calculate the shape function, C) the degrees of 

separation of the DEM elements is used to assign the weight to the square mesh, D,E) the mesh 
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corners are pulled upward to their final position. F) The double-twisted mesh is reintroduced and G) 

its deformation is derived from that of the strand rope mesh. Note: the particle size in the plots is not 

representative of their actual size. 

Figure 4: Barrier acceleration for selected tests. (A) Test #4, centred impact, the shockwave first 

propagates toward the upper selvedge and successively in a large elliptical wave from the centre. (B) 

Test #1, impact in the bottom of the mesh, the wave first propagates within the pocket structure and 

from there into the rest of the mesh. (C) Test #9, impact in the top right portion of the mesh. The 

shockwave transmits on the selvedge and near the fence post in well distinct sinusoidal waves. 

Figure 5: Comparison of E_W at the maximum mesh deformation. (A) Centred impact, test #4, wire 

deformation is spread in a large portion of the mesh and E_W decreases radially from the impact 

position. (B) Impact in the proximity of the post head, test #9, E_W is roughly uniform within the 

affected area, which is limited to the upper section. 

Figure 6: Mechanical energy and its dissipation within the mesh for (A) Test #4 and (B) Test #9. On 

the left axis, the principal energy terms within the mesh and the boulder, on the right axis, the boulder 

acceleration. As the mesh deformation is more concentrated in the latter, the plastic energy is 

significantly higher than the wire sliding energy. 

Figure 7: Energy dissipated by the mesh at the peak mesh deformation. (A) Impact position 

sensitivity, the mesh plasticization is the principal energy dissipation component, while the boulder 

friction on the mesh is only significant for the impacts near the edges of the mesh. (B) Impact velocity 

sensitivity. 

Figure 8: Distribution of the forces and moments on the fence posts. (A) Compressive/tensile force vs 

downslope shear force, (B) shear force parallel to the structure vs downslope shear force, (C) 

downslope and inward bending moments on the fence posts. 

Figure 9: Maximum forces (A) and moments (B) acting on the fence posts during the impact position 

sensitivity tests. The right post is the one close to the impact position. Significant compressive forces 

are only achieved when the boulder impacts the bottom of the mesh. 
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𝐹𝑒𝑛𝑐𝑒 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡𝑠 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑏𝑜𝑛𝑑 𝑚𝑜𝑑𝑒𝑙 𝐸 [𝐺𝑃𝑎] 𝐺[𝐺𝑃𝑎] 𝐿 [𝑚𝑚] 𝑟 [𝑚𝑚] 𝜆𝑢[−] 𝜆𝐹[−] 

Single Wire Thoeni et al, 2013 20.44 0.0 5.0 1.5 0.02 0.8 

Double Twist Thoeni et al., 2013 10.01 0.0 4.0 1.5⋅2 0.02 0.8 

Square Mesh Parallel Bond 60.0 23.07 6.25 5.0 N/A N/A 

Selvedge Parallel Bond 60.0 23.07 6.25 9.0 N/A N/A 

Anchor cable Parallel Bond 60.0 23.07 6.25 6.0 N/A N/A 

Mesh-Mesh Parallel Bond 60.0 N/A 4.0 5.0 N/A N/A 

𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑚𝑜𝑑𝑒𝑙 𝑘𝑛 [𝑁/𝑚] 𝑘𝑠 [𝑁/𝑚] 𝑓𝑟𝑖𝑐 [−] 

Mesh-Boulder Linear 1e9 1e8 0.2 
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𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑁𝑢𝑚𝑏𝑒𝑟 𝐵𝑜𝑢𝑙𝑑𝑒𝑟 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 [𝑚/𝑠] 𝐼𝑚𝑝𝑎𝑐𝑡 𝐸𝑛𝑒𝑟𝑔𝑦 [𝑘𝐽] 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑍 [𝑚] 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑌 [𝑚] 

1 15 6.75 4.5 0.15 

2 15 6.75 2.475 0.15 

3 15 6.75 0.45 0.15 

4 15 6.75 4.5 2.25 

5 15 6.75 2.475 2.25 

6 15 6.75 0.45 2.25 

7 15 6.75 4.5 4.35 

8 15 6.75 2.475 4.35 

9 15 6.75 0.45 4.35 

10 7.5 1.68 4.5 2.25 

11 15 6.75 4.5 2.25 

12 22.5 15.19 4.5 2.25 

13 30 27 4.5 2.25 
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Test  

𝐹𝑋 

 [𝑘𝑁] 

𝐹𝑌 

(𝑇𝑒𝑛𝑠𝑖𝑙𝑒) 

[𝑘𝑁] 

𝐹𝑌 

(𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒)  

[𝑘𝑁] 

𝐹𝑍  

[𝑘𝑁] 

𝐹𝐺𝐴 

[𝑘𝑁] 

𝑀𝐼𝑊 

[𝑘𝑁 ⋅ 𝑚] 

𝑀𝐷𝑆 

[𝑘𝑁 ⋅ 𝑚] 

𝑃𝐵𝐷  

[𝑚/𝑠2] 

𝑃𝑀𝐷  

[𝑚] 

1 3.2 7.9 -7.9 16.7 3.0 13.4 4.4 740.7 0.2 

2 7.4 13.0 -13.0 24.7 4.0 16.9 8.0 750.9 0.2 

3 34.8 46.8 -24.9 39.1 3.7 13.4 26.7 771.8 0.2 

4 1.9 4.7 -1.4 63.3 0.3 117.7 3.1 534.7 0.3 

5 8.5 26.6 -4.3 66.4 0.3 122.3 17.4 406.5 0.4 

6 40.0 93.6 -2.5 69.9 0.3 130.6 86.9 1054.0 0.2 

7 9.2 10.3 -1.0 52.5 0.3 198.8 32.3 444.4 0.5 

8 17.2 20.4 -2.2 62.0 0.3 240.8 61.4 424.7 0.4 

9 53.0 69.5 -3.8 72.3 0.4 286.3 200.8 951.6 0.2 

10 0.8 3.0 -1.0 43.2 0.2 90.0 0.4 122.0 0.31 

11 1.9 4.7 -1.4 63.3 0.3 117.7 3.1 534.7 0.36 

12 4.1 11.3 -8.5 255 2.8 510.0 120.0 582.0 0.41 

13 9.3 23.5 -13.9 349 3.6 696.0 187.0 881.0 0.44  
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