Computers and Geotechnics 128 (2020) 103800

Contents lists available at ScienceDirect

Computers and Geotechnics
journal homepage: www.elsevier.com/locate/compgeo

Research Paper

Interaction between granular flows and flexible obstacles: A grain-scale
investigation
C.E. Choia,b, G.R. Goodwinb,
a
b

T

⁎

The University of Hong Kong Shenzhen Institute of Research and Innovation, Nanshan, Shenzhen, China
Department of Civil Engineering, The University of Hong Kong, Pokfulam, Hong Kong Special Administrative Region

ARTICLE INFO

ABSTRACT

Keywords:
Landslides
Flexible barriers
Grain intruder
Landslide mitigation

Flexible obstacles are used to reduce the impact load exerted by granular flows. However, grain-scale interactions between granular assemblies and flexible obstacles remain poorly understood, making it difficult to estimate the required resisting force. In this fundamental study, a flexible obstacle was simplified as a grain intruder
and dragged through a static granular assembly. A new physical intruder apparatus was used to calibrate a
discrete element model. The calibrated model was then used to evaluate the effects of the stiffness and loading
rate on the force experienced by the intruder and the energy dissipated by the granular assembly. The response
of the intruder and the granular assembly depended significantly on both the drag rate and the obstacle stiffness.
Softer obstacles caused longer sticks between slips. At least 60% of the work was transferred from the intruder
into the granular assembly regardless of the drag rate and obstacle stiffness. Stick-slip behaviour was not observed for stiff obstacles and high drag rates (> 1 m/s), where the bulk granular assembly fluidised. The results
of this study suggest that rigid obstacles are better for causing energy dissipation in the granular assembly, while
flexible obstacles are better for reducing the resisting forces required.

1. Background

At the mesoscopic scale and low shear rates, energy-dissipation
processes for dense granular flows can occur as part of a two-stage
cyclic process known as ‘stick-slip’ (e.g. Johnson et al., 2008;
Tordesillas et al., 2014). First, there is a progressive increase in the bulk
stress in the material. The bulk stress is distributed through a forcechain network (Muthuswamy & Tordesillas, 2006). Second, at a critical
point, a sudden displacement occurs, buckling the force-chain network
and causing stress release and redistribution (Tordesillas et al., 2014).
These stress redistributions can cause energy dissipation through both
frictional shearing and inelastic collisions.
In previous studies on stick–slip, a ‘grain-intruder’ setup was
adopted (e.g. Albert et al., 1999, 2000, 2001; Geng & Behringer, 2005;
Candelier & Dauchot, 2009, 2010; Harich et al., 2011; Hilton &
Tordesillas, 2013; Kolb et al., 2013; Tordesillas et al., 2014). In grainintruder experiments, a body is pulled through a granular mass using a
spring. The spring can be either physical or virtual. (The latter is applicable to computational simulations.) Grain intruders can serve either
as (i) intrusive measuring devices that provide insight into the bulk
material strength and the manner in which the bulk granular assembly
rearranges during interactions or (ii) obstacles that an assembly of
grains move around, as viewed from a Lagrangian frame of reference.
The latter perspective on grain intruders is helpful for gaining a

The impact of granular flows on rigid obstacles has been widely
studied (e.g. Faug et al., 2002, 2009; Moriguchi et al., 2009;
Teufelsbauer et al., 2011; Sano & Hayakawa, 2012; Faug, 2015; Albaba
et al., 2018; Ceccato et al., 2018; Lee et al., 2019; Goodwin & Choi,
2020; Leonardi & Pirulli, 2020). However, the fundamental mechanisms whereby flexible barriers and obstacles resist granular flows are
relatively unclear. Studies such as those of Wendeler et al. (2007),
Brighenti et al. (2013), Ashwood & Hungr (2016), Ng et al. (2016),
Albaba et al. (2017) and Song et al. (2019a) focused mainly on the
macroscopic responses of flexible structures impacted by granular
flows. It has been reported that flexible barriers may absorb as little as
8% of the flow energy (Song et al., 2019a). A possible explanation for
this is that granular flows are efficient at dissipating kinetic energy
through internal processes such as frictional shearing (Mitarai &
Nakanishi, 2007). However, the relationships among the obstacle
stiffness, loading rate, and energy dissipation, as well as the fundamental mechanisms whereby energy is dissipated, remain poorly understood. Improvements to the design of flexible resisting structures,
which is currently empirical (GEO, 2014), hinge on an improved understanding of this relationship.
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fundamental understanding of grain-scale interactions between granular flows and obstacles under relatively uniform “flow” conditions.
The grain-intruder approach neglects certain aspects of granular flows,
specifically (i) the shear and granular temperature profiles and hence
(ii) the energy dissipation due to interlayer shearing and grain collisions. However, granular flows are typically spilt into shear and plug
layers (Iverson, 1997). The shear and granular temperatures within the
rigid plug region of a granular flow are limited. As such, the results of
the grain-intruder approach are relevant to the interaction between the
plug layer and an obstacle.
Albert et al. (1999, 2000) investigated a columnar intruder being
dragged through a granular assembly. They found that the drag force
depends on the cylinder diameter and depth of insertion but not the
drag rate. They also reported that the contact area between the intruder
and the assembly did not affect the stick–slip behaviour. The drag rate
in both studies was on the order of mm/s. In the latter study, the spring
constant was varied over the range of 0.5–10 kN/m. Geng and
Behringer (2005) used a two-dimensional annular setup to study the
movement of a disk through a granular array at velocities on the order
of mm/s, finding that drag force fluctuations were associated with the
formation and destruction of force chains. Tordesillas et al. (2014)
dragged a single particle at 10 mm/s using a spring with a stiffness of
k = 1 kN/m through an assembly of grains. The evolution of the forcechain network during the shearing was examined.
There are gaps in the knowledge obtained from these studies related
to (i) the effects of the stiffness on the impact force and (ii) mobilising
the granular assembly so that it can dissipate energy. Furthermore, the
aforementioned studies were conducted at low shear rates. For dynamic
problems, such as flow-type landslides, high shear rates occur. Because
granular flows in the field can have a wide range of impact velocities, it
is important to consider both the stick–slip and fluidised regimes
comprehensively. Addressing this gap is crucial for gaining a fundamental understanding of the response of flexible obstacles impacted by
flows travelling at different rates.
In this study, a physical grain-intruder apparatus was used to understand the fundamental behaviour of a flexible obstacle. The experimental results were used to calibrate a discrete element model. The
calibrated model was then used to conduct a parametric study to examine the spring stiffness k (0.1 < k < 100 kN/m) over a range of
drag rates (0.25 < U < 32 m/s), where the spring stiffness represents
the obstacle stiffness.

equivalent prototype flow. This corresponds to the “plug layer” of a
flow, i.e. a region with limited internal shearing that sits atop a “shear
layer” (Iverson, 1997).
After the sample was prepared, the instrumentation was activated,
and the pneumatic piston was set to the desired force, dragging the
grain intruder through the sample (Fig. 1c(iv)) at an average velocity of
1 m/s. For the calibration simulation using the discrete element method
(DEM), this setup was exactly replicated, and rigid planes were used to
model the sidewalls and base. An oblique schematic is shown in Fig. 1d;
the initial (x, y, z) coordinates of the centroid of the grain intruder were
(0.1, 0.1, 0.1), as measured from the far end of the intruder setup, for
both the physical tests and the DEM calibration simulation.
2.2. Discrete element method
In this study, the open-source version of the DEM software LIGGGHTS (Kloss and Goniva, 2011) was adopted. In the DEM, the forces
acting on each grain at each timestep are calculated:

mi

dvi
= F + mi g,
dt

(1)

where mi represents the mass of each grain, vi represents the velocity of
each grain, t represents time, F represents the non-gravitational external
forces acting on the grain, and g represents the gravitational acceleration. The position of each grain can be evaluated using Newton’s
equations of motion. When grains come into contact with each other,
the external force F can be split into normal and tangential components
Fn and Ft:

F = Fn + Ft = (k n dnij

n vnij)

+ (kt d tij

t v t ij),

(2)

where kn and kt represent the particle spring stiffnesses, which vary
depending on the elastic moduli E, the shear moduli G, the grain radii r,
and the penetration distance d. (Note: the particle spring stiffnesses are
a material property, and are not the same as the virtual spring stiffness
investigated parametrically in this paper.) The parameters γn and γt are
functions of the coefficient of restitution e, as well as E, G, r, d, and m.
The parameters used in this study have previously been evaluated
against various experiments involving granular flows (e.g. Ng et al.,
2019; Goodwin & Choi, 2020). Their values, which are presented in
Table 1, agreed with the physically observed flow kinematics in smallscale experiments using flows of glass spheres.
2.2.1. Numerical domain for DEM parametric study
The DEM grain-intruder setup for the parametric study included a
computational domain with a length and width of 20δ and a finite
depth (Fig. 2). The length and width of 20δ were sufficient to prevent
the bulk granular assembly from interacting with itself unrealistically
across periodic boundaries. A single rigid plane was generated in the
xy-plane to form the base of the container. Periodic boundaries were
applied in the xz- and yz- planes to simulate an infinitely large container.

2. Methodology
2.1. Physical test
A physical experiment was performed using a new intruder apparatus (Fig. 1a and b). The purpose of the experiment was to generate
data for evaluating the discrete element model setup and input parameters. The intruder apparatus consisted of two compartments. The
main compartment holding the granular assembly had dimensions of
1.0 m by 0.2 m by 0.5 m (length × width × height). At one end of the
box, there was a separate compartment to house a pulley system. A wire
with a diameter of 2 mm was threaded between the compartments. A
single grain with a diameter of 25 mm was attached at the end of the
wire in the main box. In the smaller compartment, a pulley led the wire
to a tensile load cell, which was connected to a pneumatic piston. When
the piston retracted, the grain intruder was dragged through the
granular assembly.
The box was filled with glass spheres with a diameter of 25 mm up
to the height of the ball attached to the wire (Fig. 1c(i)). The intruder
was then placed on top of the inserted spheres near the far end of the
box (Fig. 1c(ii)). The rest of the spheres were then inserted into the
storage compartment to provide an overburden of 2.1 kPa (Fig. 1c(iii)).
The “flow” material was modelled as an initially static array of grains.
As such, the average bulk density was likely higher than that of an

2.2.2. Numerical procedure
The numerical procedure was essentially identical for both the calibration simulation and the parametric study. The only differences
were (i) the shape and boundaries of the numerical domain; (ii) the
position where the grain intruder was generated; and (iii) the confining
stress on the intruder. The dimensions of the box for the calibration
simulation were 1.0 m × 0.2 m × 0.5 m, with non-periodic boundaries.
For the parametric study, the dimensions of the simulation domain
were 20δ m × 20δ m × 1 m. The intruder was generated at x ,y, and z
coordinates of (0.1, 0.1, 0.1) m for the calibration simulation and (2δ,
10δ, 0.1) m for the parametric study. The confining stress was 2.1 kPa
for the calibration simulation and 8.0 kPa for the parametric study.
For both the calibration simulation and the parametric study, the
intruder was first generated at the appropriate location. The bulk
2
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Fig. 1. (a) Frontal view of the physical intruder apparatus; (b) plan view of the physical intruder storage container; (c) side-view schematic of granular material being
placed into physical intruder – (i) to (iii) – and then the grain intruder being dragged (iv); (d) oblique schematic of the physical experiment and the DEM model for the
calibration.

et al., 2014; Marchelli et al., 2019). For the calibration simulation, the
vertical height above the grain was 0.13 m, resulting in a confining
stress of 2.1 kPa. In the parametric study, the vertical height above the
grain was 0.51 m, corresponding to a normal confining stress of 8 kPa.
There was a total of ~7500 grains per simulation in the parametric
study.
For both the calibration simulation and the parametric study, a
virtual spring was fixed to one end of the grain intruder (see Fig. 2b).
(The combination of the virtual spring and the intruder represent an
obstacle with a given flexibility.) The free end of the virtual spring was
initially tethered to the centroid of the grain intruder and was then
pulled away at a constant velocity. The mobilised tension T in the
spring varied according to the following equation:

Table 1
Parameters adopted in numerical simulations.
DEM simulations
Diameter (m)
Material density (kg/m3)
Internal friction angle (°)
Interface friction angle (°)
Young’s modulus (Pa)
Poisson’s ratio
Rolling resistance
Contact model
Coefficient of restitution

0.010 ± 0.001
2650
19.8
16.6
108
0.3
0
Hertzian
0.5

granular assembly was then generated and allowed to settle. For both
cases, the grain size for the granular assembly was nominally identical
to that of the grain intruder, although a slight degree of polydispersity
( ± 10%) was applied to reduce the crystallisation effects (Tordesillas

T = k (x spring

x intruder ),

(3)

where k represents the spring constant, xspring represents the position of
the tether point of the spring being dragged (see Fig. 2b), and xintruder

Fig. 2. (a) Configuration of system, with half of the grains of one side cut away. Colouring indicates grain radii. (b) Side-view schematic of the system (not to scale).
The green box shows qualitatively how the system evolves over time. * The measuring region is three-dimensional, with a side in the y-direction of 6δ, and follows the
grain intruder as it moves through the computational domain. The measuring region is used only to extract the solid volume fraction and grain Froude number; all
other quantities presented apply either to just the grain intruder or the entire granular assembly.
3
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Fig. 3. (a) Measured tensile force from the physical intruder experiment; (b) computed tensile force from the DEM calibration. For both cases, the overburden was
2.1 kPa; the drag speed was 1 m/s; and the grain size was 25 mm. The spring stiffness for the virtual spring in the DEM was set to 20 kN/m.

represents the centroid of the grain intruder. The calibration simulation
was terminated when the grain intruder reached x = 0.9 m. For the
parametric study simulations, x = 18δ was adopted as the threshold
for terminating the simulation.

cases was repeated 20 times with different pseudo-randomly generated
arrangements of the bulk granular assembly. The quantities presented
in the interpretation of the results were the averages across these sets
(Figs. 8 and 9).
The range of stiffnesses of the virtual spring was selected with
consideration of the wide range of barrier stiffnesses adopted in previous studies and engineering applications. Canelli et al. (2012) performed small-scale flume tests, modelling a flexible barrier made of
chicken-wire with an aperture of 1.5 cm. Although an equivalent
stiffness for the barrier was not given, it is assumed to have a similar
magnitude to that of the chicken-wire used by Huo et al. (2017), i.e.
0.45 kN/m. Koo et al. (2016) modelled the dynamic response of flexible
rockfall barriers using a finite-element method (FEM) package capable
of simulating large deformations. The net barrier was modelled as an
array of interlocking rings based on a commercially available product
(Rocco 7/3/300 net rings). The elastic material modulus of the rings
was set as 200 GPa, and the elastic modulus of the wire rope cables was
set as 100 GPa. Leonardi et al. (2016) used a coupled computational
fluid dynamics–DEM approach to model a two-phase flow interacting
with a flexible barrier. They analysed a range of equivalent stiffnesses
of the net ranging from 0.15 to 40 GPa. Song et al. (2019b) performed
simulations modelling the spring-element stiffness range of 100–16000
kN/m.
In the parametric component of the present study, the stiffness
range of 0.1–100 kN/m was used. Increasing the stiffness of the virtual
spring beyond 100 kN/m had a negligible effect on the flow dynamics
(as shown in Fig. 7a). Thus, 100 kN/m was selected as the upper bound,
which is lower than the stiffnesses of certain flexible barrier elements
that are commercially available and used for practical landslide mitigation.

2.2.3. Calibration of discrete element model using physical test
A comparison of the measured tensile forces for the physical experiment and numerical simulation is presented in Fig. 3a and b. For
both the physical experiment and the numerical simulation, the overburden was approximately 2.1 kPa, the drag rate was 1 m/s, and the
grain sizes of both the grain intruder and the bulk assembly were
25 mm. The stiffness of the virtual spring in the numerical calibration
simulation was set as 20 kN/m. As shown in Fig. 3, the numerical model
captured the essential characteristics of the physical experiment. There
were several relatively large force peaks that corresponded to the grain
intruder becoming stuck, although the force peaks were slightly smaller
in the DEM tests. The magnitude of these peaks decreased as the intruder moved across the domain because of a segregation effect that
occurs for relatively low confining stresses (see Ding et al., 2011). This
segregation effect was not observed in the other numerical tests in the
present study, where a larger confining stress was adopted. The comparison results confirm the ability of the discrete element model to
capture the essential physics of the problem.
2.3. Test variables
The drag rate and spring stiffness were varied, where the spring
stiffness represents the obstacle stiffness. The input parameters for the
simulations were selected to be relevant to prototype debris flows. Drag
rates of 0.25–32 m/s were chosen to cover the typical range of speeds of
debris flows, which can reach approximately 30 m/s (Rickenmann,
1999). The overburden was selected according to the depth of prototype flows reported by Iverson (1997); for instance, the 1982 Oddstad
debris flow had a depth of 1 m. Because the grain-intruder setup is most
relevant to the plug region of the flow, an overburden of 0.5 m was
selected. The eight drag rates and four spring stiffnesses considered
provided a total of 32 distinct cases (Table 2). Each of the 32 simulation

3. Force-chain characterisation
Force chains are the fundamental vectors whereby load is transferred between grains and have been widely investigated in the field of
geomechanics (e.g. Cates et al., 1998; Makse et al., 2000; Majmudar &
Behringer, 2005; Peters et al., 2005; Tordesillas et al., 2010; Walker
et al., 2017). Dragging a grain intruder through the granular assembly
disrupts the force-chain network. Thus, the force-chain network is relevant for understanding the fundamental interaction mechanisms between the intruder and the bulk granular assembly.
A simple algorithm was developed for extracting information related to the strong force-chain network in contact with the grain intruder. Every n timesteps, the identification numbers of each grain
(hereafter ‘IDs’), the x-, y-, and z-coordinates of each grain, and the x-,
y-, and z-components of the contact stresses between the grains were

Table 2
Test program for parametric study.
Drag rate vdrag (m/s)

Spring stiffness k (kN/m)

0.25, 0.5, 1, 2, 4, 8, 16, 32

0.1
1
10
100

4
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recorded. In accordance with the method of Tordesillas et al. (2014),
the contacts were filtered following the criterion σC > 0.5 σmean(C);
thus, the “strong” contacts were retained. Then, the algorithm searched
for grains in the bulk assembly in contact with the intruder. In cases of
multiple contacts, one was picked at random. The algorithm then
searched for a third grain in contact with the second. The angle formed
between each pair of contacts was calculated as the dot product of the
two contact vectors. If the angle was > 45°, the contacts were not
considered part of the chain (Peters et al., 2005; Muthuswamy and
Tordesillas, 2006; Tordesillas, 2007; Tordesillas and Muthuswamy,
2009; Tordesillas et al., 2009; Tordesillas et al., 2014). The threshold of
45° represents the middle ground between 0° and 90°. A threshold of 0°
would only allow perfectly linear force chains to be found (Peters et al.,
2005). A threshold of 90° would cause all grains in physical contact in
the granular assembly to be considered part of the same force chain. For
a given threshold, increasing the friction angle of the granular material
tends to increase the length of the force chains. This length increase is
accompanied by an increase in the bulk strength of the material.
The process of searching for grains in each chain was repeated until
the end of the chain was reached, at which point the IDs and stresses of
the grains participating in each force chain were recorded. Then, the ID
to search for was reset to that of the grain intruder, and the search for
grains in contact was restarted. The whole process was looped q times,
where q represents a counter. The number of unique chains was
checked after each loop q. ‘Unique chains’ were determined by comparing the IDs of all of the grains participating in each chain. If the same
string of IDs occurred more than once during the looping, duplicates
were not counted as being unique. Once the number of loops q exceeded
five times the number of unique chains M (i.e. q > 5 M), it was assumed that all the chains had been found at that timestep. The process
of looping was then terminated.
After the unique force chains had been identified, the number and
average length of the force chains for the timestep were recorded. The
total contact stress in the x-direction was calculated for each pair of
contacts in the network. The entire workflow is shown in Fig. 4a, which
also contains an inset showing a two-dimensional idealisation of possible force chain configurations. Fig. 4b presents an idealised schematic
of just the grains exerting a force on the intruder directly, as well as the
resolved contact forces. Fig. 4c shows a schematic of the grains in the
strong force-chain network, along with the resolved contact forces.
Fig. 5 shows an example of the grain intruder moving across the
computational domain. The thick lines show the strong force-chain
network. Other force chains are shown in light grey. At the start of the
simulation (Fig. 5i), there were strong force chains both in front of and
behind the grain intruder, because it was effectively part of the static
bulk granular assembly. After the grain started moving (Fig. 5ii and
5iii), strong force chains mostly existed in front of the grain intruder
(see also Tordesillas et al., 2014).

mobilised tensile force was sufficiently large to overcome the resistance
due to the confining stress, the intruder slipped, reducing the mobilised
tensile force. Subsequently, the tensile force remained relatively constant, with a mean value of approximately 0.4 kN, as the intruder underwent relatively long cycles of stick and slip. Fig. 6a(ii) shows the
same drag rate but for a significantly stiffer spring. The initial increase
in the tensile force was linear, but the critical tension for causing
movement was reached sooner. The tension cycles exhibited a similar
mean value to the previous case but at a higher frequency. The
stick–slip behaviour for the intruder was less apparent because the intruder generally moved close to the tether point of the spring. The time
required for the intruder to reach the end of the simulation box was
approximately half of that for k = 1 kN/m. As shown in Fig. 6a(iii),
when the drag rate was 32 m/s, the tensile force increased rapidly and
nonlinearly (similar to the behaviour of a strain hardening material).
The grain intruder did not clearly exhibit stick–slip behaviour, because
of the constant increase in the mobilised tensile force. These results are
unique: they are fundamentally different from those of small-scale tests
using smaller grain sizes and barriers that did not allow the bulk
granular assembly to pass (i.e. impervious barriers). Additionally, this
study differed from studies such as that of Ashwood and Hungr (2016),
where dry sand flows impacting impervious rigid and flexible barriers
were modelled.
Fig. 6b(i), 6b(ii), and 6b(iii) each show three data series, all as a
function of the displacement. Fig. 6b(i) shows the tension. Fig. 6b(ii)
shows the force on the intruder. Fig. 6b(iii) shows the total force in the
strong force-chain network in the x-direction. The tension T in the
virtual spring is defined as T = kx. The “force on the intruder” Fintr is
the sum of the vector contact forces from other grains within the
granular assembly that are directly acting on the grain intruder Fcon(i) in
the x-direction:
Ncon

Fintr =

Fcon(i ),
i=1

(4)

where i represents the index of grains in contact with the intruder; and
Ncon represents the number of contacts with the grain intruder. The
“total force in the strong force-chain network” FSF is the sum of the
forces acting on each grain in the x-direction (indexed by i) that appear
in each chain in contact with the grain intruder (indexed by p and
denoted by the symbol Fch(i,p)):
Nch Ncon

FSF =

Fcon(i, p) .
p =1 i=1

(5)

Here p indexes the force chains, and Nch represents the number of force
chains. All three graphs indicate that regardless of the spring stiffness
and drag rate, increasing the tension generally increased the reaction
force in the strong force-chain network.
Additionally, Fig. 6b(i) shows that for a low drag rate and a flexible
spring, the force on the grain intruder was only a small proportion of
the tensile force. This implies that most of the tensile force was transferred to the bulk granular assembly. Both the reaction force and collisions with grains in the bulk assembly contributed to this force. As
shown in Fig. 6b(ii), in the case where the spring was significantly
stiffer, the force on the intruder was negligible. This is because the
intruder underwent rapid stick–slip; thus, its velocity remained very
low (and hence its impact force remained weak).
Dragging the intruder at a far higher rate (Fig. 6b(iii)) caused the
force in the bulk granular assembly to change rapidly. In addition to a
reaction force to the spring tension in the strong force-chain network,
there was a dynamic force on grains as they rearranged in response to
the grain intruder. The force on the grain intruder was proportionately
higher than that in the low-strain-rate cases, owing to the dynamic
loading.
Fig. 6c(i), c(iiz), and 6c(iii) show the quantity of short and long
chains in the strong force-chain network with respect to the strain. The

4. Results
4.1. Time and displacement histories: effects of spring stiffness and drag rate
Fig. 6 shows effects of dragging the grain intruder with variations in
the spring stiffness and drag rate, where spring stiffness represents
obstacle stiffness. Three representative cases were selected: (i)
vdrag = 0.25 m/s and k = 1 kN/m; (ii) vdrag = 0.25 m/s and k = 100
kN/m; and (iii) vdrag = 32 m/s and k = 1 kN/m. The effects observed
for the final case were qualitatively identical among the different spring
stiffnesses. Thus, only the results for one spring stiffness are shown.
Fig. 6a(i) shows the relationship between the tensile force in the
spring and the x-position of the intruder over time. The tensile force in
the spring was the product of the spring constant k and the distance
between the centroid of the grain intruder and the tether point x, i.e.
T = kx. For this low spring stiffness and drag rate, the tensile force
initially increased linearly as the assembly was loaded. When the
5
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Fig. 4. (a) Flowchart of algorithm for determining properties of the force chain network. The insert schematic shows the types of path that are recorded by the
algorithm (A to E). red lines indicate major force chains, whilst minor ones are not shown. The grain intruder is in orange. (b) schematic of the grains participating in
the total force on the intruder; (c) schematic of the grains in the strong force chain network. For both (b) and (c), the x-components of the contact forces are summed.

“short” chains comprised three to five contacts, as defined by
Tordesillas et al. (2014). The “long” chains comprised six or more
contacts. In this study, the bulk granular system was dense, which favoured shorter chains (Muthuswamy & Tordesillas 2006). Long chains
are generally considered to be less stable than short chains.

In the case of Fig. 6c(i), where the slip-stick behaviour was most
apparent, there were spikes in the number of short force chains during
the slippage. This behaviour is consistent with the observations of
Tordesillas et al. (2014). The number of long chains did not appear to
vary significantly with respect to the stick–slip, implying that on
6
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Fig. 5. Side-view of the movement of the grain
intruder across the computational domain for
input parameters k = 1 kN/m and vdrag = 8 m/s
at (i) t = 0.0 s, (ii) t = 0.22 s and (iii) t = 0.26 s.
Major force chains that were calculated using the
algorithm shown in Fig. 2 are also shown. The
colour of the force chains denotes contact force.
dark blue is near-zero, whilst red is 1 kN.

average, it was primarily shorter chains that were created and destroyed during the motion. Fig. 6c(ii) is generally similar. However, the
large peaks in the number of short chains are absent, because the intruder was almost constantly in motion. Additionally, the population of
long chains was slightly smaller than that in Fig. 6c(i) (for the more
flexible spring). In Fig. 6c(iii), there is a large initial spike in the number
of short chains. The number did not return to the initial value once the
intruder started moving.
In summary, the response of the intruder and the bulk assembly
strongly depends on both the drag rate and the spring stiffness. Springs
that are more flexible prolong the time required for the intruder to
traverse the domain and cause far longer sticks between slips. The force
on the grain intruder is primarily due to collisions with grains in the
bulk assembly, rather than a reaction force to tension mobilised in the
spring. The reaction force is transferred to the granular assembly regardless of the drag rate and the spring stiffness. The stick–slip behaviour is difficult to discern for stiff springs and high drag rates, where
the bulk granular assembly fluidises.

simulation cases. It depended on both the spring stiffness and the drag
rate.
The Fr for the grain intruder increased with the drag rate of the
spring for all the spring stiffnesses. The Fr was maximized for the spring
stiffness of k = 100 kN/m. This is because there was almost no extension of the spring; thus, the grain intruder moved at the fixed speed
imposed on the spring tether point (see also Fig. 2b). In contrast, for
lower spring stiffnesses, the spring underwent significant extension
before the grain intruder started to move. Furthermore, after the grain
intruder started to move, the spring remained extended. This is why
both the average velocity and the Fr were lower for lower values of k.
Lower values of k were also correlated with a more prominent increase
in the stick–slip behaviour, as shown in Fig. 6a. Notably, for low drag
rates (vdrag ≤ 1 m/s), the Fr did not depend strongly on k. In contrast,
for drag rates of > 1 m/s, the Fr depended strongly on the spring
stiffness. At low drag rates, the intruder matched the imposed drag rate.
At high drag rates, intruders with low spring stiffnesses (k) were unable
to accelerate to the rate imposed on the tether point of the spring within
the confines of the computational domain.
Fig. 7b shows the mean solid volume fraction in the region surrounding the grain intruder with respect to the drag rate. The region is
defined graphically in Fig. 2b as a box with both sides having a length
of 6 grain diameters (i.e. 6δ) and a height extending from 3δ above the
centroid of the intruder to the base. The initial solid volume fraction
was 0.65. For a low drag rate (vdrag ≤ 2 m/s), the mean solid volume
fraction was approximately 0.6 for each spring stiffness. The grains in
the bulk assembly came to rest quickly relative to the total simulation
time. As the grain Froude number increased, the mean solid volume
fraction tended to decrease. This is because when inertial forces
dominated the movement of the grain intruder (Eq. (6)), grains in the
bulk assembly came to rest slowly relative to the intruder velocity. As
the Fr increased beyond 5, the solid volume fraction decreased. This is
because the velocity of assembly grains moving in response to the grain
intruder was slow relative to the intruder velocity.
There were three regimes for the evolution of the solid volume
fraction. These regimes depended on (i) the intruder velocity; (ii) the
speed at which bulk assembly grains moved in response to the intruder;
and (iii) the speed at which bulk assembly grains came to rest. The three
aforementioned factors were governed by Fr, which depended primarily

4.2. Froude number and solid volume fraction
Fig. 7a shows the effects of the drag rate and the spring stiffness on
the Froude number Fr, which is a governing parameter for flow–obstacle interactions (Hilton & Tordesillas, 2013: Armanini et al., 2014;
Armanini, 2015; Choi et al., 2015; Faug, 2015). Fr is given as follows:

Fr =

v
.
gh

(6)

We interpret the parameter Fr in Eq. (6) as a grain Froude number;
thus, v represents the velocity of the grain intruder, g represents gravitational acceleration, and h represents the depth of the intruder below
the surface of the flow. The grain Froude number is the ratio of the
inertia of the grain to the overburden acting on the grain. The data for
Fr shown in Fig. 7a was sampled from a measurement region that
moved with the grain intruder (Fig. 2b). The computed values were
averaged for the grain intruder as it moved from an x-position of 4δ to
18δ. The data sampling was not started at the origin of the grain intruder (x = 2δ), to prevent an initial build-up of tension in the spring.
This is because the time taken for movement to start varied for different
7
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Fig. 6. Effects of drag rate vdrag and spring stiffness k on (a) tension in the spring & intruder position, (b) force on the intruder and force in the strong force chain
network, and (c) the population of short and long force chains. Note. axes for columns (i) and (ii) are scaled differently to column (iii).

Fig. 7. (a) Mean Froude number and (b) mean solid volume fraction.
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Fig. 8. (a) Maximum tension in the spring and (b) maximum force on the intruder.

on the drag rate, rather than the spring stiffness.

The nonlinear behaviour for different drag rates and spring stiffnesses was due to the following two competing mechanisms.
In the first mechanism, the tension T in the spring decreased owing
to contraction when the intruder slipped, according to T = kx. The
extent to which the tension decreased (ΔT) for a given slip distance (x)
was inversely proportional to the spring stiffness (k). If k was low, the
rate at which the tension decreased during the slippage was low. Thus,
the force exerted on the grain intruder was relatively uniform during
the slippage, as shown in Fig. 6b(i). For low values of k and low drag
rates, the force acting on the intruder was sustained to a greater degree.
The flexible springs generated a relatively strong impact force when the
intruder impacted the grains in the bulk assembly.
The second mechanism was observed at higher drag rates. The peak
impact force was higher for stiffer obstacles. For low values of k, the
intruder lagged far behind the tether point of the spring. The impact
force on the intruder was reduced because the velocity was lower,
causing a lower impact force (Eq. (2)).
This again implies that more flexible obstacles may be more robust:
the velocity of an incoming flow may be unpredictable; thus, using
more flexible obstacles helps to narrow the range of forces to which the
obstacles may be subjected.

4.3. Maximum spring tension and forces on grain intruder
Two key considerations in the design of flexible countermeasures
against geophysical flows are (i) the anticipated tension mobilised in
the countermeasure and (ii) the force borne by the countermeasure (see
Ng et al. 2016, 2017). Fig. 8(a) shows the relationships between the
maximum tension in the spring, the drag rate and spring stiffness. Increasing the drag rate increased the maximum mobilised tension, because the acceleration of the grain intruder was limited by the presence
of the granular assembly. This is because the spring tended to extend
further when the drag rate was higher, increasing the mobilised tension.
Interestingly, increasing the spring stiffness k also increased the maximum tension mobilised. This is because the rate of loading on the grain
intruder was higher for higher values of k; thus, the mobilised tension
tended to exceed the minimum value needed for movement.
Fig. 8(b) shows the relationships between the maximum force on the
intruder, the spring stiffness, and the drag rate of the spring. An increase in the drag rate increased the peak force on the grain intruder.
However, as k increased from 0.1 to 100 kN/m, the range of forces
acting on the intruder increased. For low velocities (vdrag = 0.25 m/s),
the force was strongest for k = 0.1 kN/m. For high velocities
(vdrag = 32 m/s), the force was weakest for k = 0.1 kN/m. The increase
in the force was linear. For stiffer springs (k = 100 kN/m), the forces on
the grain intruder were almost an order of magnitude stronger.

4.4. Work done on granular assembly
In a grain-intruder setup, the energy input into the system comes
from the extension of the spring attached to the grain intruder. This

Fig. 9. (a) Work done on granular assembly; (b) work done on the assembly normalized by that done on the system (i.e. including the grain intruder).
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energy increases when the grain intruder becomes stuck and is released
into the rest of the system each time the grain intruder slips. However,
it is unclear how the transfer of energy from the virtual spring to the
system is apportioned between the grain intruder and the bulk assembly
of grains. For landslide mitigation, energy transfer to the bulk granular
assembly rather than the obstacle is ideal. This is because internal
shearing from the bulk assembly can be used to dissipate energy (Ng
et al., 2017), and the chances of the obstacle being damaged are reduced.
Because the system is initially static, the energy dissipation by the
bulk granular assembly is equivalent to the work done on the bulk
granular assembly, which can be calculated as follows:

Wbulk = Wspring

Wintruder =

kxdx

Fdx.

Clearly, the range of reduction factors for flexible barriers is wide:
0.08–0.64. The results of the grain-intruder tests in this study fall within
this range, with equivalent reduction factors ranging from almost zero
for slow flows and stiff obstacles to just under 0.4 for faster flows
(32 m/s). The differences may be due to the grain-intruder setup allowing grains to flow past the obstacle whilst not capturing the effects
of the formation of a dead zone (Song et al., 2019a) (which itself may
both shield the barrier and enable energy dissipation through shearing).
Nonetheless, the results of this study demonstrate for the first time that
the granular assembly can dissipate a majority of the flow energy due to
shearing during interaction with a simple obstacle, which is separate
from the energy dissipation that occurs during the flow. The apportionment of the energy dissipation was unclear in previous studies (e.g.
Huo et al., 2017; Cheung et al., 2018; Song et al., 2019a).

(7)

As shown in Fig. 9a, the work done on the granular assembly remained approximately constant for different spring stiffnesses for drag
velocities of ≤1 m/s. For drag velocities of ≥2 m/s, the work done on
the granular assembly started to increase and diverged for different
stiffnesses. This divergence was due to the changes in Fr, which are
shown in Fig. 7a. More flexible obstacles were clearly less able to cause
energy to be dissipated within the granular assembly than stiffer ones.
This is because flexible springs allowed the grain intruder to take the
path of least resistance, reducing the amounts of shearing and collisions
in the bulk granular assembly. This suggests that rigid obstacles are
more desirable for causing energy dissipation, in contrast to the hypothesis of Ng et al. (2016). However, the energy dissipation was enhanced at the cost of additional force being exerted on the obstacle
(Fig. 8b).
Fig. 9b shows the work done on the bulk assembly normalised by
the total work done on the system. If the normalised work is zero, all
the work is done on the grain intruder; conversely, a normalised work
of unity indicates that all the work is done on the granular assembly.
The normalised energy dissipation was relatively uniform across the
range of spring stiffnesses and drag rates investigated, with an average
value of approximately 80% of the work done on the granular assembly.
The energy-dissipation efficiency of the granular assembly was inversely proportional to the drag rate. For example, for k = 100 kN/m,
the work done on the assembly was almost 100% at a drag rate of
0.25 m/s but slightly higher than 60% at a drag rate of 32 m/s. The
range of energy dissipation was reduced from ~40% for the stiffest
spring to ~20% for a spring stiffness of k = 0.1 kN/m. This confirms
the cost of using a rigid obstacle, with regard to both the (i) force and
(ii) work done on it.
The results in Fig. 9 seem to concur with results from other studies
on flexible barriers that indicate that the current engineering state-ofthe-art may be overconservative. Indeed, GEO (2014) recommend that
a factor of safety should be applied to the energy rating for flexible
barriers. This recommendation contrasts with results from other studies. Huo et al. (2017) used a physical flume 6 m long to investigate the
energy dissipation for flows impacting a flexible barrier made of
chicken wire with a bulk elastic modulus of 0.45 GPa. The authors
reported that 64% of the energy was dissipated by the flexible barrier
(Song et al., 2019b), implying a reduction factor of 0.64. The results of
Cheung et al. (2018), who performed numerical simulations to evaluate
the energy dissipated by flexible barriers, suggest reduction factors in
the range of 0.07–0.30. Kwan et al. (2018) used an FEM package capable of modelling large-scale deformation to model simulated flows
impacting flexible barriers. Their results indicated that a reduction
factor of 0.06 adequately described the energy taken by the flexible
barrier. Song et al. (2019a) used a centrifuge to model dry sand flows
impacting an impervious flexible barrier. The cable stiffness was 142
kN/m. The authors reported that the barrier had an equivalent energy
rating of 1000 kJ. The impact energy was reported to be 1200 kJ, and
the energy absorbed by the barrier was 100 kJ, corresponding to a
reduction factor of approximately 0.08.

5. Conclusions
Experimental data from a physical grain-intruder setup were used to
calibrate a discrete element model (DEM) to investigate the fundamental behaviour of flexible obstacles used to resist granular flows. The
calibrated DEM was used to conduct a parametric study to examine a
wide range of obstacle stiffnesses and loading rates. The following
conclusions are drawn:
1. The response of the intruder and the bulk assembly depends heavily
on both the drag rate and the intruder stiffness. Stick-slip behaviour
is difficult to discern for stiffer obstacles and high drag rates (> 1
m/s), where the bulk granular assembly fluidises. Furthermore, the
peak loads experienced by a softer obstacle experiences lower
maximum and minimum values.
2. The force experienced by the intruder is primarily due to contact
and collisional grain stresses induced by the granular assembly rather than the applied tensile force. Softer obstacles prolong the time
required for the intruder to traverse the domain and cause significantly longer sticks between slips. At least 60% of the work is
transferred from the intruder to the granular assembly regardless of
the drag rate and obstacle stiffness.
3. The results of this study suggest that rigid obstacles are more desirable for causing energy dissipation by the granular assembly,
while flexible obstacles are more desirable for reducing the resisting
forces required.
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