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The Smoothed Particle Hydrodynamics (SPH) method is applied to investigate the impact of a tsunami bore on
simplified bridge piers in this study. This work was motivated by observations of bridge damage during several
recent tsunami events, and its aim is to further the understanding of the dynamic interaction between a tsunami
bore and a bridge pier. This study is carried out by simulating awell-conducted physical experiment on a tsunami
bore impingement on vertical columns with an SPHmodel, GPUSPH. The influences of bridge pier shape and ori-
entation on free surface evolution and hydrodynamic loading are carefully examined. Furthermore, the unsteady
flow field that is around and in the wake of the bridge pier is analyzed. Finally, GPUSPH is applied to explore the
hydrodynamic force caused by the bridge pier blockage, the wave impact on structures, and the bed shear stress
around a bridge pier due to a strong tsunami bore.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

A tsunami disaster is one of the most devastating natural hazards; it
not only causes loss of life, but also destroys infrastructure such as build-
ings and bridges. There were more than 300 bridges washed away dur-
ing the 2011 Great East Japan Tsunami (Kawashima et al., 2011), and a
field investigation in Indonesia after the December 2004 Great Indian
Ocean Tsunami also shows that the tsunami caused the collapse of a
number of bridges (Saatcioglu et al., 2006). Several modes of bridge
failure, e.g., uplift due to buoyancy, washing of superstructures
(Kawashima et al., 2011), movement of the abutments and piers, and
scouring of foundations (Kawashima and Buckle, 2013), have been ob-
served. Clearly the hydrodynamic loading of tsunamis on bridges, and
the dynamic interaction between tsunamis and bridge structures are
important for bridge design.

A tsunami is generated by displacement of a substantial volume of
water, which then propagates in the form of a long wave in the deep
ocean. Once it approaches the shallow water, it undergoes shoaling
and may eventually break into a series of bores (e.g., Bryant, 2014).
The fluid velocity of tsunami bores during the 2011 Great East Japan
(Z. Wei), rad@jhu.edu
eppe.bilotta@ingv.it (G. Bilotta),
(H. Yeh).
Tsunami reached to 7 m/s (Kawashima et al., 2011; Kawashima and
Buckle, 2013). Considering the high-speed flows run over irregular
and complex topographies, strong tsunami bores are unsteady in
nature.

Owing to the infrequent nature of a tsunami event, it is difficult to
conduct experiments in the field, so most of studies on tsunamis inter-
action with coastal structures utilize physical experiments and numeri-
cal simulations. In the laboratory, a solitary wave is often used as a
convenient approximation to a tsunami. To further the understanding
of physical parameters involved in three-dimensional (3D) tsunami
run-up, a series of large-scale physical experiments involving solitary
wave run-up a vertical wall and a conical island were conducted at
USACE Waterways Experiment Station during 1992 and 1995 (Briggs
et al., 1995, 1996). Titov and Synolakis (1995) reported a solitary
wave with wave height A/h= 0.3 (where A is the solitary wave height,
and h is the still water depth) run-up a plane slope. Due to the simple
geometry considered in aforementioned experiments, they have been
widely used for numerical wave model validation (see, e.g., Weiss
et al., 2010; Wei and Jia, 2014; Shadloo et al., 2015). In recent years,
complicated laboratory topographies have also been used to study
more challenging nearshore tsunami processes, such as tsunami attack
of an island (Matsuyama and Tanaka, 2001), tsunami breaking over a
3D shallow reef (Swigler, 2009), and tsunami–debris interaction
(Rueben et al., 2014). It is noted that most of these experiments only
measure the free surface evolution and time-series of velocity at a
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fixed number of gages, and few of them consider the hydrodynamic
loading of a tsunami on structures (e.g., hydrodynamic pressure and
wave forces).

Ramsden and Raichlen (1990) generated a solitary wave and
measured the impact force on a vertical wall. Arnason et al. (2009)
measured the hydrodynamic force of a tsunami bore on different
configurations (e.g., shape and orientation) of vertical columns;
they also collected velocity profiles around/in the wake of structures.
It should be pointed out that this set of experiments resembles
well a real-life tsunami bore impact on bridge piers, since (1), the
generated flow field is unsteady, as observed in real-life tsunami
events (e.g., Kawashima et al., 2011); and (2), the ratio of the ap-
proaching bore height over the width of vertical columns is close to
unity. In reality, this dimensional ratio of tsunami bores over bridge
piers was similar to or even larger than unity when the bridge super-
structures were washed away by tsunamis (e.g., Kawashima and
Buckle, 2013).

In this study, the Smoothed Particle Hydrodynamics (SPH) meth-
od is applied to simulate the experiment of Arnason et al. (2009) in-
cluding the dynamic impact of a tsunami bore on bridge piers. In the
past decade, the mesh-free method of SPH has gained popularity for
modeling free surface flows, and it has become an alternative to
traditional mesh-based methods for modeling coastal waves.
Owing to the Lagrangian nature of the SPH method, there is no
need to deal with the free surface when it is applied to simulate
free surface flows, especially when the surface tension is not impor-
tant. This property makes it particularly attractive to modeling water
waves, e.g., wave propagation over beaches (e.g., Dalrymple and
Knio, 2000; Monaghan and Kos, 1999), wave–structure interaction
(e.g., Dalrymple and Rogers, 2006; Gómez-Gesteira and Dalrymple,
2004), nearshore rip–current system (Farahani et al., 2013), and tur-
bulent vortical structures due to broken solitarywaves (Farahani and
Dalrymple, 2014). Furthermore, the SPH method is able to compute
the dynamic force on structures directly (see, e.g., Gómez-Gesteira
and Dalrymple, 2004). In terms of modeling tsunamis, SPH models
have been applied to simulate landslide-generated tsunami
(Capone et al., 2010; Rogers and Dalrymple, 2008), and tsunami in-
undation and run-up (Shadloo et al., 2015; Weiss et al., 2010). Re-
cently, St-Germain et al. (2014) conducted a physical experiment
similar to that of Arnason et al. (2009) to measure the hydrodynamic
force of a tsunami bore exerted on a square column, and further com-
puted the hydrodynamic force by an SPH model. Although St-
Germain et al. (2014) have shown an SPH model has great potential
to investigate a tsunami bore impact on a square bridge pier, the
coarse particle size that they used (compared with the size used in
the current study) is not fine enough to present an accurate and
quantitative free surface evolution.

In this work, a high-fidelity SPH model, GPUSPH, is applied to
study a tsunami bore impact on bridge piers in a thorough way.
The influence of different configurations of bridge piers on free sur-
face evolution and hydrodynamic loading are investigated, and the
transient velocity field in the wake of a bridge pier is compared to
the measurements of Arnason et al. (2009). Moreover several im-
portant issues, e.g., the blockage effect of the bridge pier, wave im-
pingement on different shapes of piers, and the bed shear stress
distribution under unsteady flows are analyzed. The rest of the
paper is organized as follows. The governing equations of the SPH
method and its numerical implementation, the GPUSPH model, are
introduced in Section 2. Section 3 presents the physical experiment
and the corresponding numerical setup. Section 4 compares the nu-
merical results with the laboratory measurements including the free
surface evolution, hydrodynamic force, and velocity. Then Section 5
discusses the blockage effects of different shapes of bridge piers,
the influence of pier shape on wave impact, and the bed shear stress
distribution around a bridge pier under the attack of a tsunami bore.
Finally, the conclusions are in Section 6.
2. Numerical model

2.1. Governing equations of the SPH method

In an SPHmodel, the computation domain is discretized into a set
of particles, which possess material properties, such as mass, veloci-
ty, density, and pressure. Under the framework of the large eddy
simulation, the mass and momentum equations of particles are de-
rived from the Navier–Stokes equations by using a spatial filter and
written as follows:

Dρ
Dt

¼ −ρ∇ � u ð1Þ

Du
Dt

¼ −
∇P
ρ

þ gþ ν0∇
2uþ 1

ρ
∇ � τ ð2Þ

where t is time; ρ is fluid density; u is particle velocity; P is pressure;
g is the gravitational acceleration; v0 is the laminar kinematic vis-
cosity; and τ is turbulence stress tensor, which is approximated by
the sub-particle scale (SPS) model (see, e.g., Dalrymple and Rogers,
2006):
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where the constant parameter CI = 0.0066; Δ is the initial parti-
cle spacing δm;n, is the Kronecker delta; and the shear stress com-
ponent directions m and n follow the Einstein notation. The
turbulent viscosity is determined by the Smagorinsky turbulent
model (Smagorinsky, 1963):

νt ¼ CsmagΔ
� �2 Sk k ð4Þ

where Csmag is the Smagorinsky constant, which is determined
by calibration in this study. The strain rate tensor is

Sm;n ¼ 1
2 ð∂um∂xn
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Þ and its norm is defined by ||S|| = (2Sm,nSm,n)1/2,

which is further expanded as
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In this study, the fluid is assumed to be weakly compressible, then
the pressure can be directly computed by using the equation of state
(Monaghan, 1992) as follows

P ¼ β
ρ
ρ0

� �γ

−1
� �

ð6Þ

where ρ0 is the initial density;γ is chosen to be 7; and theparameterβ is
calculated by

β ¼ ρ0C
2
s

γ
ð7Þ

where Cs is the speed of sound. The real speed of sound leads to a
very small time step, which is not practical for numerical simulation.
A good workaround is to set the ratio of Cs/umax ≥ 10 (where umax is
the maximum velocity in the simulation) by adjusting β. Although
this practice gives a slight density fluctuation (that is b 1% as re-
quired by Monaghan (1994)), a very important gain is that the
governing equations can be solved explicitly; this further allows nu-
merical implementation to utilize the latest parallel computing
techniques.
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Fig. 1. Definition sketch of the physical experiment of Arnason et al. (2009). (a) Overview of experiment, (b) circular bridge pier, (c) square bridge pier, and (d) diamond bridge pier.
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2.2. Numerical implementation: GPUSPH model

Hérault et al. (2010) first implemented the above equations with an
explicit second-order time marching scheme using CUDA on NVIDIA
GPUs, and created the open-source fluid-dynamics SPH code: GPUSPH1.
They showed that GPUSPH running on a single GPU card achieves one to
two orders of speedup when compared with the equivalent CPU code.

Recently, several new features have been integrated into GPUSPH,
e.g., supporting digital elevation model topography (Hérault et al.,
2011), multi-node and multi-GPU modes (Rustico et al., 2012), surface
particles detection (Farahani et al., 2013), floating objects (Bilotta
et al., 2014), and homogeneous precision (Hérault et al., 2014). In addi-
tion to simulation of violent wave processes, GPUSPH has been recently
applied to design wave energy converters (Edge et al., 2014), predict
nearshore circulations (Farahani et al., 2013), and reveal the generation
mechanisms of coherent structures under broken solitary waves
(Farahani and Dalrymple, 2014).
3. Physical experiment and numerical setup

3.1. Laboratory experiment

The experiment of Arnason et al. (2009) was performed in a 16.6 m
long, 0.6 m wide, and 0.45 m deep wave tank as shown in Fig. 1(a). A
gate separated a thin layer water of depth 0.02 m downstream with a
water depth of 0.25 m behind it. The distance between the upstream
end-wall and the gate was 5.9 m, representing a reservoir of
5.9 × 0.6 × 0.25 m3 of water. A single bore was generated by lifting
the 6.4 mm thick stainless steel gate in 0.2 s or less with the aid of a
pneumatic cylinder. A vertical column (i.e., a simplified bridge pier)
was placed at 5.2 m downstream of the gate (i.e., x = 11.1 m from the
upstream end of the tank). To evaluate a tsunami bore impact on differ-
ent shapes of bridge piers, three configurations are considered in this
study. The first pier, referred to as circular, is a circular column with
the diameter equal to 140 mm as shown in Fig. 1(b). The other two
bridge piers are square shaped with a side length equal to 120 mm;
the difference is that one, referred to as square, has one side facing the
incoming bore as shown in Fig. 1(c), and the other one, referred to as di-
amond, has one edge facing the incoming bore as shown in Fig. 1(d). It is
worth pointing out that the leading part of the three bridge piers was
1 The code is freely available at: www.gpusph.org.
exactly placed at x = 11.1 m and y = 0.3 m, which guarantees that all
bridge piers, at least in principle, are struck by the same incoming bore.

There are several challenges in terms of numerical simulation of this
experiment. First, Arnason et al. (2009) showed that the generated tsu-
nami bore is transient and supercritial with a Froude number about 1.3
in front of the bridge pier (Fr ¼ u2ffiffiffiffiffiffi

gh2
p , where u2 is the incoming bore

velocity; h2 is the incoming bore depth, as indicated in Table 1 and
Fig. 2 of Arnason et al. (2009)). Second, with the relatively long distance
(i.e., 5.2 m) between the gate and the bridge pier, the correct prediction
of the tsunami bore arrival time at the front of the pier is essential to the
subsequent hydrodynamic impact. It should bementioned that Gómez-
Gesteira and Dalrymple (2004) simulated a version of this experiment
and computed the wave impact on a vertical square column by using
the open-source SPH model, SPHysics. The biggest difference with this
work is that their experimental domain in the longitudinal direction
(i.e., 1.6m in total) is much shorter than the dimension in the actual ex-
periment. As a result, the bore studied by Gómez-Gesteira and
Dalrymple (2004) was not well established, hence transient. On the
other hand, the bore generated by Arnason et al. (2009)waswell devel-
oped and could be considered as a uniform bore, i.e., the classic defini-
tion of a bore. Regarding the similar work done by St-Germain et al.
(2014), although their experimental dimension is close to that consid-
ered in this study, the particle size they used is six to ten times coarser
than the size used in this work. As a result, the predicted arrival time
and dynamic force of the tsunami bore are influenced, as shown in
Fig. 18 of their paper. Furthermore, a coarser particle size is unable to
predict a realistic free surface field at the moment of wave impact.

3.2. Numerical model setup

In GPUSPH, the experimental domain is discretized into a collection
of particles with a particle size of 0.005 m. As a result, the total number
of particles is about 12million, of which 8million are fluid particles. The
remaining particles are boundary and gate particles. Regarding the
boundary condition, although there are several options as reported in
literature (see, e.g.,Monaghan, 1994;Monaghan and Kos, 1999), the dy-
namic boundary condition presented by Dalrymple and Knio (2000)
and Crespo et al. (2007) is used with 3.7 million boundary particles.
This boundary condition establishes several rows of boundary particles,
and these dynamic boundary particles share the same equations of con-
tinuity and state as the fluid particles placed inside the domain; howev-
er, their positions and velocities remain unchanged in time. In the
numerical simulation, the bore is generated by lifting the gate in 0.2 s.

http://www.gpusph.org
Image of Fig. 1
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In terms of numerical parameters, the SPS viscosity model with the
Smagorinsky constant of 0.2 is used by calibration. A fifth-order quintic
function ofWendland (1995) is used as theweighting function (kernel)
in this study. To ensure that the free surface is smooth and physically ac-
ceptable, the particle density is Shephard filtered every 20 steps
(Dalrymple and Rogers, 2006). Regarding the speed of sound Cs, it is
chosen based on the principle that the ratio Cs/umax should be larger
than 10 (Monaghan, 1994). This study first validates the model by con-
sidering a test without a bridge pier downstream, and then investigates
tests with the bridge piers included (bridge pier tests, hereafter).

The numerical simulations were carried out by running GPUSPH on
6 NVIDIA Tesla C2050 GPUs, each of them has a compute capability of
2.0 (NVIDIA, 2014). The numerical model simulates 13 s of the physical
experiment, and it requires approximately 90 h of computation for
cases with a bridge pier downstream.

4. Results

Prior to applying GPUSPH to simulate a tsunami bore impact on
bridge piers, it is first validated by running a test without a bridge pier
Fig. 2. Comparison of initial stage of a tsunami bore generation with an instantaneous gate rem
0.35 s, and (d) t = 0.5 s.
in place. Then the free surface time history around different bridge
piers is presented. Next, the tsunami bore force on bridge piers is exam-
ined. Finally, the velocity field around and in the wake of the circular
bridge pier is compared with the experimental data.

4.1. Model validation

For the validation test there is no bridge pier present, but the other
test conditions such as water depths upstream and downstream are
the same with those used by the bridge pier tests. First, the significance
of gate lifting on the generated tsunami bore is investigated, and then
the time-series free surface profile at x = 11.1 m, which is at the same
location of the leading edge of bridge piers, is comparedwith the exper-
imental data.

In the physical experiment of Arnason et al. (2009), the tsunami bore
was generated by lifting the gate out of the 0.45 m tall flume in around
0.2 s. In the numerical model, the initially stationary gate was also re-
moved in 0.2 s; this assumption gives an approximate acceleration of
the gate of 22.5 m/s2. Fig. 2 shows the comparison of the initial stage
of bore generation with the 0.2 s gate lifting operation and that with
oval (left panel) and with a 0.2 s gate lifting (right panel). (a) t=0 s, (b) t=0.2 s, (c) t=

Image of Fig. 2
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Fig. 3. Comparison of themeasured time-series of free surface elevation 5.2 m downstream of the gate (i.e., x=11.1m)without considering bridge piers of Arnason et al. (2009) with the
prediction of GPUSPH.

Fig. 4. Snapshots of a tsunami bore impinging on the circular bridge pierwith both upstream (left panel) and downstream (right panel) views. (a) t=3.3 s, (b) t=3.45 s, (c) t=3.6 s, and
(d) t = 4.0 s. The color denotes longitudinal velocity.
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an instantaneous gate removal. Before the gate is lifted or removed,
both cases have the same initial free surface profile as indicated in
Fig. 2(a). At t = 0.2 s, there is a large difference between these two
cases. For the case with the instantaneous gate removal, there is a
surge formed at the wavefront, and it is plunging over the tailwater
(the left panel of Fig. 2(b)). For the other case with the accelerating
gate, water particles near the gate are dragged into the air due to the
gate motion (the right panel of Fig. 2(b)). Although there is still a
surge formed, it hasn't started to plunge into the water. At t = 0.35 s,
the difference is more obvious as shown in Fig. 2(c). The case with the
instantaneous gate removal has a relatively smooth bore front, and it
has already arrived at x = 6.5 m (recall that the gate position is at
x = 5.9 m). For the other case, the generated tsunami bore is very tur-
bulent, and it is just plunging into the shallow water. Furthermore, it
only reaches a point around x = 6.3 m, which indicates that there is a
0.2 m lag between these two operations even after 0.35 s of dam-
breaking. The difference can be further observed in the instantaneous
free surface profile at t = 0.5 s, as shown in Fig. 2(d). Overall, the
above comparison shows that gate lifting, even if it is very short, still
has a great impact on the generated bore shape.
Fig. 5. Snapshots of a tsunami bore impinging on the square bridge pierwith both upstream (lef
(d) t = 4.0 s. The color denotes longitudinal velocity.
By using the Method of Characteristics, Arnason et al. (2009) pre-
dicted that the tsunami bore velocity is between 1.24 and 1.58 m/s in
the validation test. For the bridge pier tests presented in the following
sections, a largermaximumvelocity is expected due to bore-pier impact
and flow constriction around the pier; an initial numerical test by
GPUSPH showed that the maximum velocity was within the range of
3 m/s. Therefore, following the rule of Cs/umax ≥ 10 presented by
Monaghan (1994), a Cs = 30 m/s is used by GPUSPH. The time-series
free surface profile at x = 11.1 m in the validation test (i.e., without a
bridge pier downstream) is shown in Fig. 3. It is seen that the arrival
time of the tsunami bore predicted by the numerical model is almost
the same as the measurement. Furthermore, numerical simulation
also captures the sharp free surface rise similar to the experimental
data. However, there is an under-prediction of free surface elevation
about 2 particle sizes (i.e., 10 mm) after the bore arrives at the gage
shortly (around t = 3.8 s). Due to the release of a large amount of
water from the impoundment, the rise in elevation continues for several
seconds. Considering that the unit of free surface elevation plotted in
Fig. 3 is mm, the numerical simulation actually matches very well
with the experimental data.
t panel) and downstream (right panel) views. (a) t=3.3 s, (b) t=3.45 s, (c) t=3.6 s, and

Image of Fig. 5
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4.2. Free surface evolution

The free surface evolution and wave–structure interaction of a tsu-
nami bore impact on the circular bridge pier is shown in Fig. 4. The tsu-
nami bore arrives at the front of the bridge pier around t=3.3 s, and it is
seen that the bore is unsteady and turbulent as the wavefront is not
smooth from the downstream view of Fig. 4(a). As the tsunami bore
strikes the pier, a run-up is formed within 0.15 s (Fig. 4(b)). As the tsu-
nami bore continues to travel downstream, it wraps around the pier;
meanwhile, the upstream water depth is still increasing at t = 3.6 s
(Fig. 4(c)). After the water rises to a certain height, the run-up jet falls
back due to gravity. The two branches of the tsunami bore pass the
pier and collide at the lee side, creating the so-called rooster tail that os-
cillates around the centerline downstream; see the free surface field at
t = 4.0 s in Fig. 4(d). The water depth in front of the pier continues to
rise at a slowly increasing rate for several seconds augmented by the
pier blockage. As a result, the supercritical flow in front of the bridge
pier gradually transitions into a subcritical flow. Then the wave created
by the flow blockage propagates upstream.

The tsunami bore impact on the square bridge pier is presented in
Fig. 5. The selected four time intervals are the same with those used
Fig. 6. Snapshots of a tsunami bore impinging on the diamond bridge pier with both upstream
and (d) t = 4.0 s. The color denotes longitudinal velocity.
by the circular bridge pier. At t = 3.3 s, the tsunami bore arrives at the
front of the square bridge pier, the bore front is similar to that observed
in the circular case (Fig. 5(a)). As the square bridge pier has one side fac-
ing the incoming bore, the run-up observed in this case is much higher
than that observed for the circular bridge pier; see the free surface pro-
file at t=3.45 s in Fig. 5(b). As time advances, the free surface elevation
upstream of the pier also rises further. The wave run-up formed by the
collision of the bore on the front face of bridge pier continues to in-
crease. Eventually, the run-up falls backward at t = 3.6 s, as shown in
Fig. 5(c). As the tsunami bore passes the bridge pier, an unsteady rooster
tail also forms at the lee side of the pier; see the free surface profile at
t = 4.0 s in Fig. 5(d).

By comparing the free surface evolution of the tsunami bore impact
on the circular bridge pier with that on the square bridge pier, it is clear-
ly seen that there is a strong influence of bridge pier shape on the dy-
namic interaction between a tsunami bore and a bridge pier. Next, the
free surface evolution for a diamond bridge pier is presented in Fig. 6.
The instantaneous profile of a tsunami bore at t = 3.3 s is similar to
those observed in the above two cases (Fig. 6(a)). However, as the tsu-
nami bore is split by the pier edge, the bore run-up on the front of the
pier is small, and a bow wave is formed at t = 3.45 s, see Fig. 6(b).
(left panel) and downstream (right panel) views. (a) t=3.3 s, (b) t=3.45 s, (c) t=3.6 s,

Image of Fig. 6
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The bow waves in front of the two sidewalls are not very large at t =
3.6 s, as shown in Fig. 6(c). The two branches of the bore meet at the
lee side of the pier and a transient rooster tail is also formed. As the
cross-section width of the diamond bridge pier is larger than that of
the square bridge pier, the gaps between the diamond bridge pier and
the sidewalls are smaller than those associated with the square bridge
pier. As a result, the flow blockage effect due to the diamond pier is
more prominent than that due to the square pier, see Fig. 6(d). Overall
the dynamic interaction between a tsunami bore and a bridge pier is
less violent if there is a clear flow separation point in front of the bridge
pier.

Finally, a quantitative comparison between the predicted and the
measured wave impingements in front of bridge piers is shown in
Fig. 7. One second results of the instantaneous free surface profile
along the centerline (y = 0.3 m) at the upstream side of bridge pier
(x = 10.8 m–11.1 m) are presented. The free surface profile in the ex-
periment was obtained by a high-speed video camera. The x coordinate
indicates the measurement section with the origin at x = 11.1 m; the t
coordinate shows the elapsed time with the origin at the point of gate
lifting; and the z coordinate shows the free surface elevation with the
origin at the bottom. It is seen that the predicted arrival time for all
three numerical cases matches well with those in the experiments. For
thefirst bore impact, there are under-predictions byGPUSPH for the cir-
cular and square bridge piers (see Fig. 7(a) and (b)). This might be the
result of the particle resolution not being fine enough to capture some
small breaking events (although the model particle size 0.005 m is al-
ready very small), and also there was an under-prediction of the peak
incoming tsunami bore profile when comparing with the one in the
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Fig. 7. Comparison of free surface profiles during wave impingement on bridge piers.
(a) Circular bridge pier, (b) square bridge pier, and (c) diamond bridge pier. Experimental
data of Arnason et al. (2009) (dashed lines), numerical result (solid lines).
physical experiment as mentioned earlier in Section 4.1. However, the
free surface profile in front of the diamond bridge pier agrees well
with the experimental data, see Fig. 7(c). This is due to the fact that
the first impact is less violent (no splash-up) than those observed in
the other two cases, as explained earlier.

4.3. Hydrodynamic force

The tsunami loadings on coastal structures can be categorized into
several components, such as hydrostatic force, hydrodynamic force,
and surge force (e.g., Yeh et al., 2005). In this study, the major tsunami
bore force exerted on a bridge pier is the hydrodynamic force caused
by the frontal impact and drag along the sides. In an SPHmodel, the ex-
ternal force exerted by neighboring particles on a particle is part of the
numerical solution. As the bridge piers are represented by the dynamic
boundary particles in this study, the computed hydrodynamic force on
the pier is the summation of external forces exerted by fluid particles
on those boundary particles. The time-series of computed and mea-
sured hydrodynamic forces on bridge piers is shown in Fig. 8. For all
three configurations, the initial loading of a tsunami bore on the pier
is accurately captured, as is the sharp rise of force within the first 0.3 s
of the impact. There is a minor discrepancy between the measurement
and the numerical prediction observed in the later stage. The difference
is attributed to: (1), the difficulty in reproducing every detail of a specif-
ic experiment involving violent motions; and (2), there is an under-
prediction of free surface profile as already seen in Fig. 7. For the square
bridge pier case, there is a slight peak force around t=3.7 s in themea-
surement due to the run-upobserved in Fig. 5(b) and (c),whichhas also
been captured by GPUSPH. The agreement between the measurement
and the simulation is quantitatively evaluated by the coefficient of var-
iation of the root-mean-square error (RMSE). First of all, RMSE is de-
fined as

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm

k¼1
Fe;k−Fs;k

� �2
m

s
ð8Þ

where k is the sample index;m is the total number of sample force in the
measurement and the simulation; Fe and Fs are the measured and the
simulated forces, respectively. The 13 s force profile as presented in
Fig. 8 is considered and the sample interval is 0.05 s. Furthermore, the
coefficient of variation of RMSE is defined by

CV RMSEð Þ ¼ RMSE
Fe

ð9Þ

where Fe is the mean of the measured force.
It is found that the coefficient of variation values are 12%, 11%, and 6%

for the circular, the square, and the diamond cases, respectively. This in-
dicates that the overall agreement obtained in the diamond bridge pier
is better than those obtained in the other two cases. In general, GPUSPH
predicts the tsunami hydrodynamic force on different configurations of
piers reasonably well. It is worth pointing out that the physical experi-
ment of Arnason et al. (2009) was conducted in a flume with a width
of 0.6 m and three types of vertical columns also have different widths.
Therefore, the hydrodynamic force presented in Fig. 8 not only includes
the drag along the pier, but also the blockage effect of the bridge pier.
Further discussion on force separation will be made in Section 5.1.

4.4. Velocity field

In the experiment of Arnason et al. (2009), velocity measurements
for the circular bridge pier have been collected in two ways. The first
onemeasured the velocity at fixed points by the Laser Doppler velocim-
eter (LDV), and the other method measured the velocity field by the
particle image velocimeter (PIV).
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Fig. 8. Comparison of time-series of hydrodynamic forces on bridge piers. (a) Circular bridge pier, (b) square bridge pier, and (c) diamond bridge pier. Experimental data is from Arnason
et al. (2009).
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For the LDV measurement, this study considers four measurement
points that are in the wake of the circular bridge pier as indicated in
Fig. 9. The first two points placed at section x = 11.45 m are closer to
the pier. One point is just at the centerline, and the other is placed near
the northern side of the flume. Furthermore, each of the points has LDV
measurements at two levels z=15mmand35mm. The other twopoints
are located at section x = 11.57 m, and they have the same setups as
points placed at section x=11.45m. Comparison of time-series of veloc-
ity measurement is shown in Fig. 10. For the first point, the tsunami bore
arrival time is correctly captured, and the longitudinal velocity at both
levels match with the experimental data reasonably well. For the
11 11.1 11.2 11.3 1
0.2
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0.4

0.5
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LDV

x 
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)

Fig. 9. Location of four LDV measurement points in the wake of the
transverse velocity, it is seen that bothmeasurement and numerical sim-
ulation are small and random; this is due to the fact that the measure-
ments are made in the wake at the rooster trail oscillation zone. For the
second point, there is a very good agreement for both the longitudinal
and transverse velocities comparison at two levels. It is seen that the
point that is located off the center of the flume has a negative transverse
velocity toward the center line. As the incoming flow approaches the
bridge pier, its direction is slightly changed due to the flow blockage. Be-
cause of the narrow flume, the oblique flow quickly reaches the sidewalls
(e.g., the northern sidewall), and then it is reflected back into the flume,
resulting in a negative velocity. For the other two points at section x =
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11.57 m, the observations presented above are in general applicable to
them.

The LDV result comparison presented above shows that GPUSPH is
able to simulate the velocity at scattered points (with different eleva-
tions) in the wake of bridge pier very well. Next, numerical result of
velocity field around and in the wake of the bridge pier is compared
with the PIV measurements. Fig. 11 shows the PIV results at two in-
stants, t = 4 s and 7 s; and similar to the LDV results, two levels z =
15mmand 35mmare compared. The instantaneous free surface profile
at t = 4 s has been shown in Fig. 4(d), and the hydrodynamic force at
t = 4 s is continuing to increase as indicated in Fig. 8. Therefore, at
this instant the tsunami bore is just passing the pier; hence the flow is
highly transient. The upstream comparison between numerical results
and the measurements agrees well for both levels. A discrepancy ap-
pears near thepier at z=15mm. It is seen that thenumerical prediction
shows a stronger deflection from the pier than that measured in the ex-
periment. After the bore passes the pier, the flow confined by the side-
wall is reflected into theflume. In the upper part of thewake, numerical
simulation matches well with the measured velocity in terms of ve-
locity direction and magnitude. As the flow field is random in nature
in the wake of bridge pier, it is expected that numerical simulation
cannot match the individual velocity direction exactly, in particular,
in the rooster trail oscillation zone. However, it is seen that the over-
all magnitude of velocity field is predicted reasonably well. At t=7 s,
the water upstream of the bridge pier already started to retreat. As a
result, the instantaneous velocity upstream at this time is smaller
than that at t = 4 s for both levels, as shown in both numerical sim-
ulation and the measurement. For the velocity field between the
bridge pier and the sidewall, the velocity direction is nearly parallel
the sidewall, which indicates the reduction of flux in the incoming
bore. Finally, the agreement for the velocity field in the wake is sim-
ilar to that at t = 4 s. By comparing the velocity fields upstream and
downstream, it is seen that velocity is relatively smaller upstream
due to the flow blockage, but after the flow has passed the bridge
pier, its magnitude can be accelerated up to 50% (e.g., from less
than 1 m/s to 1.5 m/s as predicted at t = 4 s, and z = 15 mm). This
shows that a tsunami bore may cause more damage downstream in
terms of structure failures and river bed erosion for a narrow and
confined channel.

5. Discussions

In the previous section, the dynamic interaction between a tsunami
bore and bridge piers with different configurations has been investigated.
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Fig. 11. Comparison of instantaneous velocity field around the circular bridge pier at (a) t=4 s and (b) t=7 s at two levels (z=15mmand 35mm). PIVmeasurements of Arnason et al.
(2009) (thin vectors), and numerical results (thick vectors).
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The free surface evolution, hydrodynamic force, and velocity field around
the circular pier have been compared with laboratory measurements.
With the good agreement between the GPUSPH prediction and the mea-
surement inmind, this section further applies GPUSPH to differentiate the
hydrodynamic force due to the blockage effect from that caused by the
drag effect, explore the details of wave impact on structures, and evaluate
the bed shear stress around a bridge pier under a strong tsunami bore.
5.1. Hydrodynamic force: drag effect vs. blockage effect

As pointed out in Section 3, the physical experiment of Arnason et al.
(2009) was conducted in a relatively narrow flume with a width of
0.6 m. Due to the sudden release of a large amount of water, the flow
was constricted when passing the bridge piers, creating a blockage
bow wave in front of bridge piers, as already presented in Sections 4.2,

Image of Fig. 11


Table 1
Hydrodynamic force due to blockage effect Fb in terms of dimensionlesswidth (D/W)with
W = 0.6 m at t = 12 s.

D (mm) D/W Fb (N)

Square 120 0.2 1.76
Circular 140 0.23 1.97
Diamond 170 0.28 2.74
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and 4.4. Considering the above experimental condition, there are two
major factors that influence the hydrodynamic force presented in
Section 4.3. One is the total drag force on the pier, which is related to
the size and the shape of the pier. The other is the force due to the block-
age effect by the bridge pier, which is a function of the dimensionless
cross-section width of the pier (D/W, hereafter). In this section, an at-
tempt is made to differentiate the hydrodynamic force due to the block-
age effect from that caused by the drag.

To address this issue, additional numerical simulations were carried
out by expanding the flume width and comparing the newly computed
hydrodynamic force with the one in the original setup. Two cases with
the flume widthW = 0.9 m (50% wider) and 1.2 m (100% wider) were
considered. The horizontal coordinate of bridge piers' leading edge was
still placed at x= 11.1 m, and the piers were centered in the transverse
direction of the flume as before. Fig. 12 shows the comparison of
computed hydrodynamic forces on bridge piers as a function of time
with different flume widths. The hydrodynamic force corresponding to
W=0.6 m is the one presented earlier in Fig. 8. As the tsunami bore in-
teracts with the bridge piers (say, before t = 6.5 s), the bore is highly
transient and the blockage effect is not fully established. Consequently,
there is no consistent force difference observed among three cases
until the main tsunami bore passes the pier around t = 6.5 s. After this
time, the force difference among all three cases with different widths
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Fig. 12. Simulated hydrodynamic forces on bridge piers by using three different flume w
was observed. In general, the wider the flume, the smaller the computed
hydrodynamic force.

Using the force profiles after t = 6.5 s, it is seen that the hydro-
dynamic force of the 0.6 m wide flume is much different from that
of the 1.2 m wide flume; but the one with W = 0.9 m is very close to
the force computed in the 1.2 m wide flume. Therefore, it is assumed
that the 1.2 m wide flume is close to a sidewall-free approximation of
the experiment of Arnason et al. (2009), and it can be further used to es-
timate the lower bound of the hydrodynamic force due to the blockage
effect.

As an example, Fig. 13 shows the comparison of free surface profile
around bridge piers at t = 9 s with the flume widths of 0.6 m and
1.2 m. For the original experimental setup, the flow field is unsteady,
and the water is accumulated in front of bridge piers. While for the
1.2 m wide flume, the free surface profile is relatively smooth, and the
flow blockage effect is very minor. By reexamining Fig. 12, it can be
seen that: (1), near the peak force around t=8 s, the ratio of the hydro-
dynamic force due to the blockage effect to that caused by the drag ef-
fect is about 10%–20% depending on the pier shape; (2), when the
flow is less transient and close to steady state (say, after t = 10 s), it is
easier to identify the relationship between the hydrodynamic force
and D/W. First of all, for an individual pier shape, it is found that there
is a linear relationship between the total hydrodynamic force and
D/W, see the result at t=12 s shown in Fig. 14. This finding is consistent
with that obtained by the momentum flux approach presented by
Fenton (2003), who showed that the change of surface elevations
upstream and downstream of the obstacle, is proportional to D/W. The
diamond bridge pier experiences the largest hydrodynamic force due
to the blockage effect (i.e., the force difference between the hydrody-
namic force computed with W = 0.6 m and that with W = 1.2 m)
and the drag effect, and this is owing to the fact that it has the largest
D/W, as presented in Table 1.
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Fig. 14. Hydrodynamic force in terms of dimensionless width (D/W) for three types of piers at t = 12 s. Three flume widths, 0.6, 0.9, and 1.2 m are considered.

Fig. 13. Comparison of free surface profile around bridge piers at t=9 s with flume widthW=0.6m (left panel) and 1.2 m (right panel). (a) Circular bridge pier, (b) square bridge pier,
and (c) diamond bridge pier.
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5.2. Wave impingement on structures

Although it has been clearly seen that the tsunami bore attacks the
circular bridge pier and the square bridge pier in different ways, the
actual wave–structure interaction process is not easily understood.
Owing to the Lagrangian nature of an SPHmodel, individual particle tra-
jectories were tracked during the initial tsunami bore impingement on
the circular bridge pier and the square bridge pier. Four particles at
Table 2
Elevation and initial detection time information of four test particles at (x, y) = (10.6 m,
0.3 m).

No. Symbol z (mm) t (s)

1 ▷ 30 3.2
2 * 40 3.25
3 ◊ 55 3.3
4 ○ 65 3.2
(x, y) = (10.6 m, 0.3 m), as indicated in Table 2, are selected with the
following considerations: (1), for an individual particle, its elevation
and time when it was first detected are approximately the same in
both tests; (2), elevations of the selected particles are near the free
surface of the tsunami bore, as the wave impingement is the concern
of this work; and (3), to avoid the influence of the flow blockage on in-
vestigation of wave impingement, the initial detection time of selected
particles is earlier than the arrival time of the tsunami bore.

Fig. 15 shows the comparison of particle trajectories in both 3D view
and top view. For the circular bridge pier, particles approach the pier in a
straight line. Once they reach the front of the pier, all of them rise to a
higher elevation due to the flowblockage, and then they fall when pass-
ing the pier due to flow expansion. Overall, the flow process is smooth
because of the round shape of the circular bridge pier. For the square
bridge pier, particles also approach the pier in a straight line. However,
it is seen that two particles rise to a very high elevation, corresponding
to the run-up observed in Fig. 5. On the other hand, two particles reach
the front of the pier and immediately turn toward the bottom. One

Image of Fig. 14
Image of Fig. 13


Fig. 15. Particle trajectories around (a) the circular bridge pier, and (b) the square bridge pier. 3D view (left panel), and top view (right panel).
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simply passes the pier along its side; the other, however, runs toward
upstream more than 0.1 m, and then rises up due to the incoming
bore. Eventually it moves downstream along the sidewall. This particle
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Fig. 16. Instantaneous bed shear stress distributions around t
trajectory in front of the pier actually indicates that there is a turbulent
eddy formed by thewave–structure interaction. By comparing thewave
impingement processes between the circular bridge pier and the square
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bridge pier, it is seen that the first two particles (counting from the bot-
tom) pass the circular bridge pier on its right side. However, in the other
test the first and the third particles pass the square pier on its right side.
Furthermore, although the elevation and initial detection time are very
similar for an individual particle, it still has very different trajectories be-
tween two cases. It is alsoworth pointing out thatmost of these selected
free surface particles travel within the bow wave. As a result, their tra-
jectory pattern is different from a case with no free surface where the
particles would pass closer to the pier (see, e.g., the bottom particle in
the square bridge pier case indicated with a triangle symbol). Despite
the facts that four particles used in this study are unable to represent
the whole flow field, and particle motions are also random in nature,
the above trajectory test is still very useful to understand the process
of wave impingement on different bridge piers and the induced turbu-
lent structure.
5.3. Bed shear stress around a bridge pier under unsteady flows

Significant coastal and estuarine morphology changes induced by
the 2011 Great East Japan Tsunami have been observed after the
event (Tanaka et al., 2012). Scouring of bridge foundations is identi-
fied to be one of bridge failure modes (Kawashima and Buckle, 2013).
Tsunami-like solitary wave has been used in physical experiments to
investigate tsunami-induced scour around coastal structures and
bridge piers (see, e.g., Tonkin et al., 2003; Chen et al., 2013; Yeh
and Mason, 2013). It is seen that solitary waves (even a series of sol-
itary waves) have a very limited impact duration on the bridge pier,
but a strong tsunami bore as encountered in this study lasts for a
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Fig. 17. Instantaneous bed shear stress distributions around
much longer period. Therefore, it is also urgent to study the local
scour around a bridge pier under transient flows such as tsunami
bores.

To move a sediment particle that is initially at rest on a surface, the
bed shear stress τb exerted by the fluid must exceed the critical shear
stress τc of the sediment particle. The critical shear stress τc is in general
dependent on the properties of the sediment particle such as the grain
size. On the other hand, the bed shear stress can be estimated by

τb ¼ ρC f u
2
b ð10Þ

where Cf is an empirical friction factor; ub is the velocity of the bottom
layer particle that is about 0.01 m above the bed. In this study, as the
sediment particle properties (e.g., grain size and cohesiveness) are un-
known, the bed shear stress τb/Cf around three types of bridge piers is
presented and discussed in the following.

As the numerical prediction of the velocity field around the circular
bridge pier has been compared with the experimental data in
Section 4.4, distributions of the instantaneous bed shear stress at t =
3.6 and 4.0 s around the circular bridge pier are discussed in detail in
this section. It is recalled that the instantaneous free surface profile at
these two instants have been presented in Fig. 4, which shows that
the tsunami bore just splashed upon the bridge pier shortly. From the
bed shear stress profile in Fig. 16, it is seen that: (1), because of the tur-
bulent and transient flow field, the instantaneous distribution of bed
shear stress doesn't show an exact symmetric profile, even though
the experimental setup is symmetric in the y direction; (2), due to
the stagnation zone in front of the circular bridge pier, the bed
shear stress in front of the pier toe is small at these two instants;
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Fig. 18. Instantaneous bed shear stress distributions around the diamond bridge pier at (a) t = 3.6 s, and (b) t = 4.0 s.
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(3), distributions of higher bed shear stress are seen around the
(northern and southern) side toes of the bridge pier, they are mainly
due to the strong shear drag exerted by high-velocity flows along the
pier; and (4), at t=4 s, higher bed shear stress zones are extended to
regions that are more than twice of the bridge pier diameter in its
northeast and southwest directions, since a sudden flow expansion
causes the potential energy accumulated in front of the pier trans-
forms into the kinetic energy, resulting in flow acceleration in
these regions. For the square and diamond bridge piers, there are
some differences observed regarding the instantaneous shear stress
distribution along the piers when compared with that of the circular
bridge pier. However, the high shear stress distribution zones are
also extended further downstream similar to those observed in the
circular bridge pier, as shown in Figs. 17 and 18. In spite of the fact
that the above observations are based on the instantaneous bed
shear stress at the early stage of tsunami bore attack on the bridge
pier, it has been shown in previous sections that the similar flow
field to that of t = 4 s has been maintained for several seconds due
to the steady increment of the incoming flow. As a result, the bed
shear stress profile around a bridge pier induced by a real-life tsuna-
mi bore might have similar distributions as those presented above.

6. Conclusions

In this study, the dynamic impact of a strong tsunami bore on several
simplified bridge piers has been investigated by an SPHmodel, GPUSPH,
which is based on the weakly compressible SPH method and imple-
mented by utilizing the latest GPU parallel computing techniques. The
model was first validated by comparing the free surface elevation at a
gage that is relatively far from the point where the tsunami bore was
generated. Next, dynamic interactions between a tsunami bore and
bridge piers were simulated, and the model showed a good capability
to capture the free surface evolution in front of bridge piers. Further-
more, the model was able to accurately compute the tsunami bore hy-
drodynamic force on different piers. Finally, the velocity field around
and in the wake of the circular bridge pier was investigated by
GPUSPH, it has been seen that predictions of velocity at scattered points
and the overall velocity field agree very well with themeasurement ob-
tained by LDV and PIV.

Based on the good numerical results of GPUSPH, the model was ap-
plied to differentiate the hydrodynamic force due to the drag effect and
that caused by the blockage effect of the pier. It has been seen that the
blockage effect is also prominent when compared with the drag force
in this work, and the hydrodynamic force is proportional to the dimen-
sionless width of the flume. Furthermore, the wave impingement pro-
cess on different shapes of bridge piers was investigated, the particle
trajectory presented by GPUSPH is helpful to understand the flow struc-
ture due to wave impact. Last but not least, the bed shear stress profile
around a bridge pier under the attack of a strong tsunami bore was an-
alyzed. This study shows that high bed shear stress zones caused by the
tsunami bore are extended downstream of the bridge pier, where the
accumulated potential energy is transformed into the kinetic energy
due to a sudden flow expansion. It is expected that the wave impinge-
ment process and the bed shear stress distribution around a bridge
pier in a wider flume would be different from those observed in the
narrow flume.

To further the understanding of damage on bridge structures caused
by a real-life tsunami disaster, it is seen that several topics should be in-
vestigated. This study has simulated the dynamic interaction between a
tsunami bore and bridge pierswith simple shapes, andbridge pierswith

Image of Fig. 18
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a realistic shape (e.g., Rankine ovoid) should be considered in the future.
Furthermore, this study has only addressed the tsunami bore impact on
bridge substructure (i.e., bridge pier); it is also important to examine
tsunami-induced bore impact on bridge superstructure such as decks
and girders.
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