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Abstract:

Gabion is one of the most commonly used cushioning layer to shield protection
structures against boulders entrained in debris flow. Despite the prevalence of gabion,
its cushioning performance is highly variable because of the wide range of rock sizes
and cushioning thickness that are recommended in the literature. Correspondingly, the
dynamic response of gabion cushioning layers varies dramatically. In this study,
large-scale pendulum impact tests were used to calibrate a discrete element model.
Subsequently, a parametric study was carried out to discern the effects of particle size
and cushioning thickness on the impact load and transmitted load exerted by a boulder.
Results reveal that as the particle size in the cushioning layer decreases, the force
chains collapse more easily, and the expansion angle of strain energy increases. To
optimize the performance of a gabion cushioning layer, practitioners should reduce
the size of the particles to a normalized particle radius of about 0.1. A normalized
particle radius less than 0.2 ensures that the expansion angle of strain energy is large
enough, greater than 45° in this study, so as to enable load spreading across the barrier.
To eliminate the effects of energy reflecting off the barrier and back to the point of
impact, which augments the impact load, the cushioning layer thickness should be

greater than three times the radius of the boulder.

Keywords: debris flow boulder impact; gabion; discrete element model; cushioning
thickness; particle size;
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Introduction

Debris flows pose a serious threat in mountainous regions (Cui et al. 2011). To
intercept this hazardous phenomena, structures such as rigid barriers (Lo 2000) are
commonly installed in predicted flow paths. In front of these barriers, cushioning

materials (ASTRA 2008; GEO 1993) are often installed to attenuate the impact force

and to dissipate the impact energy from large boulders in debris flows (Ng et al. 2016).

Correspondingly, research is necessary to examine the application of cost-effective
and easy-to-construct cushioning materials (GEO 1993) so as to optimize the design
of structural countermeasures.

Large-scale pendulum impact tests have been carried out in the literature to

investigate the cushioning performance of gabions (Lambert et al. 2009; Lambert et al.

2014; Ng et al. 2016). Findings from these studies demonstrated that the cushioning
mechanism responsible for attenuating the impact load is principally governed by the
rearrangement and fragmentation of rock particles in the gabion cells (Lambert et al.
2014). Furthermore, the design load on a gabion cushioning layer estimated using the
Hertz equation (Kwan 2012) can be reduced by half. More importantly, the
transmitted load and load spreading mechanism are highly-variable due to the wide
range of rock fragment sizes that are recommended in design guidelines (GEO 1993)
and physical model tests (Lambert et al. 2009; 2014; Ng et al. 2016). Moreover, the
recommended cushioning thickness is inconsistent in literature (ASTRA 2008; Ng et
al. 2016). ASTRA (2008) recommends a minimum cushioning thickness of 0.5 m,

while Lambert et al. (2014) and Ng et al. (2016) recommends cushioning thicknesses
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of Im and 2 m, respectively. A summary of the recommended particle sizes and
cushioning thickness is given in Table 1.

The finite element method has been used to back-analyze the cushioning
performance of cushioning materials (Coelho et al. 2013). These materials included
cork and polystyrene, which are easily represented using continuum mechanics.
However, the mechanical response of a coarse granular assembly cannot be easily
captured using continuum mechanics because of the development and destruction of
force chains (Bertrand et al. 2005; Cui et al. 2017a, 2017b). Correspondingly, the
discrete element method (DEM) offers a unique approach to model discontinuous
materials (Tang et al. 2017; Cui et al. 2018; Kang and Chan 2018), which rely on the
development of force chains to control the mechanical response of the material (Peters
et al. 2005; Tordesillas et al. 2014).

The formation of force chains during the impact process has been studied
using DEM simulations (Bourrier et al. 2008; 2010; Tordesillas et al. 2014; Zhang et
al. 2016, 2017). Muthuswamy and Tordesillas (2006) reported that the force chain
network is mainly influenced by stresses between particles, packing density of the
granular assembly, and degree of polydispersity. Also, shorter force chains form more
easily, and have higher strength compared to longer force chains. The differences in
the observed behaviour between short and long force chains are mainly because there
are fewer potential points of failure in shorter force chains (Anthony and Marone
2005). Generally, the particle size governs the resistance of a granular assembly

against impact loads. Furthermore, Zhang et al. (2016) investigated the effects of
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particle size on the resulting impact force and the strength of the force chains. Results
showed that increasing particle size leads to higher impact force. Furthermore, their
results have also demonstrated that the average force chain length increases with
particle size.

A cushioning layer that is too thin will enable the boulder to rebound off the
structure that is being protected and therefore augment the impact force. This
phenomena has been corroborated by Bourrier et al. (2008). More specifically, a
compression wave is reflected by the structure under protection back towards the
point of impact before the end of the impact process. The reflected energy in turn
increases the boulder impact force. The effects of particle shape on boulder rebound
have been investigated using the DEM (Nouguier-Lehon et al. 2003; Antony and
Kuhn 2004; Bourrier et al. 2008; Bertrand et al. 2005). In particular, Bourrier et al.
(2008) simulated the effects of spherical and clumped-shaped particles. Results
showed that clumped-shaped particles are less likely to rearrange compared to
spherical particles. Correspondingly, force chains do not collapse as easily when the
particle shape is irregular.

Although particle shape and particle crushing serve important roles in the
cushioning mechanisms of gabions, these effects require introducing additional input
parameters, additional calibration, and longer computational times (Bertrand et al.
2005; Breugnot et al. 2016). To acquire a fundamental understanding of the
mechanisms of impact for gabions, this paper aims to first discern the effects of

particle size and cushioning thickness on the attenuation of the boulder impact force.
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Findings from this study serve to optimize the cushioning performance in engineering

practice.

Discrete element method

The objective of this numerical study is to understand the mechanisms of interaction
between a spherical boulder and a cushioning layer with different thicknesses and
particle sizes. The DEM (Cundall and Strack 1979) was adopted to study the dynamic
response of a gabion cell subjected to impact. The commercial software Particle Flow
Code in three-dimensions PFC’" (Itasca 1999) was used in this study.

The Hertz-Mindlin contact model was adopted in this study. A schematic of
this contact law is shown in Fig. 1. This contact model is widely adopted for
investigating the interaction between boulders and a granular assembly (Bourrier et al.
2008). The contact model is a nonlinear approximation of Mindlin and Deresiewicz
theory (Mindlin and Deresiewicz 1953). The contact law relates both the normal and
tangential incremental contact forces dF, and dF; to the normal and the tangential

incremental displacements du, and du;, which are given as follows (Bourrier ef al.

2008; 2011):

3
dF, = EKn(un)O'sdun (1)
dFt = thutf(Fntand) - Ft) (2)

where ¢ is the friction angle, which is chosen as 30° and kept constant, &(x) is the

7
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Heaviside function where &(x) =1 when x>0 and &x) =0 when x<0,

Kyand K; are the normal and shear contact stiffness which are calculate as follows:

_ 22RG

AR v
= 2 (362(12—_U3Re)1/3 Fn1/3 (4)

where R, is the effective radius, G is the shear modulus, and v is the Poisson ratio of

the granular assembly. The effective radius between two particles is given as follows:

_ 2RR,
© R, +R,

)

where R; and R, are the radii of contact for two contacting bodies.
The minimum time step is closely related to the contact model adopted (Cui et
al. 2016). During each simulation, the minimum time step At is calculated as follows

(Itasca, 1999):

At = (6)

il

where m is the mass of a single particle and K. is the combined stiffness at the
contact point. The calculated DEM time step in this analysis was averaged from

1x107 s to
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1x107° s.

Model calibration

Field test

Results from Ng et al. (2016) were used to calibrate the DEM model in this study. In
their tests, a boulder with a diameter of 1.16 m and a mass of 2000 kg was constructed
using reinforced concrete. This boulder was used to exert an impact load on a
1-m-thick gabion cushioning layer. The diameter of the rock fragments used to fill
gabions ranged from 160 mm to 300 mm. An accelerometer was installed at the back

of the boulder to measure changes in acceleration of the boulder.

Numerical model setup

The geometries of the gabion cell and he boulder are similar with that from the
physical experiments. Figure 2 shows a comparison of the side views of the physical
test setup (Ng et al. 2016) and the numerical model setup. A concrete boulder with an
initial velocity of 8.4 m/s induced an impact force on the gabion cushioning layer,
which was modelled using an assembly of particles contained by four walls. Particles
were generated under the influence gravity and allowed to stabilize until the average
unbalanced forces divided by the average contact forces was smaller than 0.01 or 1%.
A new elasto-plastic model with strain hardening behavior was developed by Bertrand
et al. (2005) to simulate the mechanical response of gabion baskets. Although
previous research suggested coupling between continuous and discrete approaches to
simulate the effect of a wire basket (Breugnot et al. 2016). The gabion baskets were

9



press.com by UNIV LIBRARY OF HONG KONG UNIV OF on 08/09/18

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy ‘editing and page composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

not modelled in this study to enhance computational efficiency. In PFC, a wall has
one active side which can interact with the balls. The active side was in contact with
the granular assembly forming the gabion, while the inactive side interacted with the
boulder. The front wall (Fig. 2b) was generated only to retain the particles and did not
interact with the boulder. The particles, with diameters from 160 mm to 300 mm,
were evenly distributed within the four walls. A similar simplification by using wall
elements to retain the particles was also adopted by Bourrier ef al. (2011). The friction
angle between particles in this study is 30°. For simplicity, no damping was adopted,
so energy is dissipated predominantly by grain-to-grain contact stresses. This
approach aligns with that reported by Zhang et al. (2017) and Bourrier et al. (2008).
In order to eliminate the effects of the spatial configuration of the particles,
simulations were carried out for 100 different boulder impact points and the average
of the impact forces and transmitted loads results were taken. Bourrier ef al. (2008)
reports that that minimum impact point number of 100 to ensure reproducibility of
results. In this study, 100 impact points were simulated and the minimum distance
between two impact points was 0.05 m. A summary of the parameters used in this

study is given in Table 2.

Comparisons between measured and computed results

The boulder impact force is calculated using the following equation:

F = Z Fi(Cyp)
Nc(p)

(7

where Nc(p) is the number of contacts between the boulder and the granular assembly,

10

Page 10 of 43



Page 11 of 43

press.com by UNIV LIBRARY OF HONG KONG UNIV OF on 08/09/18

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy ‘editing and page composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

Fi(c'p) is the contact force which contains normal and tangential components. Index i
has a range i € {1,2,3} prescribed for the X, y, and z directions. Figure 3a shows a
comparison between the measured and computed boulder impact forces at an impact
energy of 70 kJ. The boulder impact force is the product of the acceleration and mass
of the boulder. Large fluctuations are observed for both measured and computed
curves due to the collapse and formation of force chains (Zhang et al 2016; Zhang et
al. 2017). Results also show that the computed maximum boulder impact force is
about 10% larger than that of the measured results. This difference may be because
particle crushing is not simulated in the numerical model. The plastic deformation
induced by particle crushing extends the impact duration and thereby decreases the
boulder impact force. More specifically, force chains are more likely to buckle when
crushing occurs (Bourrier et al. 2008).

The transmitted loads along horizontal direction of the barrier from the field
test (Ng et al. 2016) were also computed for comparison. The computed loads were
measured using square element, which are embedded in the wall (Fig. 4) at the same
locations where the load cells are installed in the field tests. The area of each square
element is 2250 mm®. A comparison of the distribution of loads transmitted to the
barrier between the field tests and numerical simulations are shown in Fig. 3b. The
computed transmitted load at the center of the wall is three times larger compared to
the measured transmitted load. This difference may be attributed to the effect of
particle crushing, which is not modelled. By neglecting particle crushing, force chains

are less likely to collapse, therefore computed transmitted loads are larger.

11
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Numerical simulation plan

A series of numerical simulations, based on the procedures discussed in the full-scale
experiments (Ng et al. 2016), were carried out to discern the effects of particle size
and cushioning thickness. The particle size distribution of the particles comprising the
gabion in the DEM model is calibrated against the particle size distribution of the
rocks used in the gabions from the physical model tests of Ng et al. (2016). The Dsy
of the rock fragments in the gabion in the field is 0.174 m. Therefore, a particle size
distribution with particle radii ranging from 0.290 m to 0.058 m was adopted in the
DEM model. Furthermore, cushioning thicknesses (7) of 1 m, 2 m and 3 m were
investigated (Fig. 5). A summary of the numerical simulations carried out in this study

is given in Table 3.

Interpretation of results

Propagation of energy through force chains

The computed test results for particle radii ranging from 0.08 m to 0.15 m at an
impact energy level of 70 kJ are used to analyze the propagation of energy in the
granular assembly (Fig. 2b). Figure 6 shows a comparison between the boulder impact
force and highest compressive stress induced in the force chains. The equations used
to calculate the major and minor principle stresses are given in Eqns. 8 and 9 (Peters

et al. 2005):

12
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011 t+ O 011 — O
01 = = 2 =+ \/( = 2 33)2 + (013)? (®)
0y = BT @I 4 (0,7 ©)

where o0y is the major principle stress and o3 is the minor principle stress, the oy
are the components of the symmetric part of the particle stress. The convention for
tension is positive, meaning that g5 is the highest compressive principle stress. The
average stress d;; in a volume V' of material is defined by using that reported by

Nicot et al. (2013) is shown as follows:

1 1
_ _ ©) (P) F(c,p)
Oij = v E Oij(p)[/(p) __V§ E (xi X ) J (10)
Np

Np Nép)

where V' is the total volume of the material, d;; ®) s the average stress in a particle

(p), V® is the volume of the particle (p); N, is the number of particles in the

(p)

i

(c)

control volume. x and x;

are the coordinates of the centroid and contact points

(cp)
F]'.

for a particle, respectively; is the force acting on a particle (p) at contact (c).

F(Crp)

Fa which includes both the contact normal and shear forces.

The boulder impact force and average particle stress reaches maximum values
at the same time (Fig. 6). This indicates that the boulder impact force is entirely borne
by the particles in the force chains (Tordesillas et al. 2007, 2009, 2014). A force chain
is defined as quasi-linear assembly of particles carrying the majority of the load
(Campbell 2003; Muthuswamy and Tordesillas 2006). In this study, an algorithm is

used to identify force chains based on the approach proposed by Peters et al. (2005).
13



press.com by UNIV LIBRARY OF HONG KONG UNIV OF on 08/09/18

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy ‘editing and page composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

Fluctuations in boulder impact forces and particle stresses are mainly caused by the
displacement of particles as new force chains are formed. During the impact process,
particle rearrangements cause force chains to collapse and also form new force chains.
This stability of the force chains leads to fluctuations in boulder impact force. Details
on the relationship between the boulder impact force and the stability of force chains
are discussed later.

The kinetic energy of the boulder is transferred to the granular assembly
during impact. The propagation of energy occurs as multiple dynamic interactions
between individual particles in a granular assembly (Zhang et al. 2017). The
propagation of energy is examined by analysing the kinetic energy of the boulder (E},),
the kinetic energy of the granular assembly (Ep), the strain energy of the granular
assembly (Es), and energy dissipated via friction in the granular assembly (Ey).

Figure 7 shows changes in energy during the impact process. E}p, is 70 kJ and
some strain energy of 5 kJ is generated under the influence of gravity. During loading,
the boulder impact energy, which transfers to the granular particles, is firstly
converted into strain energy. The Eg increases significantly upon impact, reaching
peak values of 30 kJ at less than 0.10 s, which occurs only 0.04 s after the maximum
boulder impact force is reached at 0.06 s (Fig. 3a). The slight delay is attributed to the
propagation of strain energy in the granular assembly. Meanwhile, the increase of
strain energy brings about particle rearrangement, which leads to an increase in
particle kinetic energy after the computed time of 0.05 s. At the end of the impact
process, Ep of the boulder is 3 kJ and the kinetic energy is sustained by the granular

14

Page 14 of 43



Page 15 of 43

press.com by UNIV LIBRARY OF HONG KONG UNIV OF on 08/09/18

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy ‘editing and page composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

assembly is about 3 kJ. The dissipated energy through frictional contacts is 64 kJ and
the stored strain energy is 5 kJ. Changes in energy show that almost all of the kinetic
energy of the boulder is transferred to the granular particles, and up to 86 % of the
kinetic energy is dissipated through frictional contacts within the granular assembly.
These observations on energy transformation are in line with previous numerical
studies (Bourrier et al. 2008; Zhang et al. 2016; Zhang et al. 2017).

Figures 8a and 8b show the propagation of strain energy at 0.06 s and 0.10 s,
respectively. Green particles represent major principle stresses that are larger than the
average principle stress of the entire granular assembly. The direction of the major
principle stress from the positive axis is calculated during the impact process as
follows (Peters et al. 2005):
tan(20) = % (11)

R, /Ry, represents the ratio between average radius of the particles (Rp)
forming the cushioning layer and the radius of the boulder (R}). At 0.06 s, the strain
energy initially transfers to the wall and the boulder impact force reaches a maximum
(Fig. 8a). This phenomenon is corroborated by the observations reported by Bourrier
et al. (2008) where the rebound velocity of the boulder is mainly caused by reflected
energy from the rigid barrier when R, /Ry, is less than 0.5. Bourrier et al. (2008)
reports that a rebounding boulder is attributed to a second supply of energy from the
particles after the shockwave is reflected. This indicates that the cushioning thickness

15
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strongly influences the maximum boulder impact force, which depends on the
development of force chains between the boulder and the rigid barrier. Zhang et al.
(2017) reports that the development and buckling of force chains significantly
influences the global shear resistance of the granular assembly. The stronger the force
chains, the higher the maximum boulder impact force that is induced, and
correspondingly, more lateral spreading of strain energy. Figure 7b shows the
propagation of energy at 0.10 s, coinciding with the maximum strain energy. The
region of strain energy propagation is characterized using a force chain expansion
angle of about 45°. The volume of particles located near the centre of impact are
principally responsible for transferring strain energy compared to the particles around
the peripheral of the point of impact (Zhang et al. 2017). The particles in the central
part of the cushioning layer are subjected to much higher confinement compared to
that of the surrounding particles. Results demonstrate that after the strain energy
transfers to the rigid barrier and the boulder impact force reaches its maximum value,
the remaining boulder impact energy diffuses laterally as strain energy. This feature
leads to higher loads distributed across the rigid barrier. Furthermore, results suggest
that the strain energy expansion angle and speed of energy propagation needs to be

considered when designing cushioning materials.

Effects of particle size

Bourrier et al. (2008) reported that the particle size in a granular assembly plays an

important role on the rebound of the boulder. A parametric study was therefore carried

16
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out to investigate the influences of particle size on the propagation of energy and
transmission of force to the rigid barrier.

Figure 9a shows the strain energy expansion angle when the boulder impact
force reaches its maximum force at about 0.06 s (R,/R, equals to 0.1). The
approximate fan shape of the strain energy can be characterized using an expansion
angle of 60". This expansion angle is much larger than that for a radius ratio of five
(Fig. 8a). This indicates that the expansion angle becomes larger as the particle size
decreases with the same cushioning thickness. This observation is because the
propagation of force chains not only depends on the thickness of the cushioning layer,
but the propagation also depends on the number of contacts. The particle contacts
increase as the particle size decrease. A larger amount of particle contacts means that
the boulder is resisted by a much wider area of particles. Correspondingly, a reduction
in the particle size also leads the more branching points generated from inside the
force chain network. Muthuswamy and Tordesillas (2006) reports that more load can
be supported by a force chain network with more branching-points. Therefore, the
expansion angle of the force chains increases as the particle size decreases. Results
also show that the boulder impact force is not only influenced by the stability of force
chains, but also the number of force chains that resist the penetration of the boulder.
Furthermore, the strain energy does not reach the rigid barrier when the boulder
impact force reaches its maximum value (Fig. 9a). Bourrier et al. (2008) also reported
similar findings, a compact layer just adjacent to the boulder for radius ratios smaller
than 0.17. This observation implies that that the rigid barrier has a less pronounced

17
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effect on the boulder impact force for smaller R,/Ry, where loads spread laterally
more easily.

Figures 10a, 10b and 10c show the influences of R,/Ry, on the performance
of the cushioning layer and relevant changes in energy. The Ry /Ry, is varied from 0.1
to 0.5, which corresponds average particle radii from 0.058 m to 0.290 m. The
average particle number per force chain and the force chain length is also shown to
highlight the interactions between particles during impact (Figs. 10a and 10b). Results
show that the maximum boulder impact force decreases as R,/Ry, increases from
0.10 to 0.20. This is because the expansion angle of the strain energy for Ry/Ry, =
0.1 is much larger than R,/Ry, = 0.2 (Figs. 8a and 9a). A larger strain energy
expansion angle suggests a larger number of force chains in contact with the boulder.
This means that load can more easily be transferred to a other particles without
significant particle rearrangement. This in turn results in less plastic deformation and
larger boulder impact forces. Similar findings were reported by Muthuswamy and
Tordesillas (2006), whereby a force chain network with more branching-points
indicates a greater capacity for a material to support more load, since there are more
pathways available for the transmission of stress. By contrast, the maximum boulder
impact force increases for R, /Ry, from 0.2 to 0.5. This observation is because the
maximum boulder impact force is mainly influenced by the force chains between the
boulder and rigid barrier (Fig. 8a). The collapse of force chains induces plastic
deformation, thereby extending the impact duration and decreasing the maximum
boulder impact force. Anthony and Marone (2005) reported that the stability of

18

Page 18 of 43



Page 19 of 43

press.com by UNIV LIBRARY OF HONG KONG UNIV OF on 08/09/18

For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy ‘editing and page composition. It may differ from the final official version of record.

Can. Geotech. J. Downloaded from www.nrcresearch

individual force chains decreases with the average number of particles which
comprise a force chain. This is because force chains with a larger number of particles
have a higher likelihood of failure. Furthermore, results show that the average number
of particles per force chain decreases from 5.5 to 3.0. More importantly, force chains
collapse more easily for a higher radius ratio (R,/Rp = 0.1) compared to that of a
lower radius ratio (R, /Rp= 0.5).

A comparison between Figs. 10a and 10b shows that an increase in the
maximum transmitted load on the rigid barrier is larger than the maximum boulder
impact force. This phenomenon can be referred as the dynamic amplification effect
(Masuya and Kajikawa 1991; Calvetti 1998; Calvetti et al. 2005; Lambert et al. 2009).
This effect suggests that the impact force alone is not sufficient to estimate the
transmitted force. The average force chain length increases with the radius ratio and
the average particle number per force chain decreases with the radius ratio. Both of
these features lead to more load transmission to the rigid barrier. In essence, the
purpose of a cushioning material is to reduce the transmitted forces on the rigid barrier.
Therefore, it is advantageous for practitioners to adopt gabions comprising of smaller
particles.

Figure 10c shows the influence of Rj/Ry, on the maximum strain energy and
the frictional energy dissipated. The maximum strain energy is captured at any given
time during the impact process, while the dissipated energy is obtained at the end of
impact process. Results reveal that the strain energy for R,/R;, = 0.5 is about twice
that of R,/Ry, = 0.2 because the stability of force chains increases with R, /Ry,.
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Furthermore, the maximum frictional energy for R,/Ry, = 0.2 is 33 % larger
compared to that of R,/R), = 0.5. Particle rearrangements induced by force chains
collapse and the formation of new force chains enhance energy dissipation through
shearing. Correspondingly, less energy is dissipated inside a granular assembly with
an increasing R,/R;, and more strain energy is transmitted to the rigid barrier. This

coincides with the transmitted load increasing with Ry, /Ry,.

Effects of cushioning thickness

The maximum boulder impact force occurs at the same time that the strain energy is
transferred to the rigid barrier (Fig. 8a). The thickness of the granular assembly
therefore plays an important role in reducing the boulder impact force. The thickness
of the cushioning layer can be characterized using a thickness ratio T /Ry,. This ratio
characterises the cushioning thickness of the granular assembly (T) relative to the
boulder radius (Ry). Three different T/Ry, of 2, 3 and 5 were simulated.

Figure 11a shows the influence of the thickness ratio T/R},, on the maximum
boulder impact force for radius ratios varied from 0.1 to 0.5. The differences in the
maximum boulder impact forces between thickness ratios of two and three are all
larger than 30 %, for radius ratios from 0.2 to 0.5. This trend is because more energy
can reflect back to the boulder with a thinner cushioning and therefore a shorter
distance to transfer energy. Zhang et al. (2017) also reported that thinner cushioning
layers have less capacity for energy dissipation because of lower number of particles

and contacts in the granular assembly. Furthermore, in a thicker granular assembly,
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the energy reflected from the rigid barrier does not influence the boulder impact force
because the impact duration is shorter than the time required for the reflected energy
to travel from the barrier and back to the boulder. However, the difference observed in
the maximum boulder impact forces between T /R), of two and three increases as
R, /Ryincreases from 0.1 to 0.2. This is attributed to the different modes of energy
propagation as discussed earlier. As the strain energy expansion angle decreases, more
load is transmitted to the rigid barrier. Only slight differences are observed between
T/Ry, three and five for R,/Ry, from 0.1 to 0.5. This means if tT /Ry, exceeds three,
the influence of the rigid barrier becomes negligible. Findings suggest that
practitioners should adopt a suitable thickness of granular medium such as T = 3Ry,
so0 as to improve the overall cushioning performance.

Figure 11b shows the effects of cushioning thickness on the maximum
transmitted load. The maximum transmitted load increases with Rj,/Ry,. The increase
in load transmission is caused by a decrease in the force chain expansion angle.
Furthermore, an increase in cushioning thickness leads to a decrease in the maximum
transmitted load. This trend implies that less load is transmitted to the rigid barrier,
which is attributed to more energy dissipation over longer travel distances.
Compared with the maximum impact load, the maximum transmitted load becomes
steady when T = 5R),. This feature is because the maximum transmitted load mainly
relies on the number of force chains between the boulder and rigid barrier for R, /Ry,
from 0.2 to 0.5. Furthermore, results indicate that the effects of the force chains on the
maximum transmitted load decreases with the cushioning thickness. When the
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cushioning thickness ratio is larger than five, the maximum transmitted load only
increases slightly, implying that the effect of particle size on the maximum

transmitted load is negligible when the cushioning thickness is larger than five.

Conclusions

The effects of particle size and cushioning thickness on the performance of gabion
cushioning layers were investigated using the discrete element method. Results from

this study can be drawn as follows:

a) As the normalized particle radius (R,/Ry) increase, force chains collapse more
easily and the strain energy expansion angle increases. To optimise the
performance of a gabion cushioning layer, practitioners should reduce the size of
the particles used in gabion cells.

b) Particles with R, /Ry, less than 0.2 ensures that expansion angles of strain energy
that are larger than 45° which more efficiently spreads load across the entire
barrier.

c) A compression wave reflects off the barrier and augments the boulder impact
force. To eliminate this effect, the cushioning layer thickness should be larger

than three times that of the boulder radius.
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Figure Captions

Fig. 1. Contact law of Hertz-Mindlin model.
Fig. 2. Side view of test setup: (a) Physical test (Ng et al. 2016); (b) Numerical simulation

Fig. 3. The comparison between computed and measured at 70 kJ: (a) Boulder impact force;
(b) Maximum transmitted load along the horizontal centerline of the rigid barrier

Fig. 4. The split of right side boundary wall in DEM model for impact force measurement (all
dimension in mm)

Fig. 5. Numerical model setup to investigate cushioning thickness: (a) T; /Ry = 2; (b)
T2/Rp = 3;
(c) T3/Rp =5

Fig. 6. Relationship between boulder impact force and average particle stress in force chains
Fig. 7. Energy profiles for a 1-m thick cushioning layer at 70 kJ

Fig. 8. Strain energy expansion angle at different time (R, /R,= 0.2): (a) = 0.06 s; (b) t =
0.10 s (o strain energy expansion angle)

Fig. 9. Strain energy expansion angle at different time (R,/Ry, = 0.1): (a) = 0.06 s; (b) £ =
0.07s (o strain energy expansion angle)

Fig. 10. Effects of the radius ratio R,/Ry, ranges from 0.1 to 0.5: (a) Maximum boulder

impact force; (b) Maximum transmitted load; (c) maximum strain energy and friction energy

Fig. 11. Effects of cushioning thickness on the (a) Maximum boulder impact force; (b)
Maximum transmitted load
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Fig. 3. The comparison between computed and measured at 70 kJ: (a) Boulder impact force; (b)

Maximum transmitted load along the horizontal centerline of the rigid barrier
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Fig. 8. Strain energy expansion angle at different time (R, /Rp=0.2): (a) t=10.06s; (b) £=0.10s

(a: strain energy expansion angle)
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Fig. 9. Strain energy expansion angle at different time (R,/Rp, = 0.1): (a) t=0.06 s; (b) 1= 0.07 s
(a: strain energy expansion angle)
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Fig. 10. Effects of the radius ratio R, /Ry, ranges from 0.1 to 0.5: (a) Maximum boulder impact force;

(b) Maximum transmitted load; (c) maximum strain energy and friction energy
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Table 1 Adopted particle size and cushion thickness in the field (Heymann et al. 2011;

Lambert et al. 2009; 2014; Ng et al. 2016)

References Particle size (mm) Cushion thickness (m)
Lambert et al. 2009 60-180 0.5
Heymann et al. 2011 80-120
Lambert et al. 2014 80-120
Ngetal 2016 160-300

Table 2 DEM Model parameters used in current study

Parameters Values
Gravity (m/ %) 9.8
Density (kg/m’) 2650
Shear modulus (MPa) 2x 107
Poisson’s ratio 0.25
Local friction angle (deg) 30
Normal damping coefficient 0
Porosity 0.4
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Table 3 Summary of parameters used in parametric study

Particle radius ratio (R, /Ry)  Thickness ratio (T /Ry)

0.10, 0.11, 0.13, 0.14, 0.15, 2
0.17, 0.20, 0.25, 0.30, 0.33, 3
0.35, 0.40, 0.45, 0.50 5




