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Preface 
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Foreword 
 

 

This report presents results of a numerical study on the 

performance of two selected flexible rockfall barriers subject to 

punching load and areal load using non-linear finite element 

numerical package LS-DYNA.  The punching load and areal 

load simulate rockfall impact and landslide debris impact 

respectively.  Numerical structural models of flexible barriers 

developed by Arup and AECOM were modified to simulate the 

impact loads in this study. 

 

This study was carried out by Mr R.C.H. Koo and 

Dr J.S.H. Kwan under my supervision.  Mr T.H. Lo assisted in 

the numerical analyses.  Contributions from all parties are 

gratefully acknowledged. 
 

 

 

 

 

 

 Y. K. Shiu 

Chief Geotechnical Engineer/Standards & Testing 
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Abstract 

A numerical study on the performance of two selected 

flexible rockfall barriers subject to punching and areal loads was 

undertaken.  The punching and areal loads simulate rockfall 

impact and landslide debris impact respectively.  Numerical 

simulations were carried out using three-dimensional non-linear 

finite element numerical package LS-DYNA.  In the numerical 

simulations, the two flexible barriers were impacted by drop 

weights moving at different velocities.  Drop weights of 

different shapes such as single sphere and rigid-slab were used. 

The impacts of the sphere and the rigid-sphere are pertinent to 

punching load and areal load scenarios respectively. 

The numerical analyses show that the two rockfall barrier 

structures could withstand the impact of the rigid-slab with the 

kinetic energy same as their energy capacity, and that the 

impacts of rigid-slab could give rise to a higher foundation load 

in the direction of the impact when compared with the punching 

load.
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1   Introduction 

 

Proprietary rockfall barriers to mitigate rockfall hazards are available from many 

suppliers.  Rockfall barriers are rated by impact energy that a set of panels can absorb 

without being breached.  Their performance in catching rockfall is usually verified by 

full-scale tests and certified against various national or European standards (e.g. EOTA, 2008).  

Flexible rockfall barriers have occasionally been impacted by landslide debris in different 

places including Hong Kong (Kwan & Koo, 2013).  A number of field cases have 

demonstrated that flexible rockfall barriers could be capable of arresting a certain amount of 

landslide debris (Duffy, 1998; Roth et al, 2004; Wendeler et al, 2006).  However, knowledge 

on the performance of flexible rockfall barriers subjected to impact of landside debris is still 

limited to date. 

 

The loading patterns between the impacts of rockfall and those of landslide debris are 

different, and hence different dynamic responses of flexible rockfall barriers.  For example, 

rockfall produces punching load acting on a relatively small area in a momentarily instant, but 

landslide debris would act over a larger area for a longer period of time. 

 

Large-scale physical tests of flexible barriers impacted by landslide debris were 

undertaken by WSL (2010).  In the tests, 'landslide debris' was simulated by releasing 

mixtures of water and soils and rocks at crest of a slope, and a flexible barrier was installed at 

the toe of the slope.  Although the test results provide useful field data on the performance of 

the barrier, large-scale tests of this kind are fraught with problems including repeatability and 

little control of the impact velocity and density of debris. 

 

Advanced numerical tools nowadays can provide useful means of analyzing the 

behavior of flexible structures.  For examples, Tang et al (2009) and Volkwein (2004) used 

numerical simulations to analyze and gain better understanding of the performance of flexible 

barriers in rockfall tests. 

 

In this study, the computer program LS-DYNA is used to simulate flexible rockfall 

barriers subjected to punching and areal loads with a view to examining and comparing the 

performance of the barriers in resisting rockfall and impact of landslide debris respectively.  

Structural details of the flexible rockfall barriers considered in this study are the same as those 

reported by Volkwein (2004) and Maccaferri (2011). 

 

 

2   Literature Review 

2.1   Responses of Flexible Barriers Subject to Rockfall and Landslide Debris Impacts 

 

 A flexible barrier system consists of steel posts fixed in position by uphill and/or 

lateral steel ropes and post foundations.  Netting, which may comprise a series of rings made 

of 3 to 5 mm spiralled steel wires, is draped along cable ropes spanning across the posts.  

The netting is free to slide along the cable ropes when it is subject to impact.  The sliding of 

netting plays an important role in load transfer within the flexible barrier structure, as it 

changes the profile, elongation and inclination of cable ropes.  In general, shackles carrying 

the barrier netting slide towards the middle portion of a cable upon impact by a rockfall 

(see Figure 2.1). 
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Figure 2.1   Shackles Carrying the Barrier Net Move towards the Middle of Cable after 

Rockfall Impact (Volkwein, 2004) 

 

 

 Geobrugg and WSL carried out field tests of flexible barriers impacted by debris flows 

and landslide debris as well as full-scale rockfall tests (Geobrugg, 2007 & 2010; WSL, 2009 

& 2010).  Wendeler (2013) consolidated the field observations and experience gained in the 

tests and discussed the effects of rockfall impact and landslide debris impact on various 

components of the flexible barriers.  She opined that the rope cable components of the 

barriers subjected to rockfall and landslide debris impacts would not be critical, as energy 

dissipation devices control the development of cable force.  For ring nets, landslide debris 

impact could represent a less structurally demanding scenario because the landslide debris has 

a larger loading area comparing with rockfall.  She indicated that landslide debris impact 

could result in higher anchor or foundation loads than rockfall impact. 

 

 Margreth & Roth (2008) reported that some flexible rockfall barriers had been 

damaged by snow avalanches in Austria.  Impact load patterns induced by snow avalanches 

and landslide debris could be similar, and hence could be relevant to this study.  Margreth & 

Roth (op cit) summarised their observations on the damaged flexible rockfall barriers over 

four winters from 2003 to 2006.  They noted that barrier post foundations could be 

vulnerable to damage when the barriers were subject to impact by snow avalanche, and 

recommended that post foundation should be properly reinforced and post spacing reduced.   

 

 

2.2   Computer Programs for Analyzing Flexible Barriers 

 

 In early 2000s, Nicot et al (2001) adopted an explicit numerical algorithm to develop a 

computer program to simulate flexible barriers.  Special attention was paid to the modelling 

of the structural behaviour of ring nets.  The program modelled ring net as a hexagonal mesh.  

The structural properties of the mesh were calibrated based on results of load tests on ring 

nets.  The performance of the program was tested against a full-scale experiment of a falling 

rock block impacting on a flexible barrier.  However, the actual mechanism of the rings 

moving along the rope cable was not considered.  

 

 Another computer program developed in Europe to simulate rockfall barriers is FARO 
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(Volkwein, 2004).  The program adopts a spring model whereby the stiffness of a ring in the 

ring net is modeled by a pair of diagonal spring elements in a four-sided ring.  A non-linear 

finite-element numerical procedure is used.  FARO has been calibrated against rockfall tests 

but the connection between ring net and rope cable is not explicitly modelled.  Details of the 

test set-up can be found in Volkwein (2004) and Grassl (2002).  

 

 Chan et al (2012) also developed a computer program capable of analysing flexible 

barriers.  The program was developed by modifying a non-linear finite-element structural 

package, NIDA.  Special 'sliding cable element' has been built into NIDA to simulate the 

sliding of the netting along cable ropes.  To realistically capture the behaviour of the netting, 

frictional forces between the contact points of the nets are considered in the calculations.  

This program has been verified against the published results of debris flow field tests in 

Switzerland by Geobrugg (Zhou et al, 2011).  However, this program can only conduct 

pseudo-static analysis. 

 

 Tang et al (2009) reported the use of finite element software package, LS-DYNA, to 

model flexible rockfall barriers.  LS-DYNA is a versatile structural package, originally 

developed for simulations of dynamic process involving large deformations e.g. car crash.  

More recently, GEO has commissioned Arup to undertake numerical studies of the 

performance of flexible barriers impacted by debris flows.  Fully coupled analyses involving 

debris mobility and structural response were carried out.  As part of the Arup's studies, the 

rockfall tests carried out by Volkwein (2004) were repeated numerically.  The rockfall barrier 

put to the test was installed horizontally in a test rig.  The results are in good agreement with 

the test data (Arup, 2013).   

 

 

3   Study Scope 

 

 In this Technical Note, three numerical studies on the performance of simulated 

flexible rockfall structures are presented.  Rockfall and landslide debris impacts are 

simulated by punching and areal loads respectively.  Numerical simulations are carried out 

using three-dimensional non-linear finite element numerical package LS-DYNA.  A 

summary of each numerical study and its primary objective are presented below:    

 

(a) The behavior of horizontal flexible rockfall net simulated by 

Arup (2013) is validated against the experimental results of 

the rockfall test reported by Volkwein (2004).  This is used 

to demonstrate that the program LS-DYNA is an appropriate 

tool for the analysis of flexible rockfall structures. 

 

(b) After the validation of the LS-DYNA model, a series of 

numerical simulations is carried out to compare the 

performance of the Volkwein’s net subject to impact of 

punching and areal loads. 

 

(c) In addition, the vertical flexible rockfall barrier simulated by 

Ng et al (2012) is adopted to repeat the impact of punching 

and areal loads to the vertical barrier.    
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4   Numerical Simulation of the Rockfall Test of Volkwein (2004) 

 

The aim of the captioned study is to check the validity of the numerical model 

developed by Arup (2013) in simulating the responses of flexible rockfall structures subjected 

to a punching load, by simulating the physical rockfall tests undertaken by Volkwein (2004).  

The Swiss Institute for Snow and Avalanche Research, the Institute for Structural Engineering 

and Construction of the Swiss Technical College Zurich and Geobrugg provided technical and 

financial support to carry out the physical tests. 

 

The rockfall tests were carried out in early 2000s.  The test rig is shown in Figure 4.1.  

The dimension of the panel of flexible barrier in the test was 3.7 m by 3.7 m.  The ring net 

was supported horizontally by four cables.  The energy rating of the barrier is 550 kJ.  The 

barrier was impacted by a spherical weight of 0.82 m diameter, dropped vertically from 

different heights.  The mass of the weight is 825 kg.  Tests were conducted with and 

without brake elements to investigate the performance of the flexible barrier.  Dimensions 

and engineering properties of all components of the barrier together with the test results were 

documented by Grassl (2002) and Volkwein (2004) in detail.   

 

Figure 4.2 presents the numerical model set-up in LS-DYNA.  The steel frame of the 

test rig is not shown for clarity.  Ring net is explicitly modelled numerically by specifying 

the size and the engineering properties of the wires which made up the ring.  Figure 4.3 

shows the simulation results of the rockfall test in which the weight was dropped from 16 m.  

Comparisons between the calculated and the measured displacements are given in Figure 4.4.  

A full account of the LS-DYNA simulations of the rockfall tests is given in Appendix A.  

The LS-DYNA analysis successfully reproduces the rockfall tests and the simulated results 

match reasonably well with the measured data.  This has validated that the numerical model 

developed by Arup (2013) can be used to study the behaviour and performance of the flexible 

rockfall barriers subject to impact loads. 

 

 

 

 

    
 

 

 

 

Figure 4.1   The Specifically-built Test Rig for Rockfall Tests (Volkwein, 2004) 

 

Test Rig Plan View 
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Figure 4.2   (Left) Structural Model Set-up in LS-DYNA (Steel Frame of the Test Rig not 

Shown for Clarity);  (Right) Close-up of the Ring Net Model (Arup, 2013) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3   Simulation of Rockfall Tests of 16 m Drop Height  

 

 

t = 0.0 sec 

t = 0.1 sec 

t = 0.2 sec 

t = 0.3 sec 
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 Note: Displacement = 0.0 m when the weight is in contact with the flexible barrier. 

 

Figure 4.4   Simulated and Measured Displacements of the Drop Weight in Rockfall 

Tests 

 

 

5   Numerical Study of Response of a Horizontal Net Subject to Punching and Areal 

Loads 

 

 A series of numerical simulations has been carried out using the verified LS-DYNA 

model, developed by Arup (2013), to study the performance of the horizontal flexible rockfall 

net subject to punching and areal loads.  Drop weights of different shapes were used in the 

simulations to create different load patterns.  They include (i) single-sphere, (ii) four-sphere, 

and (iii) rigid-slab (see Figure 5.1).  The single-sphere drop weight has a diameter of 0.82 m.  

It was used to simulate a punching load.  The rigid-slab, measuring 3 m by 3 m on plan, is 

made up of 25 spheres (5 on each side) with the same diameter of 0.6 m and connected 

together using fixed joints.  The loaded area created by this rigid-slab covers about 70% of 

the flexible barrier panel.  For comparison purposes, numerical tests using four-sphere drop 

weight were also conducted.  This four-sphere is made up of four unconnected spheres.  

The diameter of the sphere is 0.82 m.  The four spheres are in contact with each others.  

The corresponding loaded area of the four-sphere drop weight is about 1.6 m by 1.6 m.  The 

spheres were modelled using rigid shell elements.  The shell thickness was chosen such that 

all the drop weights have the same mass of 825 kg.   

 

 The drop weights were set to impact on to the barrier from different heights, hence at 

different kinetic energy levels from 90 kJ to 560 kJ.  The corresponding velocities are in the 

range of 14.9 m/s to 36.6 m/s.  Table 5.1 summaries the simulation schedule.   
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Figure 5.1   Drop Weights (a) Single-sphere, (b) Four-sphere, and (c) Rigid-slab 

 

 

Table 5.1   Simulation Schedule for Study of Horizontal Net 

 

Simulation 

No. 
Drop Weight Dimension Contact Area 

Impact 

Velocity 

(m/s) 

Kinetic 

Energy (kJ) 

1 

Single-sphere 0.82 m dia. 
5% of the 

barrier panel 

14.9 90 

2 18.6 143 

3 22.7 215 

4 27.2 309 

5 31.9 425 

6 36.6 559 

7 

Four-sphere 
Each sphere: 

0.82 m dia. 

20% of the 

barrier panel 

14.9 90 

8 18.6 143 

9 22.7 215 

10 27.2 309 

11 31.9 425 

12 36.6 559 

13 

Rigid-slab 

Each sphere: 

0.6 m dia. 

 

Slab: 

3 m by 3 m 

70% of the 

barrier panel 

14.9 90 

14 18.6 143 

15 22.7 215 

16 27.2 309 

17 31.9 425 

18 36.6 559 

 

(a) (b) (c) 
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5.1   Simulation Results 

 

Figure 5.2 shows the graphical outputs of simulation nos. 3, 9 and 15.  It depicts the 

deformed barrier from the instant when the drop weights touched the barrier until the 

maximum deformation was reached.  

 

The barrier system provides resistance against the impact of the drop weights.  The 

vertical acceleration and displacement time histories of simulation no. 3 for a single sphere 

are presented in Figure 5.3.  The model simulated free fall of the drop weight.  Before the 

drop weight was intercepted by the barrier, the vertical acceleration (a) of the drop weight was 

-9.81 m/s
2
 (negative denotes downward direction).  When the drop weight reached the 

barrier (time, t = 0.0 second), the barrier provided an upward force to the drop weight, and the 

acceleration changed from downward to upward with a very short time.  The downward 

displacement of the drop weight continued until the drop weight was momentarily stopped.  

At that moment, the drop weight experienced the largest upward force (i.e. the largest a).  

Afterwards, the drop weight rebounded upwards and left the barrier, when a reverts back to 

-9.81 m/s
2
.  According to the LS-DYNA simulations, the whole process lasted for about 

0.3 second. 

 

Figure 5.4 shows the vertical acceleration time histories for simulation nos. 3, 9 and 15.  

The maximum acceleration of the rigid-slab is the highest amongst the drop weights.  The 

time for stopping the rigid-slab is the shortest comparing with the others.  As shown in 

Figure 5.2, the time required to stop the rigid-slab is 0.12 second; while the four-sphere and 

the single-sphere were stopped by the barrier in 0.18 second and 0.21 second respectively. 

 

The upward force provided by the barrier to the drop weight can be calculated based 

on the accelerations of the drop weights.  Figure 5.5 shows the maximum upward forces 

experienced by the drop weights in different numerical simulations.  With the 

'action-and-reaction' principle, the upward forces would be equal to the vertical reactions at 

the foundation of the test rig.  It is assumed that the energy loss due to friction between the 

movable components of the barrier is substantially lower than the impact energy involved.  

The results infer that foundation load increases with the kinetic energy (or the impact velocity) 

of the drop weight. 

 

The data in Figure 5.5 also shows that the rigid-slab resulted in higher foundation 

load comparing with the other drop weights.  The single-sphere drop weight induced the 

smallest foundation load.  The difference in the calculated foundation load produced by the 

rigid-slab and the single-sphere is 36% on average.   

 

The LS-DYNA results show that landslide debris impact may induce a higher barrier 

foundation load compared with that induced by rockfall impact for identical kinetic energy 

levels of the impacts.  This finding appears to be consistent with the field observations by 

Margreth & Roth (2008) and Wendeler (2013) (see also Section 2.1). 
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Simulation No. 3 Simulation No. 9 Simulation No. 15 

   

   

   

  

--- 

 

--- --- 

 

Figure 5.2   Graphical Outputs of Simulation Nos. 3, 9 and 15

t = 0 sec. 

t = 0.1 sec. 

t = 0.18 sec. 

t = 0.18s 

(maximum deformation) 

t = 0.12 sec. 

(maximum deformation)  t = 0.12 sec. t = 0.12 sec. 

t = 0.1 sec. t = 0.1 sec. 

t = 0 sec. t = 0 sec. 

t = 0.21s 

(maximum deformation) 
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Figure 5.3   Vertical Acceleration and Displacement of the Drop Weight in Simulation 

No. 3 

 

 

 

 

Figure 5.4   Vertical Acceleration of Drop Weight in Simulation No. 3, 9 and 15 (Sign 

Convention: Positive is Upward, Negative is Downward) 

Vertical acceleration of drop weight, a 

Vertical displacement of barrier 
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Figure 5.5   Reaction of Horizontal Net against Impact Velocity and Kinetic Energy 

 

 

5.2   Cable Force 

 

 Figure 5.6 shows the cable forces calculated in the simulations.  There is no notable 

difference in cable forces produced by impacts of different drop weights.  Wendeler (2013) 

suggested that the cable force induced by rockfall and landslide impact of the same energy 

level could be similar if cables are equipped with energy dissipating device.  It is because 

that the forces mobilized in the cables are controlled by the load-deformation characteristics 

of the energy dissipating device. 

 

 The barrier net is supported by four cables in the flexible barrier (see Figure A1 in 

Appendix A).  The upward force experienced by the drop weights pertains to the vertical 

component of the cable force.  Figures 5.7(a) and 5.7(b) present graphical outputs of 

simulation nos. 3 and 15 at the time when the barrier deformation is the largest.  The 

inclination of the cable to the horizontal is denoted by .  The vertical component of the 

cable force is the product of cable force and sin.  Figure 5.8 shows the maximum values of 

 recorded in different simulations.  It is noted that for a given impact energy level, the value 

of  of single-sphere impact is the least, and that of rigid-slab impact is the largest.  The 

inclination of cable is controlled by the geometry of the deformed barrier net after the impact.  

Single-sphere impacts would result in localised barrier net deformations (see Figure 5.7(a)).  

The netting slides towards and is draped mainly by the middle portion of the cables.  

Photograph of the physical drop test of flexible barrier is also included in Figures 5.7(c).  In 

contrast, rigid-slab, which covers a relatively large area of the netting, restrains the movement 

of netting along the cables.  The netting is draped over a larger portion of the cables (c.f. 

Figure 5.7(b)) and thus giving rise to a larger cable inclination.   
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Figure 5.6   Cable Force against Impact Kinetic Energy 

 

 

 
 

 

 

 

 
 

Figure 5.7   Geometry of Deformed Barriers under Different Load Patterns
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Figure 5.8   Maximum Inclination of Cables against Impact Velocity and Kinetic Energy 

 

 

5.3   Barrier Deformation 

 

 According to the field observations of flexible debris-resisting barriers (Wendeler, 

2013), landslide debris impact over a larger area of the barriers which result in less localised 

and small barrier deformations as compared with rockfall impact.  She opined that landslide 

debris impact could represent a less critical loading condition for barrier netting. 

 

 Figures 5.9 and 5.10 show the calculated maximum vertical deformation of the barriers 

and the maximum axial force of the ring net respectively in the LS-DYNA simulations.  The 

results echo the observations by Wendeler (2013).  Rigid-slab impacts produce a less critical 

barrier deformation and force in the ring net comparing with the impact of a single-sphere. 
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Figure 5.9   Maximum Vertical Deformations of Barriers 

 

 

 
 

Figure 5.10   Maximum Axial Force in Ring Net  

 

 

6   Numerical Study of Vertical Rockfall Barrier Subject to Punching and Areal Loads  

6.1   General 

 

 The numerical studies presented in Section 5 pertain to a rockfall net laid horizontally.  
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In practice, flexible rockfall barrier systems are installed vertically or sub-vertically, and the 

steel posts are held in position by uphill and/or lateral cables.  Additional LS-DYNA 

simulations were thus undertaken to study the response of a vertical flexible rockfall barrier 

subject to punching and areal loads. 

 

 The LS-DYNA model set-up by Ng et al (2012) was adopted.  The model simulated 

the details of a 3,000 kJ proprietary flexible rockfall barrier system (Maccaferri, 2011).  In 

the model, the flexible barrier was 5 m high with five panels, 10 m wide each (Figure 6.1).  

Double cable ropes running along the top and bottom of the entire barrier respectively were 

anchored to the ground at both ends of the barrier.  The posts supporting the top cable rope 

and the net were held by tie-back retention cables.  The connection between the post and 

foundation was modelled as a pin joint.  Energy dissipating devices were installed along the 

cables.  Details of the numerical model can be found in Ng et al (2012). 

 

 Horizontal impact loads of a single-sphere weight and a rigid-slab weight were applied 

in the model analysis.  The size of the rigid slab was 7 m by 4 m.  The horizontal target 

impact kinetic energy was 3,000 kJ.  The weights of the single-sphere and rigid-slab were 

the same, viz. 4,400 kg.  The simulation schedule is presented in Table 6.1. 

 

 

 

 

Figure 6.1   Flexible Rockfall Barrier System Subject to Impact of a Single-Sphere  

(Ng et al, 2012) 

 

 

Table 6.1   Simulation Schedule for Study of Vertical Net 

 

Simulation 

No. 

Impact 

Weight 
Dimension Impact Velocity (m/s) Kinetic Energy (kJ) 

F1 Single-sphere 2.0 m dia. 37 3,000 

F2 Rigid-slab 

Each sphere: 

1.0 m dia. 

 

Slab: 

7 m by 4 m 

37 3,000 
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6.2   Results of the Simulations 

 

Figure 6.2 shows the graphical outputs of simulations for the single-sphere and rigid-slab 

weights, which depicts the deformed barrier from the instant when the impact weights touched the 

barrier until the maximum deformation was reached at about 0.4 to 0.45 seconds (see Figure 6.3). 

 

 The LS-DYNA simulations show that the rockfall barrier arrested the single-sphere 

and the rigid-slab.  The intermediate posts which were connected to the panel of netting of 

impact leaned forward.  Figure 6.3 shows the horizontal acceleration and displacement of the 

impact weights.  The time when the impact weights reached the barrier was taken as 

0.0 second, and from that moment onward the impact weights experienced resistant forces 

from the barrier and started to decelerate.  The maximum decelerations of the rigid-slab and 

the single-sphere were 195 m/s
2
 and 134 m/s

2
 respectively.  Based on the Netwon's second 

law, it can be deduced that the rigid-slab experienced about 40% more resistance rendered by 

the barriers when compared with the single-sphere.  On the other hand, the single-sphere 

impact caused a larger net deformation.  The maximum horizontal displacements due to the 

single-sphere impact and the rigid-slab impact were 6.3 m and 5.1 m respectively. 

 

 Key results including cable forces and post reactions of the two simulations are 

summarised in Table 6.2.  Physical rockfall tests had been conducted for the proprietary 

rockfall barrier simulated in the LS-DYNA analysis in accordance with ETAG 27 

requirements (Maccaferri, 2011).  Results of the physical test indicate that the maximum 

cable force induced by a 3,000 kJ rockfall impact was up to 293 kN and the maximum force 

in the uphill retention cable was 83 kN.  These are comparable with the results of the 

single-sphere simulation where the calculated maximum cable force and the calculated 

maximum uphill retention cable force were 225 kN and 60 kN respectively.  This 

demonstrates that the LS-DYNA model could replicate the response of the rockfall barrier 

satisfactorily.  The results of simulations could be further improved by adopting the exact 

barrier set-up, such as the orientation of the barrier posts, dimensions of panels and impact 

direction of single-sphere used the physical rockfall test.  

 

 The maximum forces developed in the cable ropes induced by the single-sphere and 

the rigid-slab impacts are comparable, since the cable force is dictated by the 

load-deformation characteristics of the brake elements.  The same is also observed for uphill 

retention cables (see Table 6.2). 

 

 The maximum post foundation shear force in the rigid-slab impact simulation was 

about 40% larger than that of the single-sphere impact.  This is consistent with the result 

presented in Section 5, i.e. as compared with single-sphere impact, rigid-slab impact could 

result in a more critical barrier foundation load in the direction of the impact.  The post 

foundation shear pertains to the horizontal component of the cable attached to the barrier post.  

It relates to the deflection angle of cables.  The larger the angle between the cable and the 

post, the greater is the post foundation shear (see Figures 6.4(a) and 6.4(b) and Table 6.2).  

Photography of the physical test of flexible debris-resisting barrier is also included in Figure 

6.4(c) for qualitative comparison purposes.  On the other hand, the rigid-slab impact could 

result in a smaller vertical reaction (i.e. bearing pressure) on the post foundation.  If shallow 

foundation is used to support the barrier post, the rigid-slab impact could give rise to a larger 

sliding force compared with the single-sphere impact. 
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Single-sphere Rigid-slab 

  

  

  

  

  

  

 

Figure 6.2   Graphical Outputs of the Numerical Simulations 

t = 0 sec. 

t = 0.2 sec. 
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t = 0.4 sec. 

t = 0.2 sec. 

t = 0 sec. 

t = 0.8 sec. 
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t = 0.4 sec. 
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Figure 6.3   Horizontal Acceleration and Horizontal Displacement of the Impact Weights 

 

 

 

Table 6.2   Key Results - Maximum Forces, Cable Inclination and Barrier Deformation 

 

 
Single-sphere Rigid-slab Difference 

Top cable force 
225 kN 

(per cable rope) 

242 kN 

(per cable rope) 
+8% 

Bottom cable force 
117 kN 

(per cable rope) 

152 kN 

(per cable rope) 
+30% 

Uphill retention cable force 
60 kN 

(per cable rope) 

65 kN 

(per cable rope) 
+8% 

Shear at post foundation  190 kN 259 kN +36% 

Vertical reaction at post 

foundation  
181 kN 150 kN -21% 

Deflection angle of cable (θ) 

(see Figure 6.4) 
30

o
 50

o
 +67% 
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(a) Deflection angle of cable (Single-sphere) 

 

(b) Deflection angle of cable (Rigid-slab) 

 

(c) Physical test of landslide-debris barrier (Geobrugg, 2010) 

 

Figure 6.4   Deflection Angle of Cables 

 

 

 Forces and bending moments developed in the barrier post are presented in Table 6.3.  

LS-DYNA simulations reveal that the post bending moment induced by the areal impact load 

and the punching impact load may be comparable in order, while the areal impact load could 

result in a smaller post axial load.   

 

 

Table 6.3   Maximum Bending Moments and Axial Forces in Barrier Posts 

 

 
Single-sphere Rigid-slab Difference 

Maximum bending moment      

in posts 
36 kNm 40 kNm +11% 

Maximum axial compressive load 

in posts 
285 kN 229 kN -24% 

 

 

θ  
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7 Discussion 

 

 Numerical studies of the responses of two flexible rockfall structures with details 

reported by Volkwein (2004) and Maccaferri (2011) respectively had been conducted.  The 

results show that the two rockfall structures could withstand the impact of the rigid-slab, 

which simulated landslide debris impact, with the kinetic energy same as their energy capacity.  

This seems to provide additional support for the use of flexible rockfall barrier to resist 

landslide debris. 

 

 The present study shows that movement of netting along the cables to which it attaches 

could play an important role in the internal load transfer mechanism of the barrier structure.  

The netting movement could control the angle between the cable and barrier posts, and hence 

the magnitude of load transferred to the post foundation.  The results of the LS-DYNA 

analyses indicate that the foundation load in the impact direction induced by an areal impact 

load could be about 40% higher than that of a punching impact load.  However, it must be 

emphasised that the areal load created by the rigid-slab may not accurately simulate the 

impact of landslide debris for the following reasons: 

 

(a) The rigid-slab is taken to be infinitely rigid in the 

LS-DYNA analysis whereas landslide debris actually 

deforms during impact, and the deformation would lead to 

energy dissipation and a different configuration of 

movement of the netting. 

 

(b) Landside debris normally hits barriers in surges over a 

certain duration, however, the rigid-slab adopted in the 

numerical simulations produces only a single impact with 

loaded area covering about 70% of the a barrier panel.   

 

(c) The sequential deposition mechanism of landslide debris 

behind the barrier, which may help resisting debris impact 

from behind, is not simulated.   

 

 All in all, the rigid-slab impact would create a loading condition more critical than the 

impact of landslide debris which is deformable.  The bulging at the upper part of the ring net 

caused by the rigid-slab impact as observed in the numerical analysis of the vertical barrier 

results in a larger elongation of top cable comparing with field situations.  On the other hand, 

the effects of small particles and water passing through the mesh (see Figure 6.4(c)) are not 

considered in the present numerical study. 

 

 In current practice, design foundation load of rockfall barriers is established based on 

the peak cable force measured in full-scale physical tests.  Recent study by Knonau (2011) 

recommended that a load factor of at least 1.5 should be allowed for.  This load factor could 

provide a safety margin to cater for the uncertainty of impacting angle and dimensions of 

rock. 

 

 Despite the above, it should be cautioned that the performance of the rockfall barrier 

simulated by the numerical analysis was idealized in the simulation.  Possible 

malfunctioning of some barrier components due to external factors (e.g. burying of cables 
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and/or energy dissipating devices by landslide debris) have not been considered in the 

numerical analysis.  If any cables/energy dissipating devices are buried by landslide debris, 

their movements could be restrained and this could adversely affect the barriers' overall 

performance.  These scenarios can have significant implications to the robustness of flexible 

barriers.  Yet they cannot be easily simulated numerically.   

 

 The load transfer mechanism between different components of the flexible barrier 

structure can dictate the performance of the barrier.  Therefore, observations made by this 

study may not be relevant to other rockfall barriers with structural design different from the 

two barriers assessed in this study.  In addition, the scenario of landslide debris impacting 

directly on barrier post has not been studied. 

 

 

8   Further Work 

 

 Numerical analyses conducted in this study consider impact of discrete objects on 

rockfall barriers.  The impact of deformable landslide debris in form of surges cannot be 

simulated using this approach.  In addition, the mass of the drop weights is less than that 

considered in designs.  Possible further work may include modelling of landslide debris as a 

continuum material, and the volume of the landslide event should be comparable with designs 

in practice.  Modelling of other common types of flexible barriers in Hong Kong with 

different structural setting in future study would be worthwhile.   

 

 

9   Conclusions 

 

 Performance of two flexible rockfall barriers in resisting punching and areal loads has 

been investigated using a non-linear finite element program LS-DYNA.  Structural details of 

the two flexible rockfall barriers were presented by Volkwein (2004) and Maccaferri (2011).  

The numerical analyses show that the two rockfall barrier structures could withstand the 

impact of a rigid-slab with the kinetic energy same as their energy capacity. 

 

 However, the results of the LS-DYNA analyses indicate that the barrier foundation 

load in the direction of impact induced by areal load could be about 40% higher than that of 

punching impact load of single sphere impact.  This value is considered to be on the high 

side, as the rigid-slab is non-deformable. 
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Appendix A 
 

Numerical Model Developed by Arup (2013)
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A.1   Set-up of the Physical Field Test Model 

 

Arup (2013) carried out LS-DYNA analysis to repeat numerically the rockfall tests 

reported by Grassl (2002) and Volkwein (2004).  Detailed set-up of the rockfall tests is 

presented in Figure A1.  The test rig consisted of a steel frame structure 4.69 m high as 

measured from the top of the concrete block footing.  The plan dimensions of the test rig 

were approximately 5 m long by 5 m wide.  There were 4 nos. of 22 mm diameter steel 

cables running along each side of the test rig which draped the flexible ring net in place.  

These cables were supported on the steel frame of the test rig through a smooth pulley system 

and each of the cables was pre-stressed to a tension of 10 kN.  Figure A2 shows the pulley 

system.  Towards each end of the anchorage block, a single brake ring as energy dissipating 

devices was connected to each cable.  Sensors were also installed on the cables near the 

anchor blocks to measure the tension load developed in the cables during the tests. 

 

The flexible ring net was made of Rocco 07/3/300 rings.  The 300 mm diameter rings 

were formed by 7 nos. winding of 3mm diameter steel wire of ultimate tensile stress of  

1,770 MPa.  These rings were able to slide freely against each other.  The flexible ring net 

was connected to the steel cables via ¾ " (~19 mm) shackles.  These shackles allow the edge 

rings to move along the cable direction.  Figures A3 to A5 show samples of various 

structural components of the system including the brake rings (originally extracted from 

Volkwein, 2004).   

  

In the Volkwein field testing, an 820 mm diameter ball made of high performance 

concrete with steel fibre was dropped from 16 m and 32 m to simulate the rockfall scenarios.  

The total mass of the weight was 825 kg.  Acceleration measurement devices were installed 

in the concrete ball.  High speed video cameras were used to capture the motion of the 

concrete ball and the deformation of the net.  Various tension and pressure sensors were 

installed to measure the forces and pressure developed in different structural components of 

the test rig. 
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Figure A1   Test Set-up of the Flexible Rockfall Barrier System (Volkwein, 2004)  
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Figure A2   Smooth Pulley Systems that Supported the Steel Cable on the Test Rig 

(Volkwein, 2004) 

 

 

 
 

Figure A3   Net Rings, Steel Cable and Shackles (Volkwein, 2004) 
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Figure A4   Windings of Steel Wires Forming Rings  

 

 

 
 

Figure A5   (Top) Brake Ring in its Original Shape; and (Bottom) Deformed Brake Ring 

Subject to Tension Load
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A.2   Numerical Model Set-up 

 

 The steel frame of the test rig in the LS-DYNA simulation (Arup, 2013) is supported 

by pin joints (see red triangles shown in Figure A1).  The pulley system above the pin joint 

is simulated using LS-DYNA ''seat-belt'' element as shown in Figures A1 and A2 which 

allows smooth sliding of the steel cables on the steel frame structure. 

 

 Figure A6 shows the LS-DYNA model for the set-up of ring nets.  All other structural 

components including the cable, shackles, brake rings and ring net are explicitly modelled 

using beam elements.  Figures A7 and A8 provide graphical illustrations of the beam 

elements representing the net rings and shackles, which can slide/move relative to each others.  

No movement is allowed at the end of each steel cable where the cable was connected to the 

concrete anchor block in the rockfall test. 

 

 The concrete drop ball is modelled as a rigid sphere in the LS-DYNA model.  The 

weight of the drop ball is the same as that reported by Volkwein (2004).  The concrete ball is 

assigned to stay at the appropriate height above the test rig as per the actual test configuration. 

 

 

 

 
 

 

 

Figure A6   Ring Net Set-up to the Field Test Model of Volkwein (2004)  
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Figure A7   Explicit Modeling of Net Rings in LS-DYNA (Arup, 2013) 

 

 

 

 

Figure A8   Connections among Net Rings, Shackles and Cables (Arup, 2013) 

 

 

A.3   Materials and Parameters Used 

 

 A number of the structural components of the test rig exhibit highly non-linear 

behavior, such as net rings and brake rings.  The appropriateness of the ring parameters 

derivation is confirmed by carrying out a validation run that simulated the four-point pulling 

test (Test R3) on a single Rocco ring 12/3/300 as shown in Figure A9 by Volkwein (2004).  

Figure A9 shows the comparison of the LS-DYNA model results with the test data reported 

by Volkwein (2004).  It can be seen that when the ring is stretched, it will deform in bending 

mode and then followed by tension mode.  The LS-DYNA simulates the ring and the 

load-deformation characteristic of the ring explicitly.  Table A1 summarises the structural 

properties adopted in modelling the Rocco ring. 

 

 

 

 

Ring Net 

Cable 

Shackle 
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Figure A9   Four-point Pulling Test of Single Rocco Ring 12/3/300; Comparison between 

LS-DYNA Simulation Results and Test Data Reported by Volkwein (2004)  

 

 

 

Table A1   Input Parameters for Rocco 7/3/300 Net Rings in LS-DYNA (Arup, 2013) 

 

Material Property Adopted Input Parameters 

Material density, R0 7800 kg/m
3
 

Elastic modulus, E 200 GPa 

Poisson’s ratio, PR 0.3 

Cross-sectional area, A 4.95 x 10
-5

 m
2
 

Second moment of area, I 2.78 x 10
-11

 m
4
 

 

 

 The load-deformation curve for the brake ring element is determined based on 

information given in Volkwein (2004) (see Figure A10).  The brake ring type GS8002, which 

shows a stiffer response than type GS8001 is used for the 32 m drop test.  The type GS8001 

brake ring has been adopted in this numerical study.  Structural properties of brake rings and 

cables are summarised in Table A2.
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Figure A10   Load-Deformation Relationship Curve of Brake Ring (Arup, 2013) 

 

 

Table A2   Input Parameters for Steel Cables and Brake Rings in LS-DYNA (Arup, 

2013) 

 

Material Property 
Adopted Input 

Parameters 
Remarks 

Material density, R0 7800 kg/m
3
 - 

Elastic modulus, E 100 GPa - 

Poisson’s ratio, PR 0.3 - 

Cross-sectional area, A 3.8 x 10
-4

 m
2
 - 

Second moment of area, I 7.0 x 10
-10

 m
4
 

Adjusted for the difference in 
metallic cross sectional area and 

full cross sectional area 

 

 

 The steel cables are modelled as linearly elastic material in the LS-DYNA simulation.  

Since the cables are made of multiple number of steel wires stranded together, its metallic 

cross sectional area would be smaller than the full cross sectional area.  The elastic modulus 

therefore is adjusted to reflect such a difference.  Volkwein (2004) suggested the range of 

elastic modulus was 70 GPa to 170 GPa.  An elastic modulus of 100 GPa has been adopted 

in the LS-DYNA simulation.  Table A2 summarises the material parameters adopted for steel 

cables.  No test data on the contact friction between different components of the test rigs are 

available.  Volkwein (2004) suggested a friction coefficient of μ  = 0.1 for cable friction 

from the observed results of the low energy physical tests.  Grassl (2002) recommended that 

the reasonable range of friction coefficient between structural components would be 0 to 0.15.  

A friction coefficient of μ  = 0.1 has been adopted for all material contacts by Arup (2013). 
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A.4   Numerical Modelling Procedures  

 

 The LS-DYNA model is initialised by applying gravity to all structural elements in the 

computation domain including the test rigs and the concrete ball.  The concrete ball is 

initially held at a fixed position of 16 m or 32 m above the test rig and refrained from 

dropping downwards.  As gravitational force was applied to the test rig, the ring net would 

sag naturally as it would be in reality.  Damping is then applied for 2 seconds to enable the 

ring net to settle down to avoid any excessive vibration.  Afterwards, the concrete ball was 

allowed to fall freely and impact on the flexible barrier.  The position, velocity and potential 

energy of the concrete ball were tracked and recorded.  The deformation of the ring net and 

the movement of the steel cables are calculated.  In addition, the tension force developed 

within the steel cables is recorded. 

 

 

A.5   Verification against Physical Test Results 

 

 The following results have been compared with the physical rockfall test data reported 

by Volkwein (2004): 

 

(a) The position of the ball with respect to time. 

 

(b) The total energy of the ball with respect to time. 

 

(c) The cable force with respect to time.    

 

 The results for the cases of 16 m and 32 m drops for flexible barriers with brake rings 

are shown in Figure A11.  The instant when the ball reached the elevation of the test rig ring 

net is denoted by t = 0 second.  Figure A11(a) demonstrates that the LS-DYNA analysis is 

able to simulate the ball displacement measured in the physical test by Volkwein (2004).  

The estimated energy dissipation of the drop ball and tensile forces developed in the cables by 

LS-DYNA also agree well with those measured in the physical tests (see Figures A11(b) and 

A11(c)).  It is demonstrated that the LS-DYNA structural modelling of the flexible barrier is 

able to replicate the nonlinear behaviour of the flexible barrier subject to impacts.   

 

 Also, as demonstrated in Figure A12, the explicit modelling of the structural 

components in LS-DYNA, for example, free sliding of net rings and shackles, enables 

accurate predictions of the movements of the ring net and the plastic deformation of rings.  

The extension and sideways movement of the steel cables have also been simulated accurately 

and they are in good agreement with the physical test results and the overall deformation of 

the barrier. 
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(a) Displacement-time curves of vertical position of the concrete ball  

 

 
(b) Total energy-time curves of vertical position of the concrete ball 

 

 
(c) Cable force-time curves of vertical position of the concrete ball 

 

Figure A11   Comparison between Results of LS-DYNA Simulations and Physical 

Rockfall Tests
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Figure A12   (Right) Plan View on the Final Position of the Ball and the Deformation of 

the Ring Net Obtained from the LS-DYNA Simulation; and (Left) The 

Actual Experiment by Volkwein (2004) 
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