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Abstract
Rock-filled gabions are commonly installed in front of reinforced concrete structures to reduce concentrated impact loads
induced by rock fall and boulders entrained in debris flows. The cushioning performance of rock-filled gabions may vary
depending on the shape of rock fragments used. In this paper, a parametric study was carried out using the discrete element
method to discern the effects of particle shape on the cushioning performance of rock-filled gabion against dynamic
boulder impact. Four particle sphericities were adopted to model angular, sub-angular, sub-rounded and rounded particles.
DEM simulations reveal that the boulder penetration depth decreases with particle angularity. Thus, a thicker cushioning
layer should be used in design if particles are rounded. More importantly, the impact and transmitted forces on a reinforced
concrete barrier increased with particle angularity. This is because angular assemblies have more contact points, which
enable more stable force chains that can sustain higher loads. The load diffusion angle for rounded particles is up to 20°
larger compared to angular particles, suggesting that as particle angularity governs the load spreading ability of a cushioning layer. In general, rocks with rounded morphology should be adopted where possible to reduce transmitted loads and
distribute loads more uniformly.
Keywords Debris flow  Discrete element method  Particle shape  Rigid barrier  Rock-filled gabion  Rock fall

1 Introduction
Debris flow consists of a mixture of poorly sorted sediments, ranging in size from clay to boulder [13, 40]. The
mechanism of particle size segregation enables large
boulders to migrate to the front of a flow [41]. These
boulders can then induce highly concentrated loads, which
may cause significant damage to infrastructure
[5, 11, 44, 45, 55, 59]. To arrest these boulders, reinforced
concrete barriers are commonly constructed along the
predicted flow paths [6, 18, 19, 24, 28, 30, 31, 34]. In front
of these barriers, a layer of rock-filled gabion is commonly
installed for additional protection.
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To study the performance of cushioning layers, largescale boulder impact tests are commonly used [20–23]. Ng
et al. [29] modelled up to six successive boulder impacts at
an energy level of 70 kJ on a rock-filled gabion cushioning
layer in front of a reinforced concrete barrier. They
reported that by adopting rock-filled gabion cushioning
layer, the design impact load can be reduced by a factor of
two. The load reduction is mainly attributed to the collapse
and formation of force chains among rock fragments inside
a gabion cell as it is impacted.
Natural rock fragments used for cushioning generally
have irregular shapes (Fig. 1). The shape governs the
degree to which fragments interlock and therefore influences the shear resistance of the entire assembly. Experiments are commonly used to investigate the effects of
particle shape [2, 54]. Yang and Wei [52] conducted a
series of laboratory tests to explore the role of particle
shape on the shear behaviour of mixture of sand and fines.
Experiments showed that the critical state friction angle
increases with the percentage of angular particles. Also,
force chains in granular materials with grains that are more

123

1044

Acta Geotechnica (2021) 16:1043–1052

Fig. 1 Front view of rock-filled gabion cushion layer

rounded were more susceptible to collapse. Yang and Luo
[53] also reported that the shearing behaviour of granular
material is significantly influenced by particle shape. Their
experiments showed that the angular grains are less susceptible to liquefaction. Xiao et al. [49] reported that the
peak-state deviatoric stress, peak-state axial strain and
peak-state friction angle decreased with particle angularity.
Xiao et al. [50] further revealed that the unconfined compressive strength decreases with the particle angularity.
Evidently, particle shape significantly influences the
mechanical response of granular materials.
The discrete element method is another approach that is
commonly used to shed light on the mechanical response of
granular materials [4]. Muthuswamy and Tordesillas [27]
and Tordesillas et al. [39] carried out a series of discrete
element simulations to investigate the effects of contact
friction and bulk density on the behaviour of force chains
inside a granular assembly. Their findings showed that
straighter force chains with higher contact friction can
sustain higher loads. Also, granular assemblies become
stiffer as the load bearing capacity of the force chains
increases. Zhang et al. [57] and Su et al. [35] reported that
force chains made of smaller particles may collapse more
easily. However, assemblies with smaller particles have
more contact points, which are more effective at spreading
load.
A multitude of studies [7–9, 25, 42, 43, 56, 58] have
reported that idealising an assembly of angular particles as
spheres will give an incorrect mechanical response. The
effects of particle shape on the mechanical response of
granular materials were also reported by other researchers
[2, 16, 32, 33, 48]. In these studies, it was concluded that
the friction angle generally increases with particle angularity. A method commonly used to simulate particle
angularity using spherical discrete elements is by applying
rolling resistance to capture the effects of particle
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eccentricity [47]. However, irregular shapes should allow
particle rotation as well as resisting it, while prescribed
rolling friction only provides rotational resistance. Furthermore, the repose angle for an assembly of irregular
shapes differs compared to an assembly of spheres with
rotational resistance [37]. In another numerical approach,
Xu et al. [51] adopted a clump composed of several subparticles with unbroken bonds to model the effects of
particle shape, which proved to be one of the most ideal
approaches to model the effects of particle shape.
In this paper, the effects of particle shape on the cushioning mechanism of granular materials are investigated by
carrying out a parametric study using the DEM. The
influences of particle shape on the attenuation of the
boulder impact force and the reduction in the transmitted
loads are examined. Findings will be used to provide a
basis to optimise the design and performance of rock-filled
gabion cushioning layers in the field.

2 Methodology
In this study, a commercial software called Particle Flow
Code PFC3D was used to investigate the mechanical
response of rock-filled gabions subjected to boulder
impact. The contact mechanics between particles is governed by the Hertz contact model, which is a nonlinear
formulation based on the theory of Mindlin [26]. For each
time step, the normal contact force is the product of the
incremental overlap and the normal contact stiffness for
each particle. The equations used to determine the normal
and shear contact forces are given as follows [14]:
3
dFn ¼ Kn ðun Þ0:5 dun
2

ð1Þ
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The shear contact force for each particle is the product
of the incremental overlap and the shear contact stiffness.
The shear contact force is governed by Coulomb’s law of
friction. The equations used to determine the incremental
normal and shear contact forces are given as follows [14]:
dFt ¼ Kt dut nðFn tan /  Ft Þ

ð2Þ

where / is the internal friction angle and n is the Heaviside
function where nð xÞ ¼ 1 when x [ 0 and nð xÞ ¼ 0 when
x  0, Kn and Kt are the normal and shear contact stiffnesses, which are calculated using the following equations:
pﬃﬃﬃﬃﬃﬃﬃﬃ
2 2Re G
ð3Þ
Kn ¼
3ð 1  v Þ
Kt ¼ 2

ð3G2 ð1  vÞRe Þ
2v

are used to compare with the computed results in this
study. Figure 2 shows a schematic side view of field test
set-up, which consists of a concrete boulder, a steel frame
and rock-filled gabions in front of a rigid reinforced concrete barrier. The concrete boulder has a mass of 2000 kg
and is suspended by two steel strand cables. A mechanical
latch is installed to release the concrete boulder. A steel
frame with a height of 6 m is constructed to suspend the
concrete boulder, which swings and impacts the rock-filled
gabion cushioning layer. The cushioning layer is constructed using nine separate cubic gabion baskets with a
nominal length of 1 m. The size of the rock fragments
ranges from 160 to 300 mm in diameter [10].

2.3 Discrete element modelling

1=3

Fn1=3

ð4Þ

where Re is the effective radius, G is the shear modulus and
t is the Poisson’s ratio of a grain.

2.1 Shape factor
Shape factors such as sphericity, roundness and roughness
are widely adopted to describe the particle shape [46].
Roundness (R) was proposed to determine the sharpness of
the edge of a particle [60]. Roundness is expressed as:
Pr
r0
R¼
ð5Þ
N
where r is the radius of curvature of a corner of the particle
surface, r0 is the radius of maximum inscribed circle in the
projected plane and N is the number of corners. A roundness value (R) greater than 0.6 indicates high roundness
and R less than 0.4 represents low roundness. Surface
roughness (S) is given as the ratio of perimeter of the
particle to the enclosed perimeter [15, 16, 46], which is
defined as the perimeter that goes from tip to tip of a
particle. A sphere has a roughness of 1.0.
In this study, particle sphericity is considered as a key
parameter, which is defined as the ratio of maximum radius
of the largest inscribed sphere (Rmax) to the radius of the
smallest circumscribed sphere (Rmin) [48]. Sphericity represents the similarity between particle length, width and
height. Sphericity increases as the shape of a particle more
closely resembles that of a sphere. A sphericity of unity
means the particle is perfectly spherical. By contrast, a
sphericity close to zero means the shape of the particle is
needle-like.

The main purpose of numerical model is to understand the
dynamic interaction between a model boulder and rock
fragments inside the gabion basket. Therefore, to simplify
the model and reduce computational time, the steel frame,
steel strand cables used to suspend the concrete boulder
and gabion baskets used to contain baskets were not
explicitly modelled. Figure 3 shows an oblique view of the
numerical model, which includes a spherical boulder and a
cell to retain the rock fragments. For each simulation, a
sphere with a mass of 2000 kg is given an initial velocity of
8.4 m/s to simulate an impact energy of 70 kJ [29]. A box
with a length, height and width of 3 m, 3 m and 1 m,
respectively, was used to simulate the rock-filled gabion
layer. A total of 776 discrete elements were generated in
the box with a target initial porosity of 0.4 and allowed to
settle under the influence of gravity. The particle sizes
selected, 160 mm to 300 mm, were based on design
guidelines [10]. A friction angle of 30° was adopted [3,30].

2.2 Field test set-up of Ng et al. [29]
Large-scale pendulum impact test results reported by Ng
et al. [29] on the dynamic response of rock-filled gabions

Fig. 2 Schematic view of pendulum impact test set-up reported in Ng
et al. [29]
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Table 1 DEM model parameters used in the current study
Parameters

Values

Density (kg/m3)

2650

Shear modulus (MPa)

4 9 106

Poisson’s ratio

0.25

Local friction angle (°)

30

Porosity

0.4

Fig. 4 Eight points of measurements for the computed transmitted
load distributions on the rigid barrier (all dimensions in mm)
Table 2 Summary of numerical simulation plans
Test ID

Particle sphericity (Rimax/
Rcmin)

Rounded (R)

1.0

Sub-rounded
(SR)

0.8

Sub-angular
(SA)

0.6

Angular (A)

0.5

Clump

Fig. 3 Oblique view of DEM model

The adopted parameters used to describe rock fragments
are summarized in Table 1. To monitor the horizontal and
vertical load distributions on a rigid barrier, eight measurement regions (2250 m2 each), coinciding with the load
cells used in the field tests [29], were defined on the
backside wall (Fig. 4).
To model the effects of particle shape on the impact
dynamics, the clump option was used. A clump is a rigid
body comprised of a series rigid spheres bonded together.
The calculation of contacts between each sphere in a clump
is ignored in each computational cycle. In this study, a total
of 776 spherical particles were generated, and then, the
particles were replaced with clumps with same volume. It
was reported by Shin and Santamatina [32] that the measured sphericities for natural and crushed sand range from
0.5 to 0.9. To compare various particle sphericities, four
clumps with particle sphericities of 0.5, 0.6, 0.8 and 1.0
were investigated. A summary of the simulation plan is
given in Table 2.
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2.4 Comparison of boulder impact force
Figure 5 shows a comparison between the measured and
computed boulder impact forces. The shear modulus used
to describe the rocks is calibrated to match the maximum
boulder impact force. The difference between the measured
and computed maximum boulder impact force is less than
5%, indicating that the input parameters adopted are suitable for predicting the maximum boulder impact force for
assemblies with different shapes. Furthermore, large fluctuations were observed in both the measured and computed
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Fig. 5 Comparison of boulder impact forces between computed and
measured results

results. These fluctuations are caused by the collapse of
force chains during impact.
The area under the impact force curve represents the
momentum. The computed momentum is about 30% larger
compared to the measured momentum. One possible feature that may contribute to differences between the computed and measured momentum is particle crushing. In the
field tests, crushing was observed after each test. However,
crushing is not captured in the idealised numerical simulations to study the fundamental grain-scale effects of
particle shape. Without the effect of crushing, less energy
is absorbed by the granular assembly and more energy is
reflected back to the boulder, thereby increasing the
rebound velocity of the boulder.

2.5 Effects of particle shape
2.5.1 Time histories of boulder penetration depth
and velocity
A parametric study was carried out to investigate the
effects of particle shape on the cushioning mechanisms of
rock-filled gabions. Figure 6 shows the computed time
histories of boulder displacement (D) and boulder velocity
(v) for angular (S = 0.5) and rounded particles (S = 1.0).
The initial distance between boulder and particle assembly
is 0.24 m. Therefore, the boulder has a displacement of
0.24 m with velocity of 8.4 m/s and impact occurs at
0.03 s. By subtracting the initial displacement, the maximum calculated boulder penetration depths are 0.27 m and
0.40 m for the angular and rounded particles, respectively.
The maximum boulder penetration depth for rounded particles is 1.5 times larger compared to that of angular particles. For the same impact energy, a larger penetration
depth requires more particle movement. Shin and
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Fig. 6 Comparison of boulder displacement and velocity between
angular and rounded particles

Santamatina [32] reported that angularity restricts particle
movement, thereby increasing the shear resistance of a
granular assembly. According to international design
guidelines for rock-filled gabions [1], the recommended
cushioning layer thickness should be at least the two times
the maximum penetration depth. Based on the parametric
study on shape effects, the cushioning layer thickness for
rounded particles should be designed to be larger compared
to that for angular particles. A thickness of 1 m is appropriate for both the rounded and angular particles simulated
in this study.
2.5.2 Maximum boulder impact force
Figure 7 shows a comparison of the computed time histories of the boulder impact force among the four particle
shapes simulated, specifically angular, sub-angular, sub-

Fig. 7 Comparison of boulder impact force with different particle
shapes
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rounded and rounded. This maximum boulder impact force
increases with particle angularity. The maximum boulder
impact force of 451 kN for angular particles is about 1.6
times larger compared to that of rounded particles. This
means that the maximum boulder impact force increases
with particle angularity. This is because angularity restricts
particle rotations during impact, which enables force chains
to sustain higher loads. Likewise, Althhafi et al. [2]
reported that by increasing particle angularity, grain rotations are restricted, which give rise to stiffer granular
assemblies. Hadda and Wan [12] also reported that the
granular fabric progressively changes from an anisotropic
to an isotropic state under cyclic loading. More specifically, the contact numbers and densities change with successive impact. These finding corroborate the importance
of capturing grain-scale fabric, particularly particle shape,
for modelling the dynamic response of rock-filled gabion
cushioning material.
Figure 8a, b shows side views of the force chain distributions when the maximum impact force occurs for
angular and rounded particles, respectively. The thickness
of the force chains is scaled to enhance visualisation. The
force chains at the bottom of cushioning layer, under
higher confining stress, are denser and thicker compared to
those at the top because of the influence of gravity. Similarly, Ng et al. [29] and Su et al. [36] also reported that
higher loads are transmitted downwards due to the overburden provided by the overlying gabion cells. Furthermore, the load diffusion angles, which provide an
indication of the load spreading capability of a cushioning
layer, are 30° and 50° for angular and rounded particles,
respectively. Evidently, the effects of particle shape
strongly influence the load diffusion angle, which decreases with particle angularity.
Figure 9 shows the average contact force carried by the
force chains when the cushioning layer is impacted. The
maximum average contact force for angular particles is
about 1.8 times larger compared to that for rounded particles, corroborating that higher loads can be supported by
angular particles. Furthermore, the loading and unloading
slopes for angular particles are much steeper compared to
those of rounded particles, suggesting that angularity
affects stiffness.
The maximum number of force chains for rounded
particles is about 1.4 times larger compared to that of
angular particles. This means more force chains are
required to resist the boulder impact force with rounded
particles compared to angular particles. Evidently, force
chains composed of angular particles are more
stable compared to that of rounded particles.
Figure 10 shows a comparison of the average coordination number (Z) between angular and rounded particles.
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Fig. 8 Side views of force chain distributions at the moment of
maximum boulder impact force: a angular particles (S = 0.5);
b rounded particles (S = 1.0)

The average coordination number is calculated as follows
[38]:
Z¼

2C  N1
N  N0  N1

ð6Þ
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particles with increasing angularity. More contacts in an
assembly enable higher sustained loads in the force chains
during impact (Fig. 8). Moreover, this observation is consistent with that reported by Muthuswamy and Tordesillas
[27]. By examining the coordination number, it can be seen
that rounded particles with less constraints collapse more
easily, which helps to attenuate the boulder impact force.

2.6 Transmitted loads to rigid barrier

Fig. 9 Comparison of the average contact force and number of force
chains between angular particles (S = 0.50) and rounded particles
(S = 1.0)

Fig. 10 Comparison of average coordination number Z and boulder
impact force between angular particles (S = 0.50) and rounded
particles (S = 1.0)

where C is the number of contacts among particles, N is the
number of particles, and N0 and N1 represent the number of
particles with no contacts and one contact, respectively.
The average coordination number provides the average
number of contacts that contribute to the mechanical stability of a granular assembly.
The rounded particles exhibit a relatively constant
average coordination number of five during the impact
process. However, the average coordination number for
angular particles reaches a maximum of 31, which is six
times larger compared to that of the rounded particles. The
maximum coordination number for angular particles is
about six times larger compared to that of rounded particles. Similar observations were reported by Wang and
Song [48], indicating that more contacts are formed for

Figure 11 shows the computed time histories of the total
transmitted loads (L) on the backside wall for four different
particle shapes. The maximum total transmitted load
(L) for angular particles occurs at 0.045 s, which occurs
0.010 s before rounded particles, suggesting that the time it
takes to transmits load decrease with particle angularity.
The same trend is supported by Fig. 8a, b, which also
shows angular particles with smaller load diffusion angles.
The smaller load diffusion angles enable a shorter load
transmission distance. Moreover, the maximum total
transmitted load for angular particles is 1.9 times larger
compared to that of rounded particles.
Figure 12 shows a comparison of the maximum boulder
impact force and the total transmitted load for simulations
carried out for four different shapes. To minimise the
effects of spatial variation of the initial packing arrangement of the particles on the impact dynamics, a total of 10
simulations were repeated at different impact locations of
the cushioning layer for each particle shape. The spacing
between each simulated impact differed by 50 mm in
length. The dashed horizontal reference line is the estimated boulder impact force, without cushioning, using the
following equation.
F ¼ Kc 4000v1:2 r 2

ð5Þ

Fig. 11 Time histories of computed total transmitted loads with
different particle shapes
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Fig. 12 Comparison of maximum boulder impact force and total
transmitted load between different particle shapes

where F is the boulder impact force (N), Kc of 0.1 is recommended by Kwan [17] based on the case histories, v is
the boulder velocity (m/s) and r is the boulder radius (m).
Compared with the estimated boulder impact force
without cushioning, it can be found that at least 75% of the
load is reduced when cushioning is considered. Furthermore, both the maximum boulder impact force (Fmax) and
maximum total transmitted load (Lmax) decrease with
increasing particle angularity. The average maximum
boulder impact force and maximum total transmitted load
for angular particles are about 1.8 times larger compared to
that for rounded particles, respectively. The observed differences in the impact and transmitted loads are due to
particle angularity. With increasing angularity, the forces
chains also become more stable. Correspondingly, when
possible, rounded rock fragments should be used for rockfilled gabions in the field to promote less stable force
chains to enhance energy dissipation during impact.
Figure 13a, b shows a comparison of the computed
maximum load distributions along the vertical and horizontal centrelines of the rigid barrier, respectively. In
Fig. 13a, the horizontal axis shows the maximum transmitted load (Lmax) and vertical axis shows the vertical
depth (h/H) along the wall normalised by the barrier height.
The transmitted loads are monitored from the backside wall
(Fig. 9).
For all four shapes, small transmitted loads were
observed at the top and bottom of the barrier at normalised
heights of 0.04 and 0.96, suggesting that particle shape
does not have an obvious effect on the vertical distribution
of transmitted loads. For an assembly of rounded particles,
the maximum transmitted load at the mid-height of wall is
two to four times larger compared to that at a normalised
height of 0.29 and 0.71, respectively. Furthermore, for sub-
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Fig. 13 Comparison of maximum transmitted loads among different
particle shapes: a vertical distributions; b horizontal distributions

angular particles the maximum transmitted loads at the
wall centre are about three and 21 times larger compared to
that at a normalised height of 0.29 and 0.71, respectively. It
is perhaps not surprising that transmitted loads are more
concentrated at the centre of rigid barrier with increasing
particle angularity because force chains are more
stable (Fig. 9). The load diffusion angle decreases with the
increasing particle angularity. Such an effect also contributes to load concentration at the centre of rigid barrier.
The purpose of the cushioning materials is to reduce the
concentrated loads on the rigid barrier. Therefore, this
further supports that rounded particles should be adopted in
field to ensure that the transmitted loads are distributed
more uniformly.
Figure 13b shows the transmitted load distributions
along the horizontal centreline of rigid barrier. For rounded
particles, the maximum transmitted load at centre of wall is
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1.5 times larger compared to that at the normalised horizontal distance of 0.17. This means the transmitted loads
decrease with distance from the centre of backside wall.
This is because more energy has dissipated over longer
transmission distances [35]. Longer force chains generally
consist of a larger number of particles, which collapse
more easily [27]. Furthermore, for angular particles, the
maximum transmitted load at the centre of wall is about
two and 10 times larger compared to that at normalised
horizontal distances of 0.17 and 0.33, respectively. To
reduce the effects of load concentration, rounded rock
fragments should be adopted in gabion baskets to ensure a
more uniform load distribution.

3 Conclusions
A parametric study was conducted to investigate effects of
particle shape on the cushioning performance of rock-filled
gabions. Key findings from this study can be drawn as
follows:
(a)

(b)

(c)

Boulder penetration depth decreases with particle
angularity. Assemblies of angular particles generally
have a larger number of contacts, which lead to more
stable force chains that can sustain higher loads.
From the view point of rock-filled gabion cushioning
design, perhaps a thicker cushioning layer may be
adopted when rounded fragments are used in a
gabion basket. A thickness of 1 m for an impact
energy of 70 kJ was an appropriate thickness in this
study.
The maximum boulder impact force and total
transmitted load increases by up to 180% with
increasing particle angularity. This observation was
directly attributed to more stable force chains. This
observation further corroborates that rounded rock
should be used where possible to reduce the load
transmission to the structure under protection.
Transmitted loads are more uniformly distributed
along the cushioning layer as particle angularity
decreases. The load diffusion angle of rounded
particles is up to 20° larger compared to angular
particles. If a more uniform cushioning effect is
desired, rounded particles should be adopted.
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