*Manuscript

https://dx.doi.org/10.1016/j.compgeo.2019.103208 This is the Pre-Published Version.

A new discrete element model for simulating a flexible ring net

2 barrier under rockfall impact comparing with large-scale physical

O©CoOoO~NOUR~WNPE
[ER

10 3 model test data

18 ¢ Zhuo-Hui Zhu, Jian-Hua Yin’, Jie-Qiong Qin, Dao-Yuan Tan

57 9 Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University,

10  Hung Hom, Kowloon, Hong Kong, China
31 11
12

36 13 = Corresponding author.

38 14 E-mail address: cejhyin@polyu.edu.hk (J.H. Yin).
39 15

42 16

44 17

47 18

49 49

52 20

54 51

57 22

59 o3 July 2019

62 1/21

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/


http://ees.elsevier.com/coge/viewRCResults.aspx?pdf=1&docID=26789&rev=1&fileID=270828&msid={FB23D4BF-507A-4FEA-A01B-66F2BC7D98E4}

O©CO~NOOOTA~AWNPE

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

ABSTRACT

Flexible barriers are one of the effective mitigation measures to intercept high-energy falling
rocks in mountainous areas, owing to its high ductility and excellent energy dissipation
performance. This paper presents a newly developed flexible ring net barrier model based on the
discrete element method (DEM) to simulate the rockfall impact on a flexible barrier. All the
input mechanical parameters were calibrated by means of laboratory tests. The capabilities of the
numerical model are evaluated by comparing the results from novel designed large-scale
physical model impact tests. It is found that the new discrete element model is able to reproduce
the behavior of a ring net barrier under rockfall impact. A good agreement with experimental
data can be found regarding to boulder velocities, net elongations and tensile forces developed
between ring net elements. In addition, the effects of boulder size, impact position, barrier
inclination, and barrier initial slack on barrier response in a parametric study are investigated.
The results from this study provide useful guidance for future design and optimization of rockfall

barriers in engineering practice.
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1. Introduction

Rockfall hazard is significant rapid movement of detached rock fragments with different
volumes by freefalling, bouncing, rolling and sliding over long distances in mountainous areas
[1]. It poses a great threat to people’s lives and infrastructures due to its sudden and destructive
power. Thus, adequate protective countermeasures are required to be designed and applied to
risk mitigation. Over the last few years, flexible barriers, as one of the effective retention systems
among mitigation measures, have been extensively used in Europe to intercept high-energy
falling rocks. They have perfect bearing capacity to sustain dynamic loading of rockfalls owing

to their high ductility and excellent energy dissipation performance.

With the aim of gaining better understanding of the dynamic behavior of the flexible barrier
system and rockfall-barrier interaction mechanisms, field tests and experimental programs were
carried out in the past few decades [2-9]. Generally, the test was composed of a barrier prototype
against the impact of a boulder with known mass released from a certain height at an inclined
site [2,4] or a vertical site [5,7]. Various monitoring techniques were employed to meet the
requirements of all measurements. The boulder motion and barrier response were tracked by
high-speed cameras. The loadings on barrier were recorded by means of multiple load cells
installed on cables and posts. However, as the key component of the barrier system, the tensile
forces developed on interception structure have rarely been concerned due to the difficulty of
load cells installation, particularly for the circular ring net. Therefore, an improved monitoring

approach for rockfall impact test is in demand to collect reliable data on barrier directly.

Nevertheless, to consider all the loading cases and geometrical configurations in physical

modeling tests is unrealistic and expensive in terms of time and money. Alternatively, the
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numerical approaches have become a powerful and efficient tool to study the dynamic response
of flexible barriers. Either finite element (FE) [10-16] or discrete element (DE) [17] strategies
were developed in the literature. Compared with the finite element method (FEM), the discrete
element method (DEM) has the advantage of describing large displacements and failure mode at
element scale for flexible barrier modeling. Meanwhile, rockfall-barrier interaction can be easily
simulated attributed to its inherent merit in describing granular media. With the DEM, barrier
models were mainly established on the basis of either remote interaction model [18] or cylinder
model [19] considering different shapes of the net including hexagonal mesh [18,20,21], pear-
shaped mesh [22] and 45  rotated square mesh [23]. However, only limited studies [24,25] on
ring net mesh with the DEM has been reported due to its complex structure and special
mechanical response. The parameters in the simulation are highly rely on accurate and reliable
data from experimental calibration tests. There is lack of a systematic calibration process on
various components of a flexible ring net barrier. A thorough validation based on large-scale
physical model test is still unavoidable. Besides, it is of essential significance to deeply analyze

the factors that affect the impact behavior of a flexible ring net barrier.

This article presents a newly developed flexible ring net barrier model based on the DEM to
simulate the rockfall impact on a flexible barrier. A systematic calibration approach is elaborated
in detail. The capabilities of the numerical model are evaluated by comparing the results from
novel designed large-scale physical model impact tests. In addition, the effects of boulder size,
impact position, barrier inclination and barrier initial slack on barrier response are investigated.
The results provide useful guidance for future design and optimization of rockfall barriers in

engineering practice.
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2. Large-scale physical model impact tests

The large-scale physical model testing facility, built at the Road Research Laboratory of The
Hong Kong Polytechnic University, was specially designed by the authors to study the rockfall-
barrier impact mechanisms. The tests pave the way for the calibration, evaluation and parametric

study of the numerical model.
2.1. Experimental setup and instrumentation

The main body of the steel frame physical model is formed by three parts: a 5 m* container
with a mechanical gate-release device, a 7 m long and1.5 m wide flume with tempered glass on
both sides for real-time observation, and a flexible barrier system as displayed in Fig. 1la. Fig. 1b
shows a schematic side view of the physical model. The channel inclination is 35 and it is
perpendicular to the barrier system. Fig. 2a illustrates the front view of the barrier system. 28
high-grade steel wire rings and a steel wire rope constituted the net with dimensions of 2.48 m x
1.48 m. The 300 mm diameter ring element was obtained by twisting seven times the same 3 mm
diameter steel wire. Each individual ring element connected with other four neighboring
elements within the net. The rope was linked to the rigid steel posts via shackles at the four top
corners. Besides, to directly measure the impact force on the barrier, ten original designed
tension link transducers (No.1-10) with a capacity of 20 kN (Fig. 2¢c) were mounted on the
predicted impact central area of the net. Fig. 2b gives a schematic diagram of the locations of the
transducers. Two high-speed cameras synchronized with the transducers, one at the front, one at
the side of the flexible barrier, tracked the boulder motion and net response employing a

resolution of 1024 x 768 pixels and a frame rate of 1000 f/s.

2.2. Testing procedures
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A granite spherical boulder with a density of 2650 kg/m®was lifted into the container from
ground level with the help of the electric chain hoist. The boulder was released by triggering the
gate-release device through a novel designed pulley system. Two launches with two distinct

boulder diameters (400 mm and 600 mm) were performed.

3. Numerical modeling with the DEM and model calibration

In this section, a numerical model of the flexible ring net barrier system based on the DEM is
developed. The Edinburgh Bonded Particle Model (EBPM) originally proposed for modeling
cementitious materials [26] was adopted for describing different components of the barrier
system. Each component was idealized as an assembly of spherical particles connected by virtual
beam-like bond elements. The behavior of the bond element is governed by the Timoshenko
beam theory, which provides a realistic mechanics-based representation of the interaction
between particles, in contrast to some of the remote interaction models such as the Hertz-Mindlin
with bonding model [27]. All the input mechanical parameters were calibrated by means of

laboratory tests. EDEM [28] is used as the tool to perform the simulations.
3.1. Ring net element

The circular ring net element is modeled by bonding a certain number of same-sized
spherical particles together to form a closed loop employing the EBPM, as shown in Fig. 3a. Fig.
3b schematically describes bond formation between any two adjacent particles. Each particle has
its own physical radius and contact radius. Only a contact radius overlap exists between two
particles that are not in physical contact can they be bonded together once the bond time is
reached. The bond element rigidly links two particles via the centres of spheres. Fig. 3c gives the
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6 forces and 6 moments acting on both ends of a cylindrical beam element, which will be

updated incrementally at every time step. The resulting forces can be expressed as:

F=K-u (1)

where F=[F, F, F, M, M, M, F, F, F, M, M, M,] :

1X ly X Jy )z X

T - -
u=[s, s, s, 6, 6, 6 s, s, s, 6, 6, 6,].F contains axial forces, shear

forces, twisting moments and bending moments. uis the corresponding displacement vector
where s and & donate the displacements and rotations. K is a tangential stiffness matrix

derived from the Timoshenko beam theory. The bond element will be broken if the maximum

bond stress exceeds either tensile strength o or shear strength r expressed as follows:

R MZ + M2
<P N P W0 55 )

Ot
A ly
4.|F2 +F2
rél\g‘ixrb+ ;VA) S 3)
b

where r,, A and |, are the disc radius, cross-sectional area and moment of inertia of the bond

4
(A =rr’; 1, = ”;b ). It should be noted that the bond exhibits a linear elastic response. By

making using of the natural advantage of the DEM in dealing with geometric nonlinear problem,
the ring behavior with large stretching deformation in both static and dynamic conditions can be

easily replicated through carefully calibration on the stiffness and strength of a ring net element.

Quiasi-static tensile tests of single wire rings and groups of wire rings were performed in the

Swiss federal Institute of Technology Zurich ETHZ [5], which were utilized for ring net element
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calibration. The tested rings were fixed to a steel double plates apparatus on both upper and
lower sides as presented in Fig. 4a. A constant loading velocity (0.2mm/s) was applied to the top
double plates. Fig. 5a records the load-displacement relationship for a single wire ring. Two
domains can be identified from ring’s shape evolution: bending domain and tensile domain [25].
In bending domain, the ring deforms significantly, and the tensile force increases slowly. In
tensile domain, the deflections are small, and the tensile force grows considerably until the ring
breaks. The two domains provide insights on how the bending and tensile stiffness dominate the
ring’s response in different stages. In order to reproduce the same response of the ring net

element in the DE model, the identical test setup was established as demonstrated in Fig. 4b.

There are three main mechanical parameters need to be calibrated: bond radius (r,), bond
Young’s modulus (E, ) and bond tensile strength (o; ), where 1, and E, exert direct influence on
the rigidity of a ring element and o, determines its breaking force. The ring net element is

modeled as a single wire with an equivalent cross-sectional area A, defined as
2 2
Aeq = Ereq = ﬁrw nW (4)

where r, is the equivalent particle radius; r, is the wire radius; n, is the number of turns.

However, it is worth noting that considering such an equivalent cross section overestimates the
bending stiffness due to the enlarged moment of inertia [14]. In the meantime, the axial stiffness
is only one-fifth of the theoretical value due to the different utilization of the individual wires [5].

Therefore, two reduction factors p and q related to E and r, (steel Young’s modulus)

respectively are assumed to calibrate the axial (K, ) and bending stiffness (K, ) separately:

K, = 0.2E7zrv§nW = Eb7rrb2 = po’Ex rez )
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r’ (o
K, = Ebﬂ'% = pq“E;r% (6)

where E, = pE, r, =qr,,. Finally, a good calibration results were obtained when r, =2 mm,

E, =160 GPa and o; =21 GPa, matching the response in both bending and tensile domains at

the ring and mesh scale (Fig. 5).
3.2. Steel strand cable

A filler wire with nominal diameter of 20 mm which construction has small auxiliary wires
for spacing and positioning other wires was used as the steel wire rope in the physical model
tests. To characterize the mechanical behavior of the cable and calibrate the DE model, quasi-
static tensile tests were performed on the Universal Testing machine in The Hong Kong
Polytechnic University (Fig. 6a). The tested specimens with lengths of 60 cm were restrained by
the specially designed clamps at the two ends to avoid slippage on wires. An extensometer with a
gauge length of 100 mm was installed in the middle of the specimens for strain measurement.
The tests were conducted in displacement control with a loading velocity of 6 mm/min. For
safety and device protection purposes, the tensile tests were stopped at almost 70% of the
theoretical breaking strength (265 kN), and thus the elastic modulus (138 GPa) was collected
from the linear behavior of the strand cable. Fig. 6b plots the axial stress of the specimen varying

with the axial strain.
3.3. Shackles

There were 18 Screw Pin Anchor Shackles with a Working Load Limit (WLL) of 2 tons used
for connecting the ring net and steel strand cable in the barrier system. The deformation of these
shackles during the impact tests is ignored because the estimated maximum tensile force between
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ring net elements is much less than the shackles Ultimate Strength. Hence the shackle is
described as a 6 cm x 8 cm rectangular hoop with much higher stiffness than the ring net
element and strand cable in the DE model. Each shackle is bonded by 14 particles and can slide
along with the cable and connected rings. Fig. 7a depicts the detail arrangement of different

components of the flexible ring net barrier at particle generation stage of the DE model.
3.4. Model setup

Fig. 7b demonstrates the full-scale numerical model setup. A spherical boulder particle is
placed in the steel container before being released to the slope channel. The channel boundaries
consist of a rigid steel baseplate and two fixed side walls. The flexible ring net barrier system is
established by the same number and arrangement of the ring net elements, steel strand cable and
shackles with the physical model. All the bonded particles are generated by the EDEM
Application Programming Interface (API). The steel wire cable is assumed to be linked with four
rigid steel rings allowing rotation and sliding at the four corners to simulate the connected
shackles at the rigid steel posts. It is worth noting that a flexible ring net would produce an initial

slack induced by the gravity and overlaps between ring net elements as shown in Fig. 7b. The

initial slack (i) is defined as:

y=— (7)

where h represents the height difference between the two overlapped ring elements in the
vertical direction. d is the diameter of a ring net element (300 mm). In order to accurately

replicate the same initial slack as the experiment in the DE model, different attempts on the
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values of initial slack were made under the gravitational acceleration to obtain a similar initial

state of the barrier with the test.

4. Model evaluation

To evaluate the effectiveness and overall performance of the DE model, comparison with the
experimental results is examined in terms of boulder velocities, net elongations and tensile forces

developed between ring net elements in this section.
4.1. Boulder velocities and net elongations

Fig. 8 compares the experimental and numerical dynamic response of the flexible ring net
barrier of the two rockfall impact tests. Three time points that demonstrate the different impact
moments are selected for comparison: (a) The boulder contacts with the net for the first time; (b)
The boulder velocity decreases rapidly due to the increased elastic deformation of the ring net
barrier. (c) The boulder velocity reduces to zero and the maximum net elongation is achieved.
Only elastic deformation is observed for both tests. The time evolution of the boulder velocity
and net elongation for the two tests is depicted in Fig. 9. Time 0 corresponds to the first contact
of the boulder with the barrier. It is found that the interaction between the boulder and barrier is
accurately reproduced with the DE model. The impact area and deformed shape of the barrier are
consistent with the experiments. The trajectory of the boulder in the model agrees well with that
in the experiment. Notably, at the third time points, the maximum net elongation is reached when
the boulder is moving upward due to the vertical component of the net tension force, matching
the boulder-barrier interaction in the experiments. Besides, it is observed that the maximum
elongation of the barrier in the simulation is slightly less than that in the experiment in both tests.
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The reason for this difference is because the installed steel strand cable in the tests is relatively
loose that may cause additional elongation during the impact, whereas this effect cannot be taken

into account in the DE model although initial slack of the ring net has already been considered.
4.2. Tensile forces developed between ring net elements

The ring net plays a major role in energy absorption and force transmission during the impact
process. However, the tensile forces developed on ring net are rarely measured in the literature.
In our experiment, the values of tensile forces were recorded by ten tension link transducers (see
sensors number in Fig. 2) installed on the predicted impact central area of the net. In the DE
model, the forces at the identical locations are obtained by detecting the normal contact forces
between ring net elements. Fig. 10 and Fig. 11 depict the experimental and numerical time
histories of the tensile forces at various positions of impact area for the two tests. Time 0
corresponds to the barrier starting to deform. Half of the transducers are selected at the same
height in each test for comparison (transducers No.2, 4, 6, 8, 10 for test 1; transducers No.1, 3, 5,
7, 9 for test 2) due to the symmetry of their locations. The DE model accurately captures the
general trend of the tensile forces with time including all the peak values. The maximum tensile
forces appear at the positions of transducer 10 (7.86 kN) and transducer 3 (28.05 kN) in test 1
and test 2 respectively, which is in good agreement with the experimental observations. The
reasons for different positions of the maximum tensile forces occurred in the two tests should be
explained in two aspects. First, different boulder sizes may lead to different sizes of contact
surface on net. Second, different travel distances and lifting heights of the boulders caused
different locations of the contact surface on net. In addition, the peak values not always take

place exactly at the same time in the simulation as well as in the experimental study.
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5. Parametric analysis

In the previous section, it is proved that the DE model provides satisfactory estimations of
the barrier dynamic response under the boulder impact. Thus, further parametric studies related
to the impact behavior can proceed to serve for the design. As the key index for flexible barrier
design, the impact force is influenced by many factors. In this section, the effects of the factors

on the impact force are investigated from a series of parametric analysis.
5.1. Effect of the boulder size

Four different boulder diameters (D) are examined for impact force comparison: 400 mm,
500 mm, 600 mm and 700 mm (Fig. 12). Time O refers to the first contact of the boulder with the
barrier. As the boulder size increases, the impact force rises significantly fast until reaching the
peak value. The peak impact force of the boulder with 700 mm in diameter is 110.96 kN, almost
6 times than the boulder with 400 mm in diameter (20.09 kN). Besides, with the same velocities
at the slope base before impact for different boulder sizes, small boulder can move longer
distance than large boulder as observed in Fig. 9. Therefore, the time taken for reaching the peak
impact force is negative correlated with the boulder size. From a practical point of view, if we
can estimate the sizes of the potential falling rocks in a specific region, the maximum impact
force can be easily calculated by numerical simulations, and thus it is possible to optimize the

barrier design in various areas.

5.2. Effect of the impact location
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In the experiment, the boulder was released from the bottom centre of the container, and thus
the impact occurred at the central area of the ring net. However, a falling rock can hit to any
locations of the net. Hence, the effects of five different impact locations (from -0.36 m to 0.36 m)
on the peak impact forces are examined. Fig. 13 demonstrates both the peak impact force and
maximum elongation evolution with impact location. The x-axis represents horizontal locations
of the net. Compared with in the middle of the barrier, relatively small number of rings are able
to participate in energy dissipation including deflections and sliding motions when the impact
area is close to the edge of the barrier. As a result, the average peak impact force near the edge of
the barrier is larger than that in the middle. While the opposite trend is observed for the average
maximum elongation of the barrier. In the design of the ring net, it is necessary to evaluate the
peak impact forces and maximum elongations considering different impact locations and find out

the weakest point of the net to optimize the design.
5.3. Effect of the angle between the barrier and slope

The barrier positions varied in past studies, either parallel to the gravity vector [23] or normal
to the slope [18,21]. However, this factor can indeed influence the impact force on barrier. Three
tested angles («) vary from 55 (parallel to the gravity vector) to 90" (normal to the slope). Fig.
14 plots the time histories of the impact force on barrier for three different angles. It is found that
the impact process occurs earlier with the decreased angle. Due to the larger stretching force in
the vertical direction, the interaction time gets reduced, and thus larger peak impact force is
observed. The peak impact force for 55 (92.55 kN) is 26.74% larger than 90" (73.02 kN). This
study highlights that in order to get smaller impact force, the barrier is suggested to be
perpendicular to the slope. Alternatively, a buffer zone shall be set in front of the slope base
before build a barrier.
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5.4. Effect of the initial slack of a ring net barrier

Based on Eq. (7), five different initial slack values of the ring net are considered. The same
boulder size (600 mm) is used for all cases. Fig. 15 displays the correlation of the peak impact
force with the initial slack of a ring net barrier. For a small initial slack (0.35), the average value
of peak impact forces remains at a relatively higher level (71.43 kN). With the initial slack
increased to 0.4, it shows a negative correlation between the peak impact force and the initial
slack. The average value of peak impact forces falls by 8.15%. This effect is attributed to the
reduced overall stiffness of the flexible barrier, leading to smaller impact forces to absorb the
same amount of energy. However, with the slack further goes up, the Kkinetic energy of the
boulder also increases owing to longer moving distances. The decreased overall stiffness of the
net is insufficient to balance the increased kinetic energy, leading to larger impact forces, and
thus the peak impact force is positive correlated with the initial slack when it is larger than 0.4.
Therefore, the simulation results indicate that the initial slack could be an important factor that
may affect the peak impact force acting on a flexible ring net barrier. It is necessary to figure out
a safety range for the initial slack in barrier design. Further experimental studies are

recommended to be carried out.

6. Conclusions

In this paper, a new flexible ring net barrier model is developed based on the discrete element
method. The Edinburgh Bonded Particle Model was adopted for describing different components
of the barrier system. All the input mechanical parameters were calibrated by means of

laboratory tests. Large-scale rockfall impact tests were conducted to study the rockfall-barrier
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interaction. The effectiveness and overall performance of the discrete element model are
evaluated by comparison with the experimental results. Finally, the effects of the factors on the
impact force are investigated by a series of parametric analysis. Based on these works, the main

findings are drawn as follows:

1. The calibration of mechanical parameters in different components of the barrier system can be

easily done by means of laboratory tests.

2. The new DE model is able to reproduce the behavior of a ring net barrier under rockfall
impact. A good agreement with experimental data can be found regarding to boulder

velocities, net elongations and tensile forces developed between ring net elements.

3. To optimize a barrier design, it is necessary to evaluate the peak impact forces considering

different boulder sizes and impact locations.

4. The barrier is suggested to be perpendicular to the slope to get smaller impact force.

Alternatively, a buffer zone shall be set in front of the slope base before build a barrier.

5. The initial slack of a flexible barrier is an important factor that may affect the peak impact
force acting on net. It is necessary to figure out a safety range for the initial slack in barrier

design.

6. The new DE model has a great potential for studying the interaction mechanisms between
granular flows and flexible barriers owing to the inherent merits of the DEM. More
complicated parametric studies are allowed to carry out. Large-scale physical model impact
tests related to granular flows are recommended to be conducted to further validate the

proposed new numerical model.
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Fig. 1. The large-scale physical model testing facility: (a) panoramic view (b) side view.
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Fig. 2. The flexible barrier system: (a) front view (b) schematic diagram of the locations of the
transducers (c) a tension link transducer.
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Fig. 3. Bond formation with the EBPM between particles: (a) a ring net element (b) a sample of
two bonded particles by a Timoshenko beam element (c) forces and moments acting on a bond
element.
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Fig. 4. Quasi-static tensile tests of a single wire ring and a group of wire rings: (a) schematic
diagram of the experimental test setups (b) the DEM models.
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Fig. 5. Tensile test results comparison between the experiments and the DEM models: (a) a single
wire ring (b) a group of wire rings.
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Fig. 6. Experimental tensile test of a steel strand cable: (a) test setup (b) stress-strain curve.
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Fig. 7. Setup of the discrete element model: (a) the flexible ring net barrier at particle generation
stage (b) model setup and the barrier with initial slack.
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Fig. 8. Comparison of the experimental and numerical dynamic response of the flexible ring net
barrier against rockfall impact: (a) test 1: boulder with 400 mm in diameter (b) test 2: boulder with
600 mm in diameter.
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test 1: boulder with 400 mm in diameter (b) test 2: boulder with 600 mm in diameter.
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Fig. 10. Experimental and numerical time histories of the tensile forces at various positions of

impact area for test 1.
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Fig. 11. Experimental and numerical time histories of the tensile forces at various positions of
impact area for test 2.
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