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Curved seawalls remain one of the most widely adopted coastal-protection measure. A curved face
redirects flow momentum and prevents waves from overtopping. Likewise, the use of curvatures for
landslide barriers merits investigation given their potential engineering value in reducing the runup
height and impact force of geophysical flows. In this study, flume tests were carried out to explore the
impact mechanism of dry granular flow against a curved barrier. The impact force, runup height and
regime transition path of granular flow for both vertical and curved barriers were compared under
different Froude conditions (Fr = 4·7 and 6·4). The results reveal that in comparison to a vertical barrier,
curved barriers reduce the runup height and elongate the duration of impact by up to 17 and 15%,
respectively. For curved barriers, the impact force is reduced by up to 25% for coarser granular flows.
By contrast, the impact force does not exhibit a significant reduction for finer granular flows.
Furthermore, results demonstrate that curved barriers are most suitable for reducing the impact force
and suppressing the runup height for more inertial flows, specifically Fr > 6·4 in this study. The phase
diagram suggests the curved barrier prompts the transition from airborne jet regime to dead zone
regime. The results demonstrate that curved barriers show promising engineering value for mitigating
geophysical flows.
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NOTATION
C* equivalent drag coefficient
e restitution coefficient
F peak impact force (N)
Fr Froude number
Fs static force after impact (N)
g gravitational acceleration (m/s2)

HB barrier height (m)
h characteristic flow depth (m)
hf maximum runup height (m)
K* equivalent earth pressure coefficient
m flow mass (kg)
P peak impact pressure of flow (Pa)
t duration of impact process (s)
v average flow velocity (m/s)
α dynamic load coefficient
δ characteristic particle diameter (m)
θ channel inclination (°)
ρ bulk density (kg/m3)
ρf bulk density of debris flow in contact with barrier (kg/m3)
ρi bulk density of upstream flow (kg/m3)
ϕ interface friction angle (°)

INTRODUCTION
Curved seawalls suppress the runup height by redirecting
flow momentum back towards the sea (Kamikubo et al.,

2003; Anand & Sundar, 2016). Similarly, barriers with
curved geometries have been proposed by Kwan (2012)
to suppress the runup of geophysical flows (Fig. 1).
However, the recommended geometry is empirical and its
performance has remained unclear. Despite similarities
in curved barriers for coastal protection and mitigating geo-
physical flows, guidelines (de Rouck et al., 2004, EurOtop,
2016) cannot be assumed to be mutually applicable. This is
because wave loading is continuous and dynamics are
influenced by viscous forces (Ng et al., 2016). By contrast,
geophysical flows, comprise a granular assembly (Forterre &
Pouliquen, 2011) whereby grain stresses control flow
dynamics (Iverson & Vallance, 2001; Iverson & George,
2014; Iverson, 2015). Furthermore, granular deposits
accumulate at the base of the barrier, called a dead zone
(Gray et al., 2003). This dead zone contributes static
loading to the barrier and redirects the momentum of
subsequent flow vertically along the barrier. The formation
of dead zone complicates the interaction between geophy-
sical flows and a structure (Faug et al., 2002; Ng et al.,
2017a).

Aside from installing curvatures at the barrier crest, Song
et al. (2017), Koo et al. (2017), reported that changes in
geometry at the base of the barrier can likewise alter impact
flow kinematics and dynamics. More specifically, the
formation of a ramp-like dead zone comprising granular
deposits at the base of the barrier is very effective at
redirecting flow momentum vertically along the barrier
rather than into the barrier. Ng et al. (2017c) reported that
dead zones reduce impact loading by 30% at the upper parts
of a barrier. Given the added-benefits, there is certainly
potential in enhancing the design of barriers against
geophysical flows by altering barrier geometry.

The impact load of geophysical flows against barriers is
estimated using a momentum-based approach (Mizuyama,
1979; Hungr et al., 1984; VanDine, 1996)

P ¼ α � ρv2 ð1Þ
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where P is the impact pressure, v the average flow velocity, ρ
the bulk density of flow, α is a dynamic coefficient
accounting flow composition and barrier type. The
dynamic load coefficient α can range from 1·0 to 2·5 in
literature (Mizuyama, 1979; Hungr et al., 1984; Kwan, 2012)
and can be characterised as function of the Froude (Fr)
conditions. More specifically, α=5·3Fr−1·5 (Hübl et al.,
2009; Cui et al., 2015). Faug (2015a, 2015b) proposed a
scaling argument to demarcate the value of α over a broad
Fr. The analytical expression is given as

α ¼ C� þ K�

Fr2
ð2Þ

C� ¼ 2β 1� ½1� ð1� e=π=2Þðθ � ϕÞ� cos θ
cos ϕ

� �
ð3Þ

K� ¼ k þH
h

2þH
h

� �
ð1þ tan θ tan ϕÞ ð4Þ

where C* is the equivalent drag coefficient and K* the
equivalent earth pressure coefficient. The value of C* and
K* can be determined through the inclination angle θ,
friction angle ϕ, restitution coefficient e, velocity gradient β
and classical earth pressure coefficient k (Faug et al., 2012).
Aside from impact, potential runup of geophysical flows

against vertical barriers needs to be considered to ensure
over spilling does not occur (Choi et al., 2015). Two
commonly adopted approaches for predicting runup on
vertical barriers are proposed by Kwan (2012) and
Jóhannesson et al. (2009). The former approach is an
energy-based approach, which is a conversion of inflow
kinetic energy into potential energy under the assumption
that no energy is dissipated

hf
h
¼ 1þ v2

2gh
ð5Þ

where hf is the runup height, h the flow depth and g is the
gravitational acceleration. Jóhannesson et al. (2009) and
Albaba et al. (2017) proposed an approach based on the
formation of a hydraulic jump that propagates backward.
The conservation of mass and momentum is considered
across the section of the jump discontinuity

hf
hi

� �3

þA
hf
hi

� �2

�B
hf
hi

� �
þ C ¼ 0 ð6Þ

where ρf and ρi are the flow densities in contact with the
barrier and just upstream of the barrier, respectively,
A= (1/λϕ), B=−(1 + 2Fr2)/λϕ, C= (1/λϕ

2) and λϕ is defined
as the density ratio of granular flow before impact and after

impact (Albaba et al., 2017). The performance of these
approaches when examining barriers with varying geome-
tries warrants further investigation.

For describing the granular patterns formed when gran-
ular flow impacts a vertical barrier down an incline, a phase
diagram was proposed by Faug (2015b). The phase diagram
identifies four granular patterns using Froude number (Fr)
and the ratio of barrier height and flow depth (HB/h). These
patterns include: (i) granular airborne jet regime at high Fr
and lowH/h. During this regime, the incoming flow is able to
easily overflow the wall and form a long overflow trajectory.
(ii) Granular dead zone regimes happen at intermediate
values of Fr and low H/h. In this regime, a quasi-static
stagnant zone coexists overflow. (iii) Granular jumps regimes
occur at high Fr and high H/h. In this regime, the incoming
flow has high kinetic energy, but the potential energy
associated with the barrier height is also high. Therefore, a
granular bore forms and is able to propagate upstream and
interact with the incoming flow. (iv) At certain conditions, a
stationary granular jump can be formed where part of the
incoming flow overtops the wall, forming a jet of very low
energy. However, the effect of a curved barrier on the
transition of the granular regime during the flow–barrier
interaction remains unfathomed. To advance the under-
standing of geometry effects on flow–barrier interaction, the
regime transition of granular flow-varying barrier geome-
tries merits further investigation.

In this study, a series of flume experiments were conducted
to investigate impact mechanisms of granular flow against
curved barrier. The impact force and runup height of
granular flows against vertical and curved barrier under
different Fr were investigated. The transition of granular
patterns to different barrier geometries was compared.

FLUME MODELLING
A 5 m long rectangular flume model (Fig. 2) was used in this
study (Choi et al., 2016). The channel has a width and a
depth of 0·2 and 0·6 m, respectively. The channel is
inclinable from 0 to 40°. The storage container has a
maximum storage capacity of 50 kg. A steel plate with a
height, width and thickness of 100, 200 and 10 mm,
respectively, was installed orthogonally to the channel at
the distance of 1200 mm from the gate. The vertical and
curved barriers were mounted on the plate for impact tests
(Fig. 3).

Scaling
Granular flows are characterised using the ratio between the
characteristic particle diameter and the flow depth, δ/h,
which ranges from 0·02 to 0·11 in this study. This parameter
principally governs the grain stresses of granular flow,
whether the flow behaves in a contact-dominated or
shear-dominated manner (Ng et al., 2017b). Furthermore,
the dynamics of the flow are characterised using the Froude
number (Fr), governing open-channel flow and the inter-
action with structures (Hübl et al., 2009; Zhou & Ng, 2010;
Armanini et al., 2011; Choi et al., 2015; Cui et al., 2015;
Faug, 2015a). The Fr is the ratio of inertial forces to the
gravitational forces

Fr ¼ vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gh cos θ

p ð7Þ

where θ is the channel inclination. Natural geophysical flows
can be characterised using Fr from 0·5 to 7·6 (Hübl et al.,
2009; Cui et al., 2015). By varying the channel inclination
from 20° to 40°, Fr from 4·7 to 6·4 is achieved.

L

C HB HB

B

A

D
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Fig. 1. (a) Debris-flow deflector (Kwan, 2012) and (b) curved sea
wall design recommendations (Thorn & Roberts, 1981)
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Instrumentation
Figure 2(b) shows a schematic side view of the instrumenta-
tion set-up. Two high-speed cameras (model: Mikrotron
MotionBLITZ EoSens mini2) were used to capture the
impact kinematics. The high-speed cameras captured images
at a sampling rate of 640 frames/s at a resolution of
1400× 1600 pixels. The high-speed camera settings enable
the interpretation of velocity fields using particle image
velocimetry (PIV) (White et al., 2003). Each image recorded
was compartmentalised into a grid of test patches. The
displacement vector of each patch between images was
traced by locating the peak of an autocorrelation function.

The accuracy of this technique is reported as ±0·057 m/s
(Choi et al., 2016). A laser sensor (model: Wenglor
YT44MGV) was installed on the top of the flume to
measure changes in flow depth just upstream from the
barrier. The set-up to measure impact force is showed in
Fig. 3. The impact force is measured using a load cell
(model: Kyowa LUX-B-200ID) at a sampling rate of 2 kHz.
It is fastened to the rigid plate mounted on the flume. The
load cell is connected to a data logger (cDAQ Controller,
1·91 GHz Quad-Core Atom) for data acquisition. The
physical properties of barriers are summarised in Table 1.

Test programme
Two types of barriers were investigated, specifically vertical
and curved barriers. Leighton Buzzard Fraction C sandwith
characteristic diameters of 0·6 mm and glass spheres with
characteristic diameters of 3·0 mm were adopted for this
study. As aforementioned, Fr of the flow before impacting
the barrier was varied by adjusting the channel inclination as
20, 30 and 40°. To characterise Fr, free flow tests without a
barrier in the channel were performed for each combination
of particle size and channel inclination (Fig. 4). In these free
flow tests, the velocity and flow depth were measured to
characterise Fr at the position along the flume where the
barrier would be installed. After the Fr conditions were
characterised for a particular channel inclination and
particle diameter, impact tests were conducted with vertical
and curved barriers. To ascertain the repeatability of each
impact test, the characteristics of the flow front before
impact (Fig. 5) were examined. The difference of velocity
between each test is within 0·543%. The difference of flow
depth is within 7·8%. The material parameters for the
granular material are summarised in Table 2 and the test
programme is summarised in Table 3.

INTERPRETATION OF RESULTS
Impact kinematics
Figures 6 and 7 show the impact kinematics of coarser
granular flow against vertical (test V-G3-I40) and curved
barriers (test C-G3-I40) at an inclination of 40°, respectively.
Captured kinematics are shown on the left and the
corresponding PIV analyses (White et al., 2003) is shown
on the right. The flow direction is towards the right and the
maximum deduced velocities are also shown for each
snapshot.

The granular flow comprising coarser grains (test
V-G3-I40) forms a thin wedge-like front and impacts the
vertical barrier at t=10·0 s with a velocity of 2·03 m/s
(Fig. 6(a)). Runup is observed along the barrier surface
(Fig. 6(b)) and the flow velocity decreases by 5% after initial
impact. The subsequent flow material impacts and piles up
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Flow direction
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Fig. 2. Flume model and instrumentation set-up: (a) front view;
(b) schematic side view (all dimensions in millimetres)

Load cell Mounted plate Load cell Mounted plate

HB HB

I = πHB

(a) (b)

Fig. 3. Schematic side view: (a) vertical barrier; (b) curved barrier
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on top of the existing deposits, forming a dead zone at the
base of the barrier. The dead zone enlarges as layers of
granular flow accumulate. The ramp-like dead zone even-
tually transfers momentum of subsequent flow vertically
along the barrier rather than into the barrier. The maximum
runup height is reached at t=10·4 s (Fig. 6(c)). At t=11·0 s,
the retention capacity of the barrier is reached and flow
cascades over the barrier (Fig. 6(d)). The velocity of the
granular flow is further reduced by 29% compared with
initial conditions.
For the curved barrier (test C-G3-I40), the flow front

approaches with a maximum velocity of 2·02 m/s at
t=10·0 s (Fig. 7(a)). The granular flow impacts the curved
barrier and is guided along the curved surface. A jet begins
to form at the top of the curvature and is rebounded towards
the upstream direction at 10·2 s (Fig. 7(b)). The contact time
between the flow front and the barrier is prolonged by 0·1 s
compared to the vertical barrier as momentum is redirected

along a longer curvilinear path. The redirected flow exits
the curvature towards the upstream direction at 10·4 s
(Fig. 7(c)). The velocity has attenuated by 20% compared
to the initial. Subsequent flow deposits underneath the crest
of the barrier to form a dead zone and the maximum runup
height is achieved at t=10·8 s (Fig. 7(d)). Once the retention
volume is reached, subsequent flow cascades over the barrier
at t=11·2 s (Fig. 7(e)). The velocity of the granular flow is
reduced by 37% ðð2�02 � 1�47m=s=1�47m=sÞ ¼ 37%Þ com-
pared to the initial velocity. Impact kinematics observed
for the curved barrier resembles that observed for waves
interacting with curved seawall (Kamikubo et al., 2001;
Pearson et al., 2004; Nalarsih, 2015). This demonstrates
the effectiveness of curved barriers in mitigating
geophysical flows and thus geophysical flows made of
granular materials.

A comparison between barrier types shows that a vertical
barrier requires the formation of a ramp-like dead zone
comprising granular material to transfer momentum
vertically along the barrier as shown in Fig. 6(b). By
contrast, a curved barrier relies on the geometry of the
barrier base to redirect momentum along the curvature
as shown in Fig. 7(b). Furthermore, a curved barrier
requires 33% longer duration to reach maximum retention
capacity compared with a vertical barrier as shown in
Table 4. The observed runup mechanism for a vertical
barrier launches particles vertically without control. By
contrast, the curved barrier directs the flow along the
curvature and back towards the approaching flow to
facilitate further energy dissipation. The oblique impact
between flow front and curved barrier enables longer contact
time compared to a vertical barrier. Observations from this
study are consistent with that reported by Gupta & Madhu
(1992), and Arakawa et al. (2006) where oblique impact
leads to a longer contact duration, and correspondingly
lower impact force.

Comparison of dynamic load coefficient
Figure 8 shows the dynamic load coefficient (α) for flow
impacting vertical and curved barriers with Froude number
in the range of 4·7–6·4. Findings from Hungr et al. (1984),
Faug (2015a) and Cui et al. (2015) are shown for
comparison. The results show that as Fr increases, α
decreases. This trend agrees with analytical curves from
Faug. (2015a) and Cui et al. (2015). This implies that for
granular flows with Fr in the range of 4·7–6·4, the impact
force is not solely dependent on velocity. The analytical
solution of Faug et al. (2012) and Faug (2015a, 2015b)
provides more rational α values whose discrepancy with

Density, ρ

Velocity, v

Flow depth, h

Laser sensor

Position of barrier

θ

Fig. 4. Schematic side view of control test to obtain Froude
condition

Table 1. Physical properties of barrier

Barrier type Vertical barrier Curved barrier

Curvature: rad 0 π
Mass: kg 0·54 0·62
Young’s modulus: GPa 69 69
Bulk density: kg/m3 2700 2700

v = 1·85 m/s
h = 0·035 m
l = 0·280 m

v = 1·84 m/s
h = 0·038 m
l = 0·280 m

v = 2·04 m/s
h = 0·042 m
l = 0·280 m

v = 2·02 m/s
h = 0·042 m
l = 0·280 m

h

h

h

h

(c) (d)

(a) (b)

Fig. 5. Developed flow front for (a) test V-L06-I40; (b) test V-G3-I40; (c) test C-L06-I40; (d) test C-G3-I40
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measured results are within 13% compared to the empirical
method, which regards α as a constant. However, the results
show that α for a curved barrier is lower than that of a
vertical barrier by up to 25% ((0·721–0·542)/0·541= 0·25) for
tests conducted with coarse particles at 40° inclination. This
is because the curved surface enables an oblique impact
orientation (Arakawa et al., 2006, 2009), elongates the
contact duration between flow and barrier by up to 15%
(Table 4). The results also show that as Fr increases, the
difference in α between the vertical and curved barriers also
increases from 0 to 0·044 for finer particles, and from 0·103
to 0·179 for coarser particles. The change of α for coarse
particles is larger compared to that of the fine particles by
about 172%. This indicates that a curved barrier performs
better when mitigating flows with coarser particles. This is
because the granular flow is composed of finer particles,
which are more compressible and any change in geometry
has less influence. An assembly of irregular sand grains can
exhibit a finite bulk elastic compressibility because some
porosity change can be accommodated by elastic shear
distortions of angular grain contacts. In contrast, an
assembly of rigid spheres in contact with one another has
no elastic component of compressibility because any volume
change must be accommodated by irreversible slip at grain
contacts (Iverson, 2015).

Comparison of normalised runup height
Figure 9 shows a comparison of the normalised runup height
between the vertical and curved barriers under different Fr
by varying the channel inclination from 20° to 40°.
The energy principle (Kwan, 2012) and momentum-based
approach proposed by Jóhannesson et al. (2009) are shown
for comparison. The measured results show that the

normalised runup height of granular flow increases with Fr
(Choi et al., 2015; Ng et al., 2017b). The normalised runup
height of curved barriers is lower compared to an equivalent
vertical barrier by about 11% for finer particles and 29% for
coarser particles. Runup results show that the curved barrier
more effectively mitigates runup (Kamikubo et al., 2003;
Anand & Sundar 2016). The results show that as flows
become more inertial or Fr increases, the difference between
the normalised runup height of the vertical and curved
barriers increases by 186% for finer particles, and increases
by 338% for coarser particles. This further corroborates that
curved barriers more effectively suppress the performance of
granular flow that are more inertial, or with higher Fr, and
are able to take advantage of the curved geometry. Less
inertial flows have a more dominating gravitational com-
ponent that is more likely to deposit at the base of the
barrier.

Comparison of regime transition path
Figure 10 shows the granular pattern transition when
granular flows interacting with (tests V-G3-I40 and
C-G3-I40) curved barriers (test) from t=10·0 s to
t=11·0 s. The analytical solutions derived by Faug
(2015b) are used to characterise the granular patterns. The
time of each data point corresponds to the time of snapshots
in Figs 4 and 5. The arrow denotes the time sequence. For
both vertical and curved barriers, the granular patterns
transit from an airborne jet regime to a dead zone regime as
the impact process progresses. However, for the curved
barrier, a reduction of Fr is more evident compared to a
vertical barrier. Therefore, the transition of granular pattern
for the curved barrier is more reminiscent of a dead zone
regime. This might be caused by that the rebounded jet
reduces the inertial component of subsequent flow thus
further reducing the Froude number. Results evidently show
that curved barrier can prompt a transition of regimes from
an airborne jet regime to a dead zone regime and suppress
the runup of granular flow.

CONCLUSIONS
A series of flume experiments were conducted to study the
impact mechanism of granular flows against a curved

Table 2. Physical properties of granular material

Material Leighton Buzzard
Fraction C sand

Glass
sphere

Particle diameter: mm 0·6 3
Interface friction angle: ° 22·6 22·3
Solid density: kg/m3 2650 2570
Bulk density: kg/m3 1680 1600

Table 3. Test programme

Test type Test ID* Test material Particle size
δ: mm

Channel inclination
θ: °

Control test: Free flow F-L06-I20 Leighton Buzzard sand 0·6 20
F-L06-I30 30
F-L06-I40 40
F-G3-I20 Glass sphere 3·0 20
F-G3-I30 30
F-G3-I40 40

Impact test: Vertical barrier V-L06-I20 Leighton Buzzard sand 0·6 20
V-L06-I30 30
V-L06-I40 40
V-G3-I20 Glass sphere 3·0 20
V-G3-I30 30
V-G3-I40 40

Impact test: Curved barrier C-L06-I20 Leighton Buzzard sand 0·6 20
C-L06-I30 30
C-L06-I40 40
C-G3-I20 Glass sphere 3·0 20
C-G3-I30 30
C-G3-I40 40

*F-L06-I20: C denotes the test type: free flow/vertical barrier/curved barrier; L06 denotes the characteristic particle size 0·6/3 mm; I20
denotes the channel inclination: 20/30/40°.
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barrier. The performance of curved barriers was compared
against vertical barriers under different Fr. Findings are as
follows:

(a) In comparison to a vertical barrier, curved barriers
reduce the runup height and elongate the impact
duration by up to 17 and 15%, respectively.

(b) For both vertical and curved barriers, the
back-calculated dynamic load coefficient
(α) decreases when the Froude number is
increased. Curved barriers are most suitable
for reducing the impact force and suppressing runup
height inertial flows, specifically Fr> 6·4 in this
study.

(a) t = 10·0 s

Vertical barrier

Flow direction

(b) t = 10·2 s

(c) t = 10·4 s

(d) t = 11·0 s
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Vmax  = 2·03 m/s
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Vmax  = 1·58 m/s

Dead zone

Vertical jet

Fig. 6. Observed kinematics and PIV analysis for interaction between granular flow and vertical barrier (test V-G3-I40): (a) t=10·0 s;
(b) t=10·2 s; (c) t=10·4 s; (d) t=11·0 s
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(c) For curved barriers, the impact force is reduced by up
to 25% for coarser granular flows (δ/h=0·1). By
contrast, the impact force does not exhibit a significant
reduction for finer granular flows (δ/h=0·02). This is
attributed to the higher compressibility of the finer
particles and any change of geometry has less influence
on impact force.

(d ) The curved barrier can prompt the granular flow at
high Froude number transiting from airborne jets
regime to dead zone regime given the rebounded jet
might mitigate the inertial component of subsequent
flow thus reducing the Froude number.

(e) Curved barriers show promising engineering value for
mitigating geophysical flows and offer potential for

300

250

200

150

100

50

0
0 50 100 150 200 250 300 350 400

Flow front

Vmax  = 2·02 m/s

300

250

200

150

100

50

0
0 50 100 150 200 250 300 350 400

300

250

200

150

100

50

0
0 50 100 150 200 250 300 350 400

300

250

200

150

100

50

0
0 50 100 150 200 250 300 350 400

Rebounded
jet

Vmax  = 1·75 m/s

Vmax  = 1·68 m/s

Vmax  = 1·52 m/s

300

250

200

150

100

50

0
0 50 100 150 200 250 300 350 400

Vmax  = 1·47 m/s

Dead zone

(a) t = 10·0 s

Curved barrier

Flow direction

(b) t = 10·2 s

(c) t = 10·4 s

(d) t = 10·8 s
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Fig. 7. Observed kinematics and PIV analysis for interaction between granular flow and curved barrier (test C-G3-I40): (a) t=10·0 s;
(b) t=10·2 s; (c) t=10·4 s; (d) t=10·8 s; (e) t=11·0 s
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optimising designs of existing barriers by reducing both
impact capacity and barrier height.
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