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Abstract This study applies the numerical model of
GPUSPH, an implementation of the weakly compress-
ible Smoothed Particle Hydrodynamics method on graphics
processing units, to investigate tsunami forces on bridge
superstructures and tsunami mitigation on bridges by using a
service road bridge and an offshore breakwater. The capabil-
ity of GPUSPH to predict tsunami forces on bridges is first
validated by simulating a laboratory experiment on tsunami
impacting a bridge with different configurations of super-
structures. To address the uncertainty of tsunami generation
with the gate falling method used in the laboratory, this study
proposes a new tsunami wave generation method that makes
use of the laboratory free-surface measurements to repli-
cate the wave. Furthermore, the tsunami force, in particular,
the first impact force, on bridges is reasonably predicted by
GPUSPH. Next additional numerical experiments built upon
the laboratory work are carried out to examine the efficiency
of tsunami mitigation by an upwave service road bridge and
an offshore breakwater. It is found that a two-girder ser-
vice road bridge is effective in reducing tsunami forces on
the main bridge. Furthermore, a breakwater can also reduce
tsunami forces on a bridge, and there is an optimal distance
between the breakwater and the bridge to achieve the best
reduction effect. However, the tsunami mitigation structures
experience a strong tsunami force, which may lead to the
failure of these structures.
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1 Introduction

Several major tsunamis in the past decades have caused
significant damages to bridge structures. Post-disaster sur-
veys have found that scouring of bridge foundations, loss
of abutments, uplift due to buoyancy, and bridge superstruc-
ture sliding are the major causes of a bridge failure during a
tsunami (e.g., Saatcioglu et al. 2006; Kawashima and Buckle
2013). All these failure modes indicate that a bridge failure is
closely related to the hydrodynamics of a tsunami, in partic-
ular, tsunami forces on bridges. Moreover, countermeasures
for mitigating the effect of tsunami forces on bridges should
be studied and further implemented in engineering practices.
To address the above issues, this work investigates tsunami
forces on bridge superstructures, and examines the efficiency
of measures used in practice for mitigating tsunami forcing
on bridges.

In addition to field surveys, laboratory experiments and
numerical simulations have been conducted to study tsunami
impact on bridges. A number of experimental studies were
carried out after the 2004 Indian Ocean Tsunami, and this
study briefly reviews some of them. Arnason et al. (2009)
conducted a set of flume experiments on a tsunami impact-
ing vertical columns that resemble bridge piers in real life.
Their results show that tsunami forces are influenced by the
shapes and orientations of bridge piers. Kosa et al. (2010)
investigated tsunami forces on bridge girders by considering
the impact of breaking waves and non-breaking waves. They
observed that for two waves with approximately the same
height, the breaking wave gives a higher horizontal force,
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while the non-breaking wave results in a larger uplift force.
Lau et al. (2011) examined tsunami forces on bridge decks,
and further categorized them into four types, i.e., impulsive,
slowly varying, uplift, and additional gravity forces. Further-
more, a few experiments also examined tsunami forces on
multiple components of a bridge (e.g., Nakao et al. 2013),
and even a whole bridge model (e.g., Iemura et al. 2007).

With the rapid development of computer hardware and
numerical methods, numerical models are also used to simu-
late these forces. To mention some of them, Lau et al. (2011)
used Flow-3D® to simulate tsunami forces on a bridge deck
involving wave impact and overtopping, and they obtained a
good agreement with the experimental data for both hydro-
dynamic pressure and wave force. Hayatdavoodi et al. (2014)
applied a two-phase flow solver InterFoam to investigate the
force of a tsunami-like solitary wave on bridge deck and gird-
ers. They not only compared the experimental force data,
but also explored the entrapped air pockets impact on force
predictions. Recently, we have applied the GPU-accelerated
Smoothed Particle Hydrodynamics (SPH) model, GPUSPH,
to investigate tsunami forces on bridge piers, showing that
GPUSPH is able to accurately predict tsunami forces on dif-
ferent shapes of bridge piers (Wei et al. 2015).

Furthermore, mitigation of tsunamis was also addressed in
several works. For example, coastal structures, such as sea-
walls and breakwaters, serve as major structural countermea-
sures to mitigate tsunamis (see e.g., Fujima 2006; Thomas
and Cox 2011). Recently, the so-called environment-friendly
countermeasures for attenuating tsunamis gain increasing
amount of attentions (see e.g., Kathiresan and Rajendran
2005; Tanaka et al. 2007). It is seen that the above coun-
termeasures are proposed to mitigate tsunamis impact on
coastal area in a general way, and a very few works have
investigated specific countermeasures to mitigate tsunami
impact on a bridge (Iemura et al. 2007; Nakao et al. 2013).
Considering the massive loss of bridges caused by tsunamis,
more effort should be devoted to study mitigating tsunami
forcing on bridges. This paper is going to present some pre-
liminary work on this topic by using the numerical model
of GPUSPH (Hérault et al. 2010). The model is first vali-
dated by the laboratory experiment of Nakao et al. (2013)
on tsunami forcing on bridge superstructures, and then addi-
tional numerical experiments are conducted to investigate
tsunami force mitigation on bridges. The rest of the paper is
organized as follows. Section 2 briefly reviews the fundamen-
tals of the numerical model. Section 3 introduces the physical
experiment and its corresponding numerical setup. Then the
main work in this paper is divided into two parts. The first
part validates the capability of GPUSPH to predict tsunami
forcing on different bridge superstructures in Sects. 4 and
5. The second part, which is an extension of the first part,
examines the efficiency of man-made structures such as a
service road bridge and a breakwater for mitigating tsunami

forces on bridges in Sect. 6. Finally, conclusions are made in
Sect. 7.

2 Numerical model

2.1 GPUSPH

This study uses the open-source fluid-dynamics SPH code:
GPUSPH1, which is an implementation of the weakly com-
pressible SPH (WCSPH) method on graphics processing
units (Hérault et al. 2010); the basic equations of GPUSPH
follow an early version of SPH code: SPHysics (e.g., Gomez-
Gesteira et al. 2012). The theoretical formulations of the
WCSPH method and its numerical implementations could
be found in many references (e.g., Monaghan 1992, 1994;
Dalrymple and Rogers 2006). However, for the complete-
ness of this work, the fundamentals of the SPH method are
briefly reviewed and the governing equations of the WCSPH
method are presented in this section.

In an SPH model, the computation domain is discretized
into particles, which carry material properties such as mass,
velocity, density, and pressure. A function f (r) of the particle
position vector r is approximated by the following integral
(Monaghan 1992):

f (r) =
∫

f (r′)W (r − r′, hs)dr′, (1)

where hs is the smoothing length defining the influence area
of the weighting function W . In this study, a quintic function
of Wendland (1995) is used:

W (q) = αD

(
1 − q

2

)4
(1 + 2q) ; 0 ≤ q ≤ 2, (2)

where q = |ri −r j |
hs

is the non-dimensional distance between

particles i and j ; and αD = 21/(16πh3
s ) is used.

In a discrete notation, Eq. (1) can be further written as

〈 f (ri )〉 =
∑

j

m j

ρ j
f (r j )W (|ri − r j |, hs), (3)

where i is the particle of interest; 〈 f (ri )〉 is the approximation
for f (r) at ri ; j is the particle within a radius of 2hs of the
particle i ; and m is the particle mass.

Furthermore, the first-order and second-order spatial
derivatives (e.g., gradient, divergence, and Laplacian) of
the function f (r) are obtained by applying the correspond-
ing operators on the discretized f (r) in Eq. (3) (see e.g.,
Monaghan 1992; Lo and Shao 2002). Then the differential

1 The code is freely available at: http://www.gpusph.org.
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operators are applied to discretize the Navier–Stokes equa-
tions:

Dρ

Dt
= −ρ∇ · u (4)

Du
Dt

= −∇ P

ρ
+ g + ν0∇2u + 1

ρ
∇ · τ, (5)

where t is the time; ρ is the fluid density; u is the particle
velocity; P is the pressure; g is the gravitational acceleration;
ν0 is the laminar kinematic viscosity; and τ is the turbulence
stress tensor, which is approximated by the sub-particle scale
model of Dalrymple and Rogers (2006).

As the fluid is assumed to be weakly compressible in this
study, the pressure in Eq. (5) is directly computed by using
the equation of state (Monaghan 1992) by

P = β

[(
ρ

ρ0

)γ

− 1

]
, (6)

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

β = ρ0C2
s0

γ
, (7)

where Cs0 is the speed of sound evaluated with ρ = ρ0.
The real speed of sound limits the numerical time step
to be very small. To address this issue, Monaghan (1994)
proposed to use a reduced speed of sound in numerical sim-
ulation. However, the adjusted speed of sound should satisfy
Cs0/umax > 10 (where umax is the maximum velocity in
the simulation) to avoid unphysical density fluctuation. Fur-
thermore, the Shephard filter is performed every 20 steps to
smooth the density field (Dalrymple and Rogers 2006).

In an SPH model, a numerical boundary condition plays
an important role in obtaining correct numerical results. As
an SPH particle approaches a wall boundary, its kernel does
not have full support domain any more. To address this issue,

Dalrymple and Knio (2000) proposed to represent the wall
boundary with several layers of dynamic boundary particles,
so that the particle of interest inside the computation domain
will have a full kernel support near the wall boundary. The
smoothing length hs is chosen to be 1.3 times of the particle
size 	p in this study, and then only three layers of dynamic
boundary particles are needed. These dynamic boundary par-
ticles share the same equations of continuity and state as
the fluid particles placed inside the domain; however, their
positions and velocities remain unchanged in time. In this
study, rigid boundaries include bridge structures (e.g., piers,
girders, and decks) are represented by dynamic boundary
particles, which are also used to measure the hydrodynamic
force on structures. Basically, for each dynamic boundary
particle, the force exerted by its neighboring fluid particles is
first obtained, and then the total hydrodynamic force on the
structure is the summation of forces on individual dynamic
boundary particles.

2.2 Numerical model validation

The primary focus of this work is to predict the tsunami
hydrodynamic force on bridge structures by using the SPH
method. In Wei et al. (2015), GPUSPH was applied to sim-
ulate an experiment on tsunami impacting individual bridge
piers. By fully replicating the tsunami generation process in
the laboratory, GPUSPH accurately reproduces the hydro-
dynamic force on bridge piers. In this study, we further
conduct a numerical experiment to verify its capability on
force prediction by comparing with an analytical solution.
The numerical experiment setup is shown in Fig. 1a. Consid-
ering a water tank has a water depth of h, and a width of b,
the hydrostatic force exerted on its vertical wall is given by

Fs = 1

2
ρgbh2 (8)

In the numerical model, the tank width is fixed to be 0.5 m,
but several water depths are tested. The domain is discretized

Fig. 1 a Sketch of the
numerical experiment on
hydrostatic force exerting on a
vertical wall, and b comparison
of analytical solution and
numerical results of the
hydrostatic force. Water depths
0.25, 0.5, 0.75, 1, 1.25, 1.5, and
1.75 m are simulated by
GPUSPH h
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with a particle size of 	p = 0.005 m, and the dynamic
boundary condition is used for wall boundaries. The hydro-
static force on the vertical wall is obtained by summarizing
hydrodynamic forces on individual dynamic boundary parti-
cles representing that wall. In reality the water is still, but a
fluctuating force was observed in the simulation because of
the weakly compressible nature of the SPH method used in
this study. To address this issue, the simulation was run long
enough to obtain a stable force profile, and then a moving-
averaging filter was used to remove the acoustic noises from
the computed hydrostatic force, resulting in a mean value.
The difference between the output hydrostatic force from
GPUSPH (i.e., the one with the acoustic noises) and the fil-
tered mean force is evaluated by the coefficient of variation
of the root-mean-square error (RMSE) (see e.g., Wei et al.
2015). It is seen that the coefficient of variation of RMSE
is within 5 %, indicating that it is quantitatively acceptable
to use the filtered mean force to represent the computed
hydrostatic force on the vertical wall. Figure 1b shows the
comparison of the computed hydrostatic force with the ana-
lytical solution of Eq. (8). It is seen that numerical results

match with the analytical solution well, and this good agree-
ment further justifies the capability of GPUSPH on force
prediction.

3 Physical experiment and numerical model setup

3.1 Laboratory experiment

Nakao et al. (2013) reported a series of flume tests conducted
by Public Works Research Institute of Japan to study the
bridge behavior subjected to the tsunami-induced force. To
investigate tsunami velocity up to 8 m/s impacting bridge
structures as observed during the 2011 Great East Japan
Tsunami, the laboratory experiment scale was determined
to be 1/20, and a sketch of the experimental setup is shown
in Fig. 2a. The flume is 30 m long, 1.0 m wide, and 1 m
deep, and a gate located at x = 12 m divides the flume into
two sections. The tsunami in the laboratory was generated by
releasing the gate, which freely falls forward into the flume.
It should be pointed out that the gate falling process is not

Fig. 2 a Sketch of the physical
experimental setup of Nakao
et al. (2013), b sketch of the
numerical model setup of the
experiment of Nakao et al.
(2013) in GPUSPH, c 3D view
of Type I bridge with a single
deck, d top view of Type I
bridge, e 3D view of Type II
bridge with a deck and four
girders, and f top view of Type II
bridge
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only influenced by the initial hydrostatic forces at its two
sides, but also the mass of the gate, the hinge, and the time-
varying hydrodynamic loadings during the falling process.
As a result, it is very challenging for a numerical model to
accurately replicate the whole process, and this issue will be
further addressed in next section. The reservoir has a water
depth of H , and the downstream flume has a water depth of h.
Although different combinations of H and h were used in the
laboratory, this work only simulates cases with h = 0.15 m
and a tsunami bore height of A = 0.1 m, as the correspond-
ing experimental data are available to the authors through
the US–Japan Tsunami Modeling Workshop held at Oregon
State University in December 2014. Considering the physical
experiment scale is 1/20, the experiment actually resembled
a 2-m-high tsunami propagation over a 3-m deep water in
reality.

A bridge structure was placed nearshore, and the distance
between the gate and the leading part of the bridge is about
7.6 m. This study considers two bridge models, which are
denoted as Type I and Type II bridges hereafter. The Type I
bridge consists of a single deck sitting above a bridge pier,
a 3D view and a top view of Type I bridge are shown in
Fig. 2c, d, respectively. The dimension of the deck of Type I
bridge is 0.25 m long in the longitudinal direction of the
flume, 0.985 m wide in the transverse direction of the flume,
and 0.05 m thick. The round-shaped pier of Type I bridge
is 0.305 m long, 0.08 m wide, and 0.18 m high. There are
two bearing supports with a dimension (0.01 × 0.04 × 0.02,
L × W × H , unit m) connecting the pier and the deck, giving
the bottom of the deck with a height of 0.2 m above the
floor. For Type II bridge, its superstructure was made of a
deck and four girders, which were supported by a bridge pier
underneath. Similarly, a 3D view and a top view of Type II
bridge are shown in Fig. 2e, f, respectively. The dimension
of the deck of Type II bridge is 0.5 m long, 0.985 m wide,
and 0.03 m thick. Each of the four girders of Type II bridge
has a dimension of 0.02 × 0.985 × 0.07 (L × W × H , unit
m), and the distance between girders is about 0.107 m. The
pier of Type II bridge also has two round-shaped edges, and
it is 0.5 m long, 0.08 m wide, and 0.18 m high. Similar to
the setup in Type I bridge, four bearing supports were used
to connect girders to the bridge pier in Type II bridge.

In terms of laboratory measurements, time-series free-
surface elevations were measured by two wave gages
(denoted as 1 and 2), which were located at 2.5 and
1 m offshore of the bridge structure, respectively. The pri-
mary concern of the experimental study was to examine
tsunami forces on bridge superstructures, and therefore both
horizontal and vertical tsunami hydrodynamic forces on
bridge superstructures were measured by biaxial load cells
located at bearing supports, which were used to connect
the bridge pier and the bridge superstructure as mentioned
above.

3.2 Numerical model setup

For the numerical model setup in GPUSPH, several modi-
fications or adaptations are made with respect to the actual
laboratory setup. First of all, as the flume and structures are
discretized into a set of particles in the numerical model,
tsunami forces on the bridge superstructure are obtained by
summarizing the force exerted on individual particles that
are used to represent the structure (Wei et al. 2015). There-
fore, there is no need for the numerical model to include
bearing supports in which biaxial load cells were installed
in the laboratory, and then dimensions of the bridges are
slightly adjusted. For Type I bridge in the numerical setup,
the 0.18-m-high bridge pier is vertically extended by 0.02 m
for considering the space occupied by the biaxial load cells in
the laboratory; this modification does not change the dimen-
sion of the superstructure, i.e., the single deck. With respect
to the 0.02-m-high bearing supports in Type II bridge, they
are considered as part of the girders in the numerical setup.
Since the girder is about 0.985 m wide, this modification
slightly increases the frontal area of girders.

Secondly, there is an uncertainty regarding the tsunami
generation in the laboratory by the falling gate method, which
is different from some well-controlled methods for generat-
ing tsunamis, such as dam-break (e.g., Arnason et al. 2009)
that could be precisely reproduced in our previous work in
Wei et al. (2015). When the falling gate method is tested by a
numerical model, one has to try different gate falling profiles
in the hope that the predicted time-series free-surface pro-
files would match the measured ones at the two wave gages.
In this study, to avoid the tedious approach involving trial
and error, an alternative wave generation method using a pis-
ton wavemaker is proposed, and the sketch of the numerical
setup is shown in Fig. 2b. The basic idea of this method is
to drive the piston wavemaker by using the measured time-
series free-surface profile at Gage 1 that is 2.5 m offshore of
the bridge, and then we validate the predicted tsunami free-
surface profile by using the measured data at Gage 2 that is
1 m offshore of the bridge. The following equation is used to
convert the measured free-surface elevation η(t) at Gage 1
to the piston wavemaker velocity up(t):

up(t) = Cη (t + tL)

h + η (t + tL)
, (9)

where C is an averaged wave celerity and it is defined by C =√
g(h + A) with the tsunami bore height A = max(η(t)).

The variable tL is introduced to consider the amount of time
needed for the wave propagating a distance (L) between the
piston location x(t) and Gage 1, and it is given by

tL = L − x(t)

C
(10)
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It is noted that Eq. (9) represents the relationship between
the shallow water wave celerity and its free-surface elevation.
This relationship is widely used by mesh-based numerical
models to generate a solitary wave at a boundary (see e.g.,
Wei and Jia 2013, 2014). Although the primary goal is to
validate the free-surface profile at Gage 2, a shift of the piston
wavemaker location could also allow to compare the free-
surface profile at Gage 1, as shown in the following sections.

After the above adaptations, the experimental domain is
discretized into a collection of particles with a fixed particle
size. To evaluate the model convergence, three particle sizes
(	p = 0.01, 0.0075 and 0.005 m) are used by GPUSPH. It is
noted that 	p = 0.005 m was previously used in Wei et al.
(2015) to simulate a laboratory experiment with a similar
dimension of this work, and it was able to resolve water
drops due to tsunami-pier impact. With 	p = 0.005 m,
the total number of particles for Type I bridge is about 20
million, of which 15 million are fluid particles. The remaining
particles are used to represent the boundary and the piston
wavemaker. For Type II bridge, there is about 22 million
particles, of which 16 million are fluid particles. This study
utilizes the multi-GPU version of GPUSPH (Rustico et al.
2012), and the numerical simulations were carried out by
running GPUSPH on six NVIDIA Tesla C2050 GPUs. The
numerical model simulates 8 s of the physical experiment,
and it requires approximately 70 h of computation when the
finest particle size of 0.005 m is used.

4 Tsunami on Type I bridge

4.1 Free-surface evolution

Comparison of the time-series free-surface elevations at two
wave gages between the laboratory measurements and the
numerical results for the tsunami impacting Type I bridge
is shown in Fig. 3. Laboratory measurements at both gages
show that the generated tsunami is in the form of a bore with
a train of free-surface undulations. In general, the numerical
model also predicts a similar bore profile with all particle
sizes at both gages. When looking into the detailed compar-
ison in terms of wave arrival prediction, the arrival of the
tsunami predicted by GPUSPH matches well with the exper-
imental data for all three particle sizes at Gage 1. It is seen
that the numerical result with 	p = 0.01 m captures the first
peak wave at Gage 1, but simulations with the other two parti-
cle sizes give under-predictions with a wave height difference
within 1–2 particle sizes. As the tsunami continues to propa-
gate toward the bridge, the wavefront of the tsunami reaches
Gage 2 that is 1.5 m shoreward of Gage 1, the predicted
bore slope is slightly steeper than the one in the laboratory.
The numerical simulation with 	p = 0.005 m captures the
first bore peak, but the sharp free-surface change indicates
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Fig. 3 Comparison of the measured and simulated free-surface profiles
at Gage 1 (top panel) and Gage 2 (bottom panel) of Type I bridge test

that the predicted tsunami front with 	p = 0.005 m breaks
somewhere between Gages 1 and 2. On the other hand, over-
predictions are given when particle sizes 	p = 0.0075 and
0.01 m are used, because they are too coarse to resolve the
first free-surface undulation. With respect to the prediction on
free-surface undulations, GPUSPH correctly simulates the
number of surface waves and the wave evolution process with
all three particle sizes, but there are slight phase differences,
and free-surface elevation differences (within the range of a
few particle sizes) with the laboratory measurements, which
are attributed to the fact that the tsunami generation in our
numerical model is different from the one used in the lab-
oratory. Overall, it could be concluded that the alternative
tsunami generation method based on Eq. (9) that avoids the
tedious trial-and-error approach for reproducing the labora-
tory gate falling process is effective, and the agreement with
the experimental data is acceptable for further analysis.

Next, the tsunami impingement on Type I bridge that con-
sists of a single deck and a pier predicted by GPUSPH with
a particle size of 	p = 0.005 m is shown in Fig. 4. The
free-surface snapshots predicted by GPUSPH were obtained
by using the free-surface detection method presented in Wei
et al. (2016). Figure 4a shows the snapshot of free-surface
profile at t = 4.34 s when the tsunami arrives at the front of
the bridge, it is seen that the tsunami is unsteady and turbulent
as the wavefront is not smooth. Due to the fast propagation
speed, the tsunami already impinged on the bridge only after
0.3 s as shown in Fig. 4b. It is seen underneath the bridge
that the tsunami front almost reaches the nearshore side of
the bridge, and above the bridge there are a scatter of water
drops splashed into the air due to the tsunami-bridge impact.
Moreover, a surface undulation is approaching the bridge off-
shore. Figure 4c shows the tsunami profile at t = 4.94 s that
is 0.3 s after the previous free-surface profile presented in
Fig. 4b. Although the tsunami front passes the bridge, it is
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Fig. 4 Snapshots of a tsunami
impinging on Type I bridge with
both onshore (left panel) and
offshore (right panel) views.
a t = 4.34 s, b t = 4.64 s,
c t = 4.94 s, and d t = 5.24 s.
The color denotes cross-shore
velocity

slowed down due to the interaction with the bridge, and this
is confirmed by the fact that the tsunami propagation distance
from t = 4.64 to 4.94 s is shorter than the one from t = 4.34
to 4.64 s, as indicated in the aforementioned snapshots. Fur-
thermore, some water is accumulated above the offshore side
of the bridge, and that is due to: (1) the falling of the wave
drops previously splashed into the air as seen in Fig. 4b,
and (2) the wave overtopping due to the incoming surface
undulation observed earlier in Fig. 4b. Finally, it is seen that
another surface undulation reaches the front of the bridge,
and the tsunami front continues to propagate shoreward in
Fig. 4d at t = 5.24 s.

4.2 Hydrodynamic forces

The time-series tsunami horizontal and vertical forces on
Type I bridge superstructure (i.e., the single deck) is shown
in Fig. 5. For the horizontal force, the tsunami arrival time
and the force increasing process are correctly predicted by
the model with three particle sizes. However, discrepancies
between the experimental data and the numerical simulation
are observed for the horizontal peak force. Simulations with a
coarse particle size such as 	p = 0.0075 and 0.01 m are able
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Fig. 5 Comparison of the measured and simulated hydrodynamic
forces on Type I bridge. Horizontal force (top panel), and vertical force
(bottom panel)

to capture the force peak, but numerical under-prediction is
observed with the particle size of 	p = 0.005 m, and this
is due to the fact that the predicted tsunami front with this
particle size already broke (see the free-surface profile at
Gage 2 in Fig. 3) before the arrival at the front of the bridge,
resulting in a less strong impact on the deck. After t = 4.5 s,
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it is seen that the predicted horizontal forces with all three
particle sizes follow the same trend, indicating the numerical
convergence of the horizontal force prediction by GPUSPH.
Due to the slight phase difference between the numerical and
laboratory tsunamis (see Fig. 3), there is a similar pattern in
the horizontal force comparison. For the vertical force, the
numerical model also predicts the correct arrival time, but
force over-predictions are seen for all three particle sizes.
These differences may be caused by: (1) the air might be
compressed and it serves as a buffer zone when the water
hits the bottom of the deck in real life; but (2) the current
version of GPUSPH is based on a single-phase assumption
and unable to consider the air-phase in the model, resulting in
the above over-prediction (Mokos et al. 2015). After the peak
force at t = 4.6 s, the model captures the reduction of the
vertical force as measured in the laboratory. Furthermore,
a good prediction is obtained by the model as the tsunami
passes the bridge around t = 5 s. Similar to the horizontal
force comparison, the phase difference in the undulation also
influences the numerical prediction on the vertical force, as
can be seen around t = 5.4 s. In summary, GPUSPH is able
to predict the overall trend of the hydrodynamic force when
a tsunami impacts Type I bridge, but the alternative tsunami
generation method and the single-phase assumption in the
numerical model bring about some discrepancies.

5 Tsunami on Type II bridge

5.1 Free-surface evolution

Comparison of the time-series free-surface elevations at two
wave gages between the laboratory measurements and the
numerical results for the tsunami impacting Type II bridge is
shown in Fig. 6. It is worth pointing out that in the laboratory
both the initial water depth and the target tsunami wave height
of Type II bridge test were the same with those of Type I
bridge test (Nakao et al. 2013). However, the measured time-
series free-surface profiles at Gage 1 in Fig. 6 are obviously
different from those measured at the same location as shown
in Fig. 3. This difference confirms that a tsunami generated
by the gate falling method in Nakao et al. (2013) could not
even be well reproduced in the laboratory, and therefore an
alternative tsunami generation method based on the actual
measured experimental data is necessary when the laboratory
experiment is simulated by a numerical model. In general,
the free-surface profile comparison between the laboratory
measurement and the numerical simulation for Type II bridge
is very similar to the one in Type I bridge, as shown in Fig. 3.
For example, the arrival of the tsunami is well simulated by
the numerical model; the steep tsunami front predicted by
GPUSPH also broke before it reaches Gage 2 with a fine
particle size of 	p = 0.005 m. Furthermore, the particle
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Fig. 6 Comparison of the measured and simulated free-surface profiles
at Gage 1 (top panel) and Gage 2 (bottom panel) of Type II bridge test

size of 	p = 0.005 m is able to resolve the wave reflection
from the bridge around t = 6 s as observed at Gage 2.

Next, the tsunami impingement on Type II bridge that con-
sists of a deck, four girders, and a pier predicted by GPUSPH
with the particle size of 	p = 0.005 m is shown in Fig. 7.
Figure 7a shows that the tsunami approaching the front of
the bridge at t = 4.31 s, and its wavefront is similar to that
observed in Type I bridge test (Fig. 4a). Then Fig. 7b shows
that after 0.4 s the tsunami impacts the bridge deck and the
offshore girder, resulting in considerable amount of water
splashed in the air. Furthermore, the tsunami front reaches
the nearshore side of the bridge, but some water is trapped
between girders. Meanwhile, a surface undulation is propa-
gating toward the bridge offshore. Figure 7c shows that the
surface undulation observed in Fig. 7b breaks in front of the
bridge at t = 5.01 s, and the flow is accumulated in front of
the bridge due to the blockage effect of girders. It is seen that
the main flow under girders is positive based on the color bar
at the bottom of Fig. 7. However, the velocity field between
girders is actually negative, indicating that flow rotations are
formed under the bridge. Finally, Fig. 7d shows at t = 5.31 s
that the tsunami front passes the bridge, and the flow pattern
under the offshore girder is similar to a hydraulic jump under
a sluice gate in an open channel.

5.2 Hydrodynamic forces

The time-series tsunami horizontal and vertical forces on
Type II bridge superstructure (i.e., the deck and four gird-
ers) is shown in Fig. 8. For the horizontal force, the tsunami
arrival time is correctly predicted by the model with three par-
ticle sizes. GPUSPH with the particle size of 	p = 0.005 m
is able to capture the force increasing process and the peak
force well, but over-predictions are given by the model when
particle sizes 	p = 0.0075 and 0.01 m are used, and this
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Fig. 7 Snapshots of a tsunami
bore impinging on Type II
bridge with both onshore (left
panel) and offshore (right
panel) views. a t = 4.31 s, b
t = 4.71 s, c t = 5.01 s, and d
t = 5.31 s. The color denotes
cross-shore velocity
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Fig. 8 Comparison of the measured and simulated hydrodynamic
forces on Type II bridge. Horizontal force (top panel), and vertical
force (bottom panel)

is due to that the two particle sizes are too coarse to well
represent the girder dimension in the cross-shore direction
(i.e., 0.02 m). It is also seen that the numerical model also
correctly predicts the retreat of the horizontal force with
	p = 0.005 m, and discrepancies can be observed start-
ing around t = 4.6 s due to the slight phase difference
between the numerical and laboratory tsunamis (see Fig. 6).

Similar to the numerical prediction in Type I bridge test, the
predicted horizontal forces with all three particle sizes fol-
low the same trend after the tsunami front passes the bridge
around t = 4.7 s, also indicating the numerical convergence
of the horizontal force prediction. For the vertical force, the
numerical model also predicts the correct arrival time, but
over-predictions of the first force peak are seen for the two
coarse particle sizes, as seen earlier in the horizontal force
comparison. The numerical model with the particle size of
	p = 0.005 m accurately predicts the full profile of the
first peak of the vertical force. In the laboratory measure-
ment, there are several force peaks that are even larger than
the first one when the tsunami impacts the bridge between
t = 4.6 and 4.8 s. However, the numerical simulation sim-
ply misses all these force peaks. Possible explanations for
this discrepancy are: (1) there was a possible vibration of the
laboratory bridge caused by the wave impact, but the numer-
ical bridge model is fixed and therefore can not consider the
dynamic response of the bridge; and (2) the single-phase
model does not take the air into account, and it already gave
under-predictions to free-surface undulations with a few par-
ticle sizes at Gage 2 (see the result between t = 4.2 and 5.2 s
in Fig. 6). The difference is further observed for the remain-
ing part of vertical force comparison, and again it is caused
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by the different tsunami wave generation method used by the
numerical model. However, it should be emphasized that the
numerical result with the particle size of 	p = 0.005 m
matches closer to the experimental data than those simulated
with coarse particle sizes. Therefore, the following section
only utilizes the particle size of 	p = 0.005 m to analyze
tsunami mitigation on bridges.

6 Tsunami forcing mitigation

In the previous two sections, the capability of GPUSPH to
predict tsunami forces on bridges was evaluated by sim-
ulating the laboratory experiment of Nakao et al. (2013).
Although discrepancies were observed in numerical simula-
tions because a different tsunami generation method has to
be used in the single-phase numerical model, GPUSPH with
a fine particle size of 0.005 m is able to reasonably predict the
first peak of tsunami forces on bridges, which are generally
large, and therefore critical for the bridge safety design. In
this section, additional numerical experiments based on those
presented in previous sections are carried out to examine the
efficiency of tsunami mitigation on bridges by two types of
man-made structures, i.e., a service road bridge and a break-
water. Although two types of bridges of Nakao et al. (2013)
were considered earlier in this work, the following analysis
on tsunami force mitigation is only conducted for Type II
bridge that has a deck and four girders, because it resembles
better a real-life bridge than Type I bridge does. The major
activities/steps include: (1) adding a structure offshore of
Type II bridge (the bridge hereafter); (2) rerun the tsunami
impacting a bridge test as presented in Sect. 5, and (3) com-
paring the tsunami peak force reduction on the bridge and
analyzing the hydrodynamic force on the added structures
(i.e., the service road bridge and the breakwater). It should
be pointed out that since the followings are pure numerical
experiments, it is consistent to analyze the force reduction
on the basis of the numerical force computed by GPUSPH
in Sect. 5.

6.1 Tsunami mitigation by a service road bridge

A service road bridge is a local bridge running parallel to
a higher-speed, limited-access highway bridge. During the
2011 Great East Japan Tsunami, superstructures in 12 bridges
including service road for pedestrian on national highway
route 45 of Japan (main route along the Pacific coast of
Tohoku area) were washed away (Hoshikuma and Zhang
2013). In the laboratory work of Nakao et al. (2013), the
effect of a service road bridge on tsunami force reduction on
bridge superstructures was also investigated. However, their
laboratory data and setup are not available to the authors for
model-data comparison. Therefore, numerical experiments

are conducted to investigate tsunami mitigation by a service
road bridge in this study.

The sketch of numerical experiments on tsunami mitiga-
tion by a service road bridge is shown in Fig. 9. Two types of
service road bridges, denoted as I and II hereafter, are con-
sidered. For Type I service road bridge (see Fig. 9a, b), it is
inspired by the setup of Type I bridge of Nakao et al. (2013)
(see Fig. 2c, d), and the tsunami force on it predicted by
GPUSPH was presented in Sect. 4. The length of Type I ser-
vice road bridge in the cross-shore direction is 0.125 m, and
the clearance between the service road bridge and the main
bridge is set to be 0.05 m by following Nakao et al. (2013).
Similarly, Type II service road bridge follows the setup of
Type II bridge of Nakao et al. (2013) (see Fig. 2e, f), and the
tsunami force on it predicted by GPUSPH was presented in
Sect. 5. However, the considered Type II service road bridge
only has two girders, and the cross-shore dimension and the
clearance with the main bridge are the same with those of
Type I service road bridge.

Figure 10 shows the difference of tsunami impacting a
bridge with and without a service road bridge at t = 4.71 s.
The tsunami impacting the bridge without any protection is
first presented in Fig. 10a, and it is the same snapshot shown
in Fig. 7b. By adding Type I service road bridge, the tsunami
impact has been greatly reduced in terms of wave splash and
overtopping, as indicated in Fig. 10b. Furthermore, Type II
service road bridge also significantly reduces the tsunami
impacting the bridge, as shown in Fig. 10c. However, due to
the existence of two girders, Type II service road bridge has
a stronger blockage effect on the tsunami than that of Type I
service road bridge.

Next, the effect of a service road bridge on tsunami force
reduction is presented in Fig. 11. As pointed out earlier that
the tsunami force on a bridge without protection is the numer-
ical result of GPUSPH presented in Fig. 8. It is seen that
with the Type I service road bridge there are about 19 and
16 % tsunami peak forces could be reduced in the hori-
zontal and vertical directions, respectively. Furthermore, the
tsunami force on the service road bridge itself is not signifi-
cant because it is made of a single deck. On the other hand,
Type II service road bridge with two girders is able to greatly
reduce the horizontal and vertical peak forces up to 50 and
36 %, respectively. However, the tsunami force on Type II
service road bridge is almost equal to the one on the bridge
without any protection, and therefore the service road bridge
may not survive the tsunami.

6.2 Tsunami mitigation by a breakwater

A breakwater is a structure built to reduce the offshore wave
impact on harbor and nearshore structures. There is a long
history in Japan of using breakwaters for mitigating a tsunami
disaster (see e.g., Fukuuchi and Ito (1966); Fujima (2006)).
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Fig. 9 Sketch of the numerical experiment setup on tsunami mitigation by a service road bridge. a 3D view of Type I service road bridge, b side
view of Type I service road bridge, c 3D view of Type II service road bridge, and d side view of Type II service road bridge

Fig. 10 Tsunami mitigation on
wave impacting a bridge with
and without a service road
bridge at t = 4.71 s. Onshore
view (left panel) and offshore
view (right panel). a A bridge
without protection (the same
one as Fig. 7b), b a bridge with
Type I service road bridge, and c
a bridge with Type II service
road bridge. The color denotes
cross-shore velocity
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Fig. 11 Tsunami mitigation on
hydrodynamic forces on a
bridge by a service road bridge.
a Horizontal force mitigation
with Type I service road bridge,
b vertical force mitigation with
Type I service road bridge, c
horizontal force mitigation with
Type II service road bridge, and
d vertical force mitigation with
Type II service road bridge

−50

0

50

100

150

H
or

iz
on

ta
l f

or
ce

 (
N

)  (a)

 Peak force reduction ratio: 19%

4 5 6
−100

0

100

200

Time (s)

V
er

tic
al

 f
or

ce
 (

N
)

 (b)

16%

 (c)

50%

4 5 6
Time (s)

 (d)

36%

Force on bridge without protection
Force on bridge with service road
Force on service road

Fig. 12 Sketch of the numerical breakwater experiment setup. a 3D view of the breakwater that consists of a rubble mound and a caisson, and b
side view of the breakwater with a local coordinate system

Although it is difficult to collect data and quantify the effect
of a breakwater for mitigating a tsunami impacting bridges
in real life, laboratory experiment shows that breakwaters
placed in front of a bridge are able to reduce tsunami force on
a bridge (Iemura et al. 2007). In this study, numerical experi-
ments are conducted to investigate the effect of a breakwater
on reducing tsunami force on coastal bridges, in particular, a
proper distance between a breakwater and a bridge to achieve
a favorable effect.

This study considers a simplified vertical type breakwater
that consists of a mound and a vertical wall (or a caisson)
(Takahashi 2002), as shown in Fig. 12. It should be pointed
out that the considered setup is for coastal bridges with an
offshore breakwater, and it not applicable to a riverine bridge,
as the breakwater would block the navigation channel. The
dimension of the breakwater (e.g., the slope of the mound
and the relative dimension between the mound and the cais-

son) is determined by following the work of Arikawa et al.
(2012). Furthermore, due to the limited width of the flume, an
opening between breakwaters is not considered in this work.
The primary concern of this study is to examine the influence
of the distance (D) between the breakwater and the bridge
on reducing tsunami forces on the bridge, and the distance
is measured from the center of the breakwater (i.e., the local
coordinate x = 0 in Fig. 12b) to the offshore edge of the
bridge pier.

Figure 13 shows the free-surface profile difference on
tsunami impacting a bridge with and without a breakwater at
t = 4.71 s. Similar to the service road bridge test, the tsunami
impacts a bridge without any protection (i.e., Fig. 13a) is also
the same snapshot presented in Fig. 7b. With a breakwater, the
strong tsunami breaks over it in a form similar to a hydraulic
jump observed in an open channel flow. It is also seen that
the tsunami impacting the bridge is significantly reduced by
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Fig. 13 Tsunami mitigation on
wave impacting a bridge with
and without a breakwater at
t = 4.71 s. Onshore view (left
panel) and offshore view (right
panel). a A bridge without
protection (the same one as
Fig. 7b), b a bridge with a
breakwater offshore (D = 0.5
m), c a bridge with a breakwater
offshore (D = 1 m), and d a
bridge with a breakwater
offshore (D = 1.5 m). The
color denotes cross-shore
velocity

the breakwater with three different distances (i.e., 0.5, 1.0,
and 1.5 m), and the larger the distance among these tests, the
less wave impacting the bridge.

Next, Fig. 14 shows that both horizontal and vertical forces
on the bridge can be reduced by using a breakwater with dis-
tances D = 0.5, 1.25 and 2.0 m, and it is also seen that
more force is reduced when the distance is larger. However,
a breakwater with a distance D = 1.25 m that is closer to
the bridge than that with a distance D = 2 m gives an even
larger peak force reduction. Then several other distances are
further tested by the numerical model, and the correspond-
ing peak force reduction ratios are presented in Fig. 15. For
this specific experimental setup (i.e., the local water depth
is 0.15 m, and the target tsunami height is 0.1 m), the result
shows that by increasing the distance between the breakwater
and the bridge, tsunami peak forces on the bridge are further
reduced, and an optimal distance for the best reduction effi-
ciency (i.e., 50 and 58 % reductions for the horizontal and
vertical peak forces, respectively) is around D = 1.25 m,
which is about eight times of the local water depth, and 13
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Fig. 14 Tsunami mitigation on hydrodynamic forces on a bridge by a
breakwater with different distances (D) to the bridge. Horizontal force
(top panel), and vertical force (bottom panel)

times of the target tsunami height. It is also observed that
after increasing the distance to a certain value (e.g., 1.5 m),
there is no further gain regarding the peak force reduction,
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Fig. 16 Hydrodynamic forces on the breakwater with different dis-
tances (D) to the bridge. Horizontal force (top panel), and vertical force
(bottom panel)

but they are still more efficient than a short distance such as
0.5 m.

There is no doubt that a breakwater can reduce tsunami
forces on a bridge as demonstrated above, but in reality
breakwaters were actually damaged by a tsunami (see e.g.,
Imamura and Anawat 2011). Figure 16 shows the tsunami
force on the breakwater caisson. It is seen that although the
arrival time is different among breakwaters with different
distances to the bridge, the forces are actually very similar
among them, and these strong forces may cause the failure
of the breakwater. Furthermore, Fig. 17 shows a vertical 2D
velocity field around a breakwater along y = 0.5 m and a
distance between the breakwater and the bridge D = 1 m.
The velocity field is plotted on a fixed grid, and the velocity
is obtained by a procedure presented by Wei et al. (2016).
Basically, the velocity information on the fixed grid is inter-
polated from the neighboring SPH moving particles by using
an SPH averaging. It is seen that the tsunami front jet with a
high velocity field is plunging upon the seafloor, and it may
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Fig. 17 The velocity field around the breakwater (the cross-section
along y = 0.5 m) with a distance to the bridge D = 1 m at t = 4.71
s. The corresponding free-surface profile snapshot is shown in Fig. 13c

result in a strong erosion. Moreover, the lee side slope of the
breakwater may also be scoured by the rotating flow.

7 Conclusions

In this paper, tsunami forces on bridge superstructures, and
mitigation of tsunami forces on bridges have been investi-
gated by an SPH model, GPUSPH, which is based on the
weakly compressible SPH method and implemented by uti-
lizing the latest GPU parallel computing techniques. This
study was carried out by intensively utilizing the laboratory
experiment of Nakao et al. (2013), who generated a tsunami
by a gate falling method and examined the tsunami impact
force on different configurations of bridge superstructures. In
the first part of this work, the capability of GPUSPH to pre-
dict tsunami forces on bridges was evaluated by comparing
with the experimental data of Nakao et al. (2013). It has been
seen that the model with a new tsunami generation method
and a relatively fine particle size is able to predict the over-
all trend of tsunami forces on bridges, in particular, the first
peak force that is essential for bridge safety design. Then in
the second part of this paper, additional numerical experi-
ments built upon the first part were carried out to examine
the efficiency of tsunami mitigation by a service road bridge
and an offshore breakwater. Overall, major contributions and
findings in this study include:

1. This study proposes an alternative tsunami wave genera-
tion method that makes use of the laboratory free-surface
measurements, and it can be adopted by other numerical
models for wave generation;

2. The numerical model of GPUSPH is able to accurately
predict forces on structures if the experimental setup is
well-designed, and it can also capture the overall trend
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of tsunami forces on a bridge in a dynamically changing
environment;

3. Numerical study in this work confirms the laboratory
work finding of Nakao et al. (2013) that a service road
bridge can also reduce tsunami forces on a bridge if it sur-
vives the tsunami impact, and a two-girder service road
bridge is more efficient because of the blockage effect of
the girders;

4. An offshore breakwater can also reduce tsunami forces
on a nearshore bridge. Based on the specific setup of this
study, an optimal distance between the breakwater and
the bridge to achieve the best reduction effect is about
eight times of the local water depth or 13 times of the
incoming tsunami height. However, the breakwater may
also fail because of the large tsunami loading and the
strong scouring in its lee side.

Finally, it should be noted that the numerical model is
based on a single-phase assumption, and it does not con-
sider bridge structure dynamics; thus it could not predict the
high-frequency tsunami force on bridges as shown in Fig. 8.
But these forces should be taken into account in reality since
they may escalate the bridge failure. Furthermore, floating
debris from the damaged service roads and breakwaters by
tsunamis could further impact the bridge (e.g., Saatcioglu
et al. 2006), and they may also cause extra impact forces
beyond the tsunami hydrodynamic force studied in this work.
Therefore, future effort should be made to address more com-
plex processes involving tsunami, floating debris, and bridge
interaction.
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