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Interaction between dry granular flow and deflectors

Abstract The application of seawall deflectors for reflecting invis-
cid waves into the sea have been well established. Recently, rigid
barrier deflectors have been proposed prescriptively for mitigating
geophysical landslides, but flow characteristics differ fundamen-
tally from waves and merit investigation. In this study, flume tests
were used to calibrate a discrete element model to explore the
interaction between dry granular flow and rigid barrier deflectors.
The deflector angle and length and the effective height (distance
between deflector tip and channel base) were studied and com-
pared to barriers without deflectors. Findings reveal that deflectors
initially prevent spilling of vertical runup and reduce flow energy
underneath the deflector. However, controlling overflow depends
heavily on the deflector angle and length, with the effective height
as ultimate governing parameter. The additional height provided
by the deflector should therefore be considered as part of the
design height rather than a prescriptive add-on. Longer deflector
lengths shield deadzones from energy losses through grain shear-
ing, thus resulting in higher peak overflow velocities. It is recom-
mended that deflector lengths should be less than 10% of the
expected flow depth to suppress peak overflow velocities. Perpen-
dicular deflectors tend to enhance faster energy dissipation
through increased deadzone confining stress.

Keywords Deflector . Dry granular flow . Flume
modelling . Geophysical flows

Introduction
Wave return walls are commonly installed along the coast to
reduce the risk of flooding during intense storms. Such walls
generally include a recurve or deflector (hereafter referred to as
a deflector) detailed at the top of the wall to reduce overtopping by
reflecting waves back towards the sea. The effectiveness of such
deflectors can be characterised using a reduction factor k (Owen
and Steele 1991; Juhl 1992; Verwaest et al. 2010) which is given as
follows:

k ¼ qr
qc

ð1Þ

where qr and qc are the discharges overtopping the wall with and
without a deflector, respectively. Kortenhaus et al. (2001) carried
out experiments of waves overtopping walls and report that the
freeboard Rc normalised by the wave height h should be greater
than 1.3. Furthermore, Cornett et al. (1999) carried out experiments
on deflectors and overtopping, reporting that deflectors at 30°
from the vertical inclined towards the sea can provide discharge
reduction factors of up to 10 for water.

Likewise, deflectors are also recommended for intercepting
flow-type landslides (Hungr 2014). However, guidelines from wave
deflectors cannot be directly applied to landslide barriers since

there exist fundamental differences between the impact dynamics
of materials. Wave-structure interaction is dominated by viscous
and inertial forces, limited change in density upon impact (Choi
et al. 2015), and structures sustain repeated wave impacts. By
contrast, flow-type landslides are frictional (Iverson 1997) and
tend to pile up in front of obstacles. The ramp-like deposit even-
tually facilitates overflow (Gray et al. 2003; Choi et al. 2014a; Ng
et al. 2014).

Consequently, although recommendations are proposed for
installing deflectors on top of rigid barriers to control vertical
runup, interaction of flow-type landslides with such structures is
still not well understood, and deflectors are not optimised for this
case. For example, GEO (2012) recommends either an inclined
deflector at 45° (Fig. 1a) or a curved deflector installed perpendic-
ular to the rigid barrier (Fig. 1b), the design contrasting with that
suggested by Berkeley-Thorn and Roberts (1981) for controlling
waves (Fig. 1c). The recommended horizontal length L of the
deflectors is L ≥ hmax, where hmax is the maximum approach debris
thickness. There is no limit on the deflector length of provided
recommendations, implying that longer deflectors are more suit-
able for all loading cases. Furthermore, the deflectors are proposed
as prescriptive measures only, meaning that any additional reten-
tion height provided by the deflector is not considered in design.
Systematic research is thus merited.

Choi et al. (2016) carried out a preliminary series of small-scale
flume experiments to study dry granular flow interaction with
deflectors of varying angles. Results reveal that deflector angles
less than 30° with respect to the horizontal plane resulted in
adverse overflow conditions. However, the overall barrier height
was not held constant; thus, the deflector angle was changed
together with the barrier height. Furthermore, the influence of
the deflector length can influence flow kinematics, but was not
considered. In this study, reliable physical test data from three
small-scale flume test modelling dry sand flow interaction with
deflectors was used to calibrate a discrete element method (DEM)
model. The advantage of the DEM model lies in its ability to
characterise the flow energy spatially during the flow-deflector
interaction. The calibrated DEM model is then used to study a
wide range of barrier and deflector geometries including deflector
length and effective height.

Numerical investigations of flow-structure interaction com-
monly apply depth-averaged continuum models (Savage 1984;
Hungr 1995), the DEM (Chiou et al. 2005; Teufelsbauer et al.
2009, 2011), or a combination of the computational fluid dynamics
and the DEM (Zhao and Shan 2013). Although depth-averaged
continuum models are computationally efficient, they neglect the
shear rates along the depth of the flow. However, impact is strongly
influenced by the shear profile of the flow (Yang et al. 2012). DEM
has been used for modelling interaction between dry granular
flows and structures (Teufelsbauer et al. 2009, 2011); although there
are practical constraints on the number of particles that can be
simulated, it can simulate realistic shear profiles and discrete flow
behaviour. CFD-DEM modelling uses a combination of the

Landslides 14 & (2017) 1375

Original Paper



discrete element method, representing the solid phase and either
computational fluid dynamics (CFD) (Zhao and Shan 2013; Shan
and Zhao 2014). However, for dry flows, the air phase does not
have a substantial impact on macroscopic flow dynamics
(Teufelsbauer et al. 2009); therefore, DEM is sufficient for model-
ling dry granular flows.

Scaling
Armanini et al. (2014) proposed a two-dimensional heuristic mod-
el to characterise the rheology for gravity-driven granular flows.
The coexisting collisional and frictional regimes depend on
geometric and kinematic parameters dependent on Froude
similarity. Furthermore, Armanini (2015) identified key dimen-
sionless groups for gravity-driven hyper-concentrated flows. The
depth average velocity of the heuristic model is given as follows:

U ¼ 2
5

h
λdp

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρw
ρs

1þΔC
αsinφ

ghsinα

s
ð2Þ

where α is the channel inclination and φ is the friction angle, ρw/ρs
is the density ratio of the fluid and solid phases, Δis the relative
submerged density of the particles, λ is the linear concentration, C
is the depth-averaged volume concentration and dp is the charac-
teristic grain diameter.

Geometric similarity with prototype flows is described using
two concentration parameters (the linear concentration λ and the
depth-averaged volume concentration C), as well as the dimen-
sionless ratio of flow depth to grain size h/dp. The Froude number
NFr governs the dynamic behaviour for open channel flow and
represents the ratio of bulk inertial to gravitational forces. Hübl
et al. (2009) and Armanini et al. (2011) both identified NFr as a key
dimensionless parameter for scaling debris-structure interaction,
further validating its significance. It is necessary to achieve dy-
namic similarity for the flow front before impact. Dynamic simi-
larity is achieved using the Froude number, which governs the
dynamics of open channel flow. It is reported that natural geo-
physical flows have Froude numbers of less than five (Hübl et al.
2009; Cui et al. 2015). In order to achieve dynamic similarity, it was
necessary to carry out trial experiments to determine the necessary

flume configuration. After carrying out trial experiments, it was
determined that an initial dry sand mass of 100 kg at an inclination
of 26° developed flow fronts with a Froude number of about four
in this study. The parameter h/dp is characterised as 0.012. How-
ever, for dry granular flow, the concentration is a function of NFr

and h/dp, and so is not an independent parameter. Furthermore,
the channel inclination is fixed in this study to isolate the influence
of the deflector angle, whilst the friction angle of sand is a material
property and is not varied.

A dimensional analysis through macroscopic and mesoscopic
approaches (c.f. Iverson 2015) would also have concluded that NFr,
h/dp and the concentration are the most relevant dimensionless
groups for this study (given the complex nature of the flow inter-
action problem in this study, local shear stress and rate are not of
primary interest).

Flume modelling
Figure 2a shows the flume model used to study dry granular flow
impacting a rigid barrier with a deflector, whilst Fig. 2b shows a
side view schematic (Choi et al. 2015). The flume has a length of
5 m, with wall height of 0.5 m and a channel width of 0.2 m. The
channel is inclinable up to 45° using a crane. The hopper at the
upstream end of the flume has a volume of 0.06 m3. The spring-
loaded gate is controlled using a magnetic lock between the base of
the door and the channel.

High speed imagery
A high-speed camera was used to capture the flow kinematics,
enabling generation of velocity fields using particle image
velocimetry (PIV) analysis (White et al. 2003; Stanier et al. 2015).
The camera (Mikrotron EoSens mini2) used has a sampling rate of
200 frames per second and a resolution of 1376 × 1226 pixels. High-
intensity LED lighting was mounted around the flume to provide
sufficient illumination.

Test programme
A summary of the physical model tests is given in Table 1; the
parameters varied in Table 1 are shown in Fig. 3. The deflector
angle (α) was varied as 30°, 60° and 90° from the vertical plane.
The aluminium rigid barrier for each test was 100 mm high (B),

Fig. 1 Debris-flow deflector (GEO 2012) and wave-deflector design recommendations (Berkeley-Thorn and Roberts 1981): a inclined; b orthogonal; c curved wave-
deflector
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200 mm wide and 10 mm thick. The deflector was 70 mm long,
which caused the equivalent deflector length (L) to vary from 35 to
70 mm. In the flume tests, the barrier height, deflector length and
channel inclination (26°) were unchanged.

Model setup and testing procedures
Leighton Buzzard (LB) Fraction C sand was used for the physical
tests. It is rounded and has a relatively uniform grain diameter of
between 0.3 and 0.6 mm. The sand-channel interface friction angle
is 22.6°. A mass of 100 kg of dry LB sand was layered into the
hopper to reach a bulk density of 1680 kg/m3. The aluminium rigid
barrier and deflector were screwed into the channel 800 mm from
the gate. The flume was then inclined to 26°. The hopper gate was
opened remotely and was retained using a hook mechanism to
avoid influencing the outflow of sand. The dry sand then flowed
out of the hopper and into the rigid barrier and deflector.

Discrete element method
The DEM software BLarge-scale atomic-molecular massively par-
allel simulator improved for general granular and granular heat
transfer simulations^ (hereafter abbreviated to BLIGGGHTS^) was
adopted to simulate the dynamics of a granular system (Kloss and
Goniva 2010). The DEM is a well-established tool for tackling
problems related to dry granular flows (Crosta et al. 2001;
Valentino et al. 2008; Zhou and Ng 2010; Teufelsbauer et al. 2011;
Ng et al. 2013; Choi et al. 2014b). In the DEM, Newton’s laws of
motion are used to calculate finite displacements due to forces on
each particle. Each discrete element moves independently and can
interact via contacts with other particles or with predefined
boundaries.

Modelling dry sand with DEM entails three main limitations.
Firstly, a large numbers of discrete elements are computationally
demanding; so, each discrete element must be a substitute for
hundreds of sand particles. The ratio h/δ for full-channelised flows
for flume tests is around 175, but around 12 for DEM computa-
tions. Secondly, particle shape is spherical. Lastly, input parame-
ters relating to basic particle motions of rolling, sliding, falling and
bouncing can be difficult to quantify.

Numerical model setup
The ratio between the length scales of the physical flume exper-
iments and numerical simulations were geometrically similar.
The storage container, channel base and barriers were modelled
using planar rigid walls. Only the transverse middle third of the
flume was simulated for computational efficiency. A periodic
boundary condition (PBC) was applied in the transverse direc-
tion to avoid unrealistic arrangements of particles at the
particle-wall boundary (Rapaport 2004). A Hertzian contact
model was used, comprising a spring-dashpot acting between
binary contacts. Data is captured from upstream (U) and down-
stream (D) regions oriented parallel to the barrier (Fig. 3),
which are five particle diameters (5δ) long.

Input parameters
A total of 45,000 discrete elements, 8 mm in diameter and with a
particle density of 2650 kg/m3, were used to model dry granular
flow. The normal and tangential stiffness of both the particles and
walls was set to 1 × 108 N/m. A coefficient of restitution of 0.5 was
used, based on physical experiments (Azzoni and de Freitas 1995;
Robotham et al. 1995). In dry sand flows, relative translational and
rotational motions tend to be dominated by frictional contacts, so
the contact friction of the discrete elements was set at 35°
(Teufelsbauer et al. 2011; Chiou 2005; Law et al. 2015). To inhibit
unrealistic rotations, a rolling resistance term was introduced,
subjecting particles to a constant torque. The direction thereof
always acts to resists relative rotations between pairs of contacting
particles (Ai et al. 2011); a coefficient of 0.7 was adopted (Choi et al.
2014b). The torque between two spheres i and j in contact with
each other can be expressed as follows:

Mr ¼ −
ωrel

ωrelj j
� �

μrRrFn ð3Þ

ωrel ¼ ωi−ω j ð4Þ

where ωi and ωj the are angular velocities of spheres i and j; ωrel is
the angular velocity between the two spheres; μr is the rolling
friction coefficient; Rr is the discrete element radius; and Fn is
the normal contact force between the particles. A summary of
input parameters is given in Table 2.

Numerical simulation plan
The calibrated DEM model is used to undertake both numerical
back-analyses and a parametric study. A summary of the numer-
ical simulation plan is given in Table 3. The deflector angle and

Fig. 2 a Top view of flume model; b side view
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length and the effective height are varied. Other geometric and
material parameters likely also affect flow-structure interaction,
but given the dearth of openly available research on deflector-
equipped barriers, a small subset of variables must first be fo-
cussed on.

Control tests, without deflectors, are simulated for each effec-
tive height to make a comparison between impact and overflow
characteristics for cases both with and without deflectors. In the
first numerical series, the deflector angle (α) is varied as, specifically
30°, 45°, 60° and 90°, whilst the barrier height (B) is held constant
at 100 mm. The second series of tests investigates the effects of
deflector length (L) Deflector lengths of 35, 70 and 105 mm are
compared while keeping the barrier height constant. In the third
series, the effective height (Rc) is investigated. The distance between
the channel base and tip of the deflector is kept constant while
varying the barrier height (B). Figure 3 constitutes a schematic
diagram displaying the variables investigated in this study.

Numerical testing procedures
Each numerical simulation is modelled from the placement of
discrete elements into the hopper to around 2 s post-impact. The
particles were generated randomly within the hopper, falling to the
base of the hopper under the influence of gravity. A bulk density of
around 1650 kg/m3 was achieved, based on a random packing ratio
of spheres of 0.6, which is within the range of 1600 to 1700 kg/m3

achieved for the physical sand experiments (Choi 2013). After
generating the particles, the flume is inclined to 26°. The hopper
gate is then deleted, and the particles flow out and interact with
the barrier and deflector.

DEM model calibration

Flow processes from flume experiments
It is essential to ensure that input parameters and assumptions
made in the numerical model are appropriate for simulating the

Table 1 Flume test programme

Run ID Angle (°) Barrier height (mm) Effective height (mm) Slope (°)

A30-L2-H14 30 100 144 26

A60-L2-H11 60 105

A90-L2-H07 90 66

Fig. 3 Schematic of deflector variables, where B is barrier height, L is effective deflector length, v is flow velocity, h is flow depth, α is deflector angle and RC is effective
height
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kinematics of the dry granular flows impacting physical barriers
before carrying out numerical investigations.

Figure 4 shows a comparison between data observed from
physical tests and computed results over 0.4 s for an orthogonal
(90°) deflector (test A90-L07-H07). The granular material moves
towards the barrier as a wedge; the initial frontal velocity is about
2.6 m/s (Fig. 4a). The granular material impacts the barrier and
starts to become deposited underneath the deflector (Fig. 4b).
After the region beneath the deflector has filled up, a ramp-like
deposit forms (Hákonardóttir et al. 2003; Choi et al. 2014a),
bounded by the tip of the deflector. Subsequent approaching
granular flow then rides over the ramp-like deposit (Fig. 4c). The
overflow thickens as it cascades over the barrier downstream
(Fig. 4d) and eventually impacts the base of the channel (Kwan
et al. 2015) downstream of the barrier (Fig. 4e, f). The computed
overflow is a little thicker than the flume tests, which is likely due
to the computed particle size being larger than that adopted in the
physical experiments, leading to a more inertial flow regime
(discussed later) and a higher overflow discharge. Additionally, it
can be seen from the flume experiments that dry sand exhibits a
clear curvature as it overflows, which is not observed in the DEM
simulations since no air phase is modelled in the present study:
Börzsönyi and Ecke (2006) performed flume experiments using
dry granular flows with and without a vacuum, demonstrating that
such curvature is mainly caused by air drag.

The shear profile of a granular flow vitally influences impact
dynamics (Yang et al. 2012). A sensitivity study was therefore
performed to ensure that the particle size adopted did not sub-
stantially affect the shear profile in this study. Uniform particles of
a particular size were placed in a channel 1.2 m in length with
periodic boundaries in the planes perpendicular to the channel
base. The depth of the particles was approximately equal to that of
the flow depth pre-impact, i.e. 80 mm. After the particles had come
to rest, the direction of gravity was altered to simulate a channel
inclination of 26°. The particles then started to flow down the
channel and were allowed to flow until they reached a terminal
velocity. The mean velocity of the flow as a function of depth was
then extracted at this terminal velocity.

Figure 5 shows the mean velocity of the flow normalised by the
maximum velocity on the x-axis and vertical position on the y-
axis. Several lines are plotted on the graph corresponding to
different particle sizes. Consistent with granular shear profiles
reported by Zhou and Ng (2010), the velocity is lowest near the

bottom of the flow and increases rapidly further up. As particle
size decreases, the boundary layer diminishes vertically; when the
particle diameter is around 8 mm, the shear profiles converged.
This gives confidence to the assumption that particle size adopted
in this study is appropriate and the numerical model can capture
dynamics of much smaller particles.

There are limitations in precisely capturing the flow kinematics
using the DEM. In particular, physical sand grains are represented
as spherical grain clusters with the same internal and interface
friction angles. It should be noted that using the DEM to back-
analyse granular flows is to capture shear profiles and discrete
particle behaviour, which cannot be captured using other methods
such as the depth-averaged method. The computed kinematics
appear to reasonably capture the kinematics observed from the
flume tests. A comparison of DEM models for sand flume exper-
iments is summarised in Table 4. This exercise assures that the
input parameters and model simplifications are appropriate to
bear further insight into flow-deflector interaction.

Interpretation of results

Energy characteristics of flow interaction
Figure 6 shows the energy characteristics of the flow during the
impact process in region U (Fig. 3), adjacent to the barrier. The
kinetic energy at each instant is calculated as a summation of the
kinetic energies of all the particles in that region, for both cases
with and without deflectors. The total energy at each instant for
cases with deflectors is normalised by the energy without deflec-
tors, but with the same effective height. The characteristics of 30°,
60° and orthogonal deflectors are compared.

It is observed that to start with there is little difference in flow
kinetic energy between cases with and without deflectors. The initial
kinetic energy profiles are almost identical because the test condi-
tions, including the initial packing arrangement for the each case, are
the same. Granular runup up to the deflector is identical. At around
t = 0.44 s, for the orthogonal (90°) deflector, the kinetic energy drops
rapidly post-impact. After the rapid energy loss, the granular flow
kinetics rapidly increase as overflow commences and is consistent
with the kinetic energy behaviour for a rigid barrier as reported by
Law et al. (2015). This corresponds to an almost complete arrest of
the grains directly under the deflector. The 30° and 60° deflectors
show similar kinematics, although the steep drop in kinetic energy
for the case with the deflector commences slightly after the 90° case.
This may be attributed to a comparative lack of confinement under-
neath the barrier (discussed later). Additionally, the trough
representing the arrest of material is more prolonged, due to the
larger volume available for retention of material.

Furthermore, the presence of a deflector is not able to effec-
tively control the flow energy during overflow: the energy ratio
remains around unity after overflow commences, reaching a peak
of around 1.15 for these cases. This suggests that although deflec-
tors are initially able to effectively mitigate runup, their perfor-
mance may be worse than a simple vertical barrier which has the
same effective height on the condition that there is sufficient
impacting material to lead to significant overflow.

Deadzone formation
Figure 7a–c compares the deadzone formation using PIV analysis
from flume tests and the computed flow kinematics from the DEM

Table 2 DEM input parameters

Parameter (units) Value

Number of discrete elements 40,000

Particle diameter (mm) 8

Normal and tangential particle stiffness (N/m) 1 × 108

Inter-particle friction (°) 35

Interface friction (°) 22.6

Gravitational acceleration (m/s2) 9.8

Coefficient of restitution 0.5

Particle density (kg/m3) 2650
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for 90°, 60° and 30° deflectors, respectively. For each of the deflec-
tor angles, the flow process is shown chronologically from top to
bottom. Time begins at t = 0 s, just before the barrier is impacted
by the flow front. For each PIV image, the maximum velocity
(vmax) is shown.

The deadzones show reasonable agreement between the PIV
analysis and DEM simulations as sand fills up underneath all
three deflectors. However, as the deadzone extends along the
upstream direction, the DEM model and PIV exhibit divergence.
Differences may be attributed to the PIV analysis, which

captures the velocity field of static particles which result from
intense shearing between the flow of grains and side wall. This
layer may not be totally representative of the deadzone along
the transverse direction. Furthermore, Gollin et al. (2015) car-
ried out a comparison of methods for physical measurements of
particle flows, and it is noted that PIV tends to damp the
magnitude of particle velocities. The DEM simulations adopt a
PBC, and so, intense shearing is not captured along the side
walls. Another fundamental reason for the variance may be the
disparity in particle diameter between the flume experiments

Table 3 Numerical simulation plan

Series Run ID Angle α (°) Deflector length L
(mm)

Barrier height B
(mm)

Effective height
(mm)

Control tests (no
deflector)

C-Ha - - B1 Rc
1

Deflector angle A30-L07-H14 30 35 100 144

A45-L07-H13 45 50 125

A60-L07-H10 60 60 105

A90-L07-H07 90 70 66

Deflector length A30-L01-H10 30 10 88 100

A45-L01-H10 45 95

A60-L01-H10 60 99

A75-L01-H10 75 102

A90-L01-H10 90 105

A30-L03-H10 30 35 60

A45-L03-H10 45 76

A60-L03-H10 60 90

A75-L03-H10 75 108

A90-L03-H10 90 117

A30-L07-H10 30 70 13

A45-L07-H10 45 64

A60-L07-H10 60 94

A76-L07-H10 75 115

A90-L07-H10 90 134

A45-L10-H10 45 105 46

A60-L10-H10 60 91

A75-L10-H10 75 123

A90-L10-H10 90 151

Barrier height A45-L07-H04 45 50 20 41

A45-L07-H06 40 59

A45-L07-H08 60 77

A45-L07-H10 80 95

A45-L07-H12 100 113

A45-L07-H14 120 131

A45-L07-H16 140 149

a Control tests without deflectors were carried out for each effective height
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and DEM simulations: the discrete elements are relatively more
inertial, the packing arrangement is not as dense, and there are likely
not as many contacts. Additionally, these highly inertial discrete
elements close to the top of the deadzones are more entrained more
easily by the overflow, thus influencing the deadzone geometry. This
phenomenon can be investigated using the Savage number (NSAV)
which allows characterisation of the ratio of inertial and contact
grain shear stresses (Savage 1984; Iverson 1997):

NSav ¼ γ2ρsδ

N ρs−ρ f

� �
gtanϕ0

ð5Þ

where γ is the shear rate; ρs is the solid material density; ρf is the
fluid material density; δ is the grain diameter; N is the ratio of flow
depth to characteristic grain diameter (h/δ); g is the acceleration

Fig. 4 Convergence study considering different particle sizes

Fig. 5 Comparison of observed and computed flow dynamics (test A90-L07-H07): a t = 0 ms; b t = 100 ms; c t = 200 ms; d t = 300 ms; e t = 400 ms; f t = 500 ms
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due to the Earth’s gravity; and φ′ is the effective internal friction
angle of the solid material. Since the fluid density is negligible,
NSav is independent of solid density, suggesting that solid density
is not a controlling parameter for overflow dynamics. There is a
difference of an order of magnitude between the estimated Savage
numbers for the physical and computed flows. This implies that the
shear rate between overflow and the deadzone layer strongly influ-
ences the entrainment of material (Hsu et al. 2008) and deadzone
geometry. This is supported by a comparison of the three
deflector angles: the orthogonal (90°) retains the highest overflow
velocity, and hence shear rate, and has the smallest deadzones.

The physical and computed data both demonstrate that the
deadzone free surface is essentially bounded by the deflector tip.
For the 90° case, the deadzone encroaches onto the top of the
deflector, indicating that the highest point of the structure may be
a minor influence on the deadzone. Findings from the physical
tests are consistent with results presented by Faug et al. (2002).

Influence of deflector angle on deadzones
Figure 8 shows a comparison of the deadzones for structures with
the same effective height for α = 30° and 90°. α = 45° and 60° are
not shown for clarity, but are discussed in the text. The effective
height is defined as the distance between the tip of the deflector
and the base of the channel (such a comparison is necessary, since
given the same volume, taller barriers will undoubtedly be more

effective at suppressing overflow). The x and z positions are
normalised by the distance between the hopper gate and the foot
of the barrier. Two deadzones are shown for each deflector angle
for when t = 0.56 s, just after impact, and at t = 1.7 s when the
deadzones are near full development.

At time t = 0.56 s, the bounds of the deadzones for deflector
angles of 30°, 45° and 60° are almost the same, suggesting that a
controlling factor for deadzone formation is indeed the effective
height. However, it is observed that the deadzones for the 90° (test
A90-H10) deflector has not completely filled the area underneath
the deflector. The difference is attributed to the taller barrier
height B of the 90° case. A slightly larger volume is available for
debris to come to rest in, and so, it initially takes longer for the
face of the deadzones to reach the tip of the deflector, above the
reference line. At t = 1.7 s, the boundary of the deadzones for when
deflectors are 30°, 45° and 60° are almost identical, with only
minor variation further upstream at around x = 0.5. The difference
in volume enclosed by the three different deflectors is not sub-
stantial enough to cause a large difference in the deadzone forma-
tion. Additionally, for these cases, grains are unable to come to rest
on top of the deflector, instead sliding down onto the channel
downstream. However, for the 90° deflector, both the enclosed
volume is larger and the tip of the barrier is also taller than the
effective height. This increases the retention capacity, because
grains are eventually able to come to rest on top of the deflector.

Table 4 Comparison of physical and computed particle sizes for several DEM studies.

Study Particle size of material modelled
(mm)

Particle size adopted for DEM
(mm)

Number of
particles

No. of
dimensions

Valentino et al. 2008 0.6 1.2–1.4 19,500 2

Teufelsbauer et al.
2011

0.25 4–6 43,000 3

Choi et al. 2014b 0.3–0.6 5 65,000 3

This study 0.3–0.6 8 45,000 3

Fig. 6 Ratio between the kinetic energy in region U for flow impacting a deflector-equipped barrier (E) and a deflectorless rigid barrier (EC) as a function of time (region
U denotes a region five particle diameters long, capturing data from an area directly in front of the barrier)
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A comparison of deadzone development reveals that it is the highest
point of the structure above the channel base which dictates the
evolution of the deadzones, and hence the volume of material
retained. Faug et al. (2002) reports that the deadzones are principally
a function of the channel inclination, friction angle of the granular
material and obstacle Froude number which is governed by the
height of the obstacles. This is in line with the observation in this
study where the effective height (distance from tip of deflector to
base of channel) governs the retention of granular material behind a
barrier. This indicates that deflectors should be geometrically

considered as part of the barrier during interaction process, rather
than as a prescriptive measure (GEO 2012), as the deflector tip
controls the retention of debris behind the barrier.

Influence of deflector length
Runup may translate into material overspilling, with potentially
catastrophic consequences if the volume of material is larger than
anticipated. Hence, it is necessary to examine overflow character-
istics resulting from rigid barrier deflectors. Figure 9 shows a
comparison of the peak overflow velocity ratio for deflector-

Fig. 7 Observed kinematics and PIV analysis from flume tests vs computed kinematics from DEM
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equipped structures which have the same effective height (Rc), but
varying deflector lengths (L), and by extension varying barrier
heights (B). The deflector length is normalised by the flow depth
of the incoming granular flow (h). The ratio of deflector length to
flow depth suggested by GEO ( 2012) is also shown for comparison.
As far as the authors are aware, no guidelines exist for the length
of wave deflectors, although limited research has been carried out
by Kortenhaus et al. (2003) and Schoones (2014). The overflow
velocity ratio compares the peak velocity from cases with and
without deflectors; the control cases are as tall as the highest point
on the deflector-equipped structures. Five deflector angles are
compared: 30°, 45°, 60°, 75° and 90°. The peak overflow velocity
typically corresponds to the very start of the overflow process.

For longer deflectors (i.e. L/h = 0.4, 0.9 or 1.3), the peak velocity is
higher when a deflector is included. This may be attributed to the
deflector shielding deadzone free-surface from shearing whilst over-
flow occurs. The deflector enables minimisation of overflow energy
loss due to particle shearing. Between the particle and deflector plate
the interface friction angle is 22.6°, whereas the inter-particle friction
angle is 35°. Comparing short (L/h = 0.1 and 0.4) and long (L/h = 0.9
and 1.3) deflectors demonstratesthat longer deflector lengths cause
an increase in this shielding effect. The short and long deflectors
cause up to 22% increases in the peak velocity of overflowing mate-
rial compared to barriers which do not have deflectors. In contrast,
including a very short deflector (L/h = 0.1) in general reduces
thepeak overflow velocity, since the most energetic particles at the
flow front are arrested successfully during impact with the deflector,
but the shielding effect becomes minimal due to the short length of
the deflector. This implies that the longer deflectors designed to
control runup and over-spilling that are detailed in existing guide-
lines (GEO 2012) have a tendency to lead to higher peak overflow
velocities, suggesting that the length of deflectors should be designed
to be around a tenth of that of the predicted flow depth (nonetheless
maintaining control of runup). In contrast, Schoones (2014) deter-
mined that a reduction in the dimensionless mean overtopping rate
is effected by a longer deflector for a particular relative freeboard.
This difference in performance is attributable to the fundamental
differences between loading characteristics of waves and flow-type

landslides, since the latter generally pile up in front of the obstacle
during a single impact event, thus tending to make them susceptible
to the shielding effect described above. By contrast, waves do not
have shear strength and thus have a tendency to follow the curve of a
lengthened deflector back towards the sea, without a long-term
reduction in the relative freeboard.

Additionally, as deflectors approach the vertical, the peak over-
flow velocity tends to increase for all deflector lengths. This may be
attributed to the reduction in volume enclosed by the deflector: the
grains near the front of the flow tend to be the most energetic,
characterised by a relatively high Savage number (Zhou and Ng
2010). More grains can be accommodated under a 90° deflector than
under a 30° one; so, the most energetic grains are unable to flow
downstream. Thus, considering the peak overflow velocity effects for
dry granular flows, short (i.e. L/h ∼ 0.1), orthogonal deflectors are
recommended for improved performance in overflow situations.

Deflector reduction factor
Figure 10 shows a comparison between wave return walls
employed for coastal defences (Kortenhaus et al. 2003) and struc-
tures installed for mitigating dry granular flows. The influence of
the freeboard ratio Rc/h a deflector's ability to suppress overflow is
shown. Rc is the effective height, defined as the distance between
sea level and the crest of the wave-breaking structure, or, for the
present study, the distance between the channel bed and the tip of
the deflector. h is the significant wave height. The minimum
recommended ratio between effective height at wave height from
Kortenhaus et al. (2001) is also plotted for reference. For the
present study, the pre-impact flow depth h at plane U (upstream
of the barrier) is used for the purposes of making comparisons and
is computed to be 81 mm. For data from Kortenhaus et al. (2003),
the reduction factor (k) compares the mean overtopping rate
between structures with and without deflectors, respectively. For
the present study, the peak overflow velocity is adopted, since
there is only a single collision between debris and barrier.

Data from Kortenhaus et al. (2003) compares the performance
between including and not installing a deflector on a seawall.
If the ratio Rc/h is near 0 (i.e. the impacting waves are far taller

Fig. 8 Deadzone evolution for barriers of the same effective height and varying deflector angles
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than the seawall crest), a deflector is ineffectual at reducing
overtopping. The deflector becomes ‘drowned’ and is unable to
deflect waves back from whence they came. However, as Rc/h
increases, for the range where the magnitude of the wave height
and the seawall crest are comparable, k decreases. This implies that
the inclusion of a deflector is able to reduce the amount of
seawater overtopping a structure. For Rc/h ≥ 1.3, deflectors
completely eliminate overtopping (Kortenhaus et al. 2003). This
is because water is able to energetically run up a planar surface:
energy losses for channelized water flows are minimal and are due

mostly to viscous shearing (Choi et al. 2015). Additionally, it is
incompressible at sub-sonic velocities; so, energy cannot be
expended through compression.

However, it seems that including a deflector does not make a
substantial impact on the peak overflow velocity for dry granular
material, which impacts a debris-resisting structure as a single
surge. Most values fall in the range 0.9 to 1.1, indicating that
including a deflector makes little difference, since the material
modelled is frictional in nature. Granular material tends to pile
up and undergo compression (Choi et al. 2015), and energy losses

Fig. 9 Peak overflow velocity for structures with the same equivalent height, but varying barrier height; data obtained from region D (downstream)

Fig. 10 Comparison between reduction factors for the DEM results in this study and water impacting a scaled seawall deflector, from Kortenhaus et al. (2003)
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during runout and collision for a channelized sand flow are sig-
nificant, stemming from frictional shearing and compression,
which further inhibits a tendency towards energetic runup. The
relative importance of potential frictional effects of the flow should
thus be a consideration for barriers (Kwan et al. 2015) used to
resist geophysical flows.

Conclusions
Flume tests were carried out to calibrate a discrete element model
to study the interaction of dry granular flow with rigid barrier
deflectors. The influences of varying the deflector length, effective
height and deflector angle were investigated. Findings from this
study are as follows:

a) Findings show that the prevailing design of a deflector can
initially prevent spilling of vertical runup and reduce flow
energy underneath the deflector. However, conditions for ad-
verse overflow depends heavily on the effective barrier height,
length and angle of the deflector

b) The deflector reduction factors (k) for dry granular flows for
barriers with the same effective height are around unity re-
gardless of deflector angle and length. This indicates that
effective height is the governing parameter in the design of
rigid barrier deflectors and the additional height provided by
the deflector should be considered as part of the design height
rather than a prescriptive add-on.

c) The inclusion of a deflector is effective at reducing flow energy
directly after impact. However, in contrast to wave loading
(Schoones 2014), peak overflow velocity increases with the
deflector length. Longer deflector lengths shield deadzones
from energy losses through grain shearing, thus resulting in
higher peak overflow velocities. It is recommended that de-
flector lengths should be less than 10% of the expected flow
depth to suppress peak overflow velocities.
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