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ABSTRACT

A numerical simulation of the effect of breakwater on the
propagation of solitary waves was presented in this study using
CFD based on the Reynolds-averaged Navier-Stokes (RANS)
equations coupled with the renormalization group (RNG) tur-
bulent model. The wave transformation and the flow field vari-
ation of solitary waves propagating over composite breakwaters
of different heights were simulated. The effect of breakwater
height on the run-up of solitary waves on the slope was dis-
cussed. The simulation results revealed a jet-like flow pheno-
menon when solitary waves passing over breakwaters due to
the water level difference between the weather and lee sides of
the breakwater; additionally, significant vorticity developed at
the location where jet-like flow occurred, and relatively sig-
nificant turbulent energy dissipation was generated. The simu-
lation results showed that the run-up of the solitary waves on
the sloping terrain was significantly reduced with increasing
breakwater height. The solitary waves reaching land was de-
ferred by the blocking effect of the breakwater, but the wave
force on the upright section of the breakwater was increased
with increasing the breakwater height.

I. INTRODUCTION

In March 2011, a Richter magnitude 9.0 earthquake, named
the 2011 Great East Japan earthquake, occurred in Tohoku,
Japan, triggering a powerful tsunami and the run-up of a sig-
nificant amount of water on land. Maximum run-up heights
greater than 10 m were distributed along 500 km of coast within
a direct distance (Mori and Takahashi, 2012). The tsunami caused
major disasters, including damage to the Fukushima Nuclear
Power Plant, which drew significant attention from around the
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globe. The enormous breakwater in Kamaishi Harbor, Japan,
was also severely damaged, leading to nearly 1,000 deaths
in Kamaishi City. The construction of the Kamaishi breakwater,
which was generally regarded as the largest breakwater in
the world, was completed in 2009. However, the Kamaishi
breakwater was damaged because of the significant tsunami-
induced hydrodynamic impacts. Therefore, understanding the
hydrodynamic characteristics caused by the interaction between
tsunami waves and breakwaters is beneficial to the safety
design of structures.

Some researchers have suggested the use of N-waves to
simulate tsunami waves (e.g., Tadepalli and Synolakis, 1994).
However, in recent decades, most of the related studies have
focused either on investigations of the hydrodynamic charac-
teristics induced by the propagation of tsunami waves or on
the interaction between tsunami waves and structures using
solitary waves (Liu et al., 2008). There were numerous litera-
ture on the investigations of the related issues, such as for the
run-up of solitary waves on plane beaches (Synolakis, 1987,
Carrier et al., 2003; Li and Raichlen, 2003; Lin et al., 2014),
for the tsunami run-up around islands (Liu et al., 1995; Cho
et al., 1999; Choi et al., 2007), and for the interaction of soli-
tary waves with structures (Cooker et al., 1990; Grill et al.,
1994; Silva et al., 2000; Huang and Dong, 2001; Lynett et al.,
2001; Lin et al., 2005; Lin and Karunarathna, 2007; Nakamura
et al., 2008; Hsiao and Lin, 2010; Wu and Hsiao, 2013).

Horiguchi and Yokota (1968) discussed the failure mecha-
nism of the Kawaragi Breakwater in the Port of Hachinohe,
induced by the Tokachi Earthquake tsunami. They noted that
during a tsunami, the water level difference between the weather
side and leeside of the breakwater and its induced net dynamic
pressure force were the main factors that led to breakwater
sliding and eventual breakwater damage. According to the study
conducted by Arikawa et al. (2012), there were two main causes
of the damage sustained by the Kamaishi breakwater when the
tsunami landed: one, the induced water level difference between
the weather side and leeside of the breakwater was significant,
and two, the riprap berm was scoured after the tsunami over-
topping the breakwater, reducing the friction on the bottom of
the gravity structure. As a result, the breakwater was no longer
able to resist the force of the tsunami and eventually sustained
damage. Arikawa et al. (2012) conducted open-channel flow to
simulate the tsunami overflow, but failing to consider the long-
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wave effect of the tsunami.

In the present study, a numerical investigation of the effect
of breakwater on the propagation of solitary waves was per-
formed. The wave transformations and the flow field variation
characteristics of solitary waves propagating over breakwaters
are discussed. Breakwaters of three different heights of the up-
right section, in relation to the water surface, were considered,
including a submerged breakwater (i.e., the top of breakwater
was below the water surface), a surface breakwater (i.e., the
top height of the breakwater was at the water surface) and an
emerged breakwater (i.e., the top height of the breakwater was
above the water surface). The effect of different breakwater
heights on the variation of the hydrodynamic characteristics of
the solitary waves is discussed, including the wave transfor-
mation, velocity field, turbulent energy dissipation and variation
of the run-up on a slope. As the tsunami waves propagating
over the breakwater, the water level difference and the wave
force on the breakwater are also investigated.

II. FORMULATIONS FOR
NUMERICAL SIMULATIONS

The present numerical simulation was established using the
Reynolds-averaged Navier-Stokes (RANS) equations with the
renormalization group (RNG) k-¢& turbulent model. To model
the complex geometric boundary by the fractional area/volumes
obstacle representation (FAVOR) technique (Hirt and Sicilian,
1985), the general continuity and momentum equations for
incompressible turbulent flows are formulated with area and
volume fraction functions, which are given as

wher 7, =248, with S, =(@(u,)/ox, +8(u,)/ox)/2 , the

notation of ( ) denotes the ensemble-averaged or so called
time-averaged properties, u is the velocity component in the
subscript direction, the subscripts = 1, 2 represent x- and z-
directions, respectively, p is the pressure intensity, p is the
fluid density, g is the gravitational acceleration, and u is the
absolute viscosity. Vris the fractional volume open to the flow
and A is the fractional area open to flow in the subscript di-
rection. The above governing equations are reduced to stan-
dard RANS equations as both V' and 4 are set to unity. The
Reynolds stress term R, in Eq. (2) is expressed by

2
R, =2pv,S, —Epké'ij 3)

where v, is the eddy viscosity, & is the turbulent kinetic energy,
and J; is the Kronecker delta function such that 6, =1 when

i=j; 0, =0,wheni#j.

ij

In Eq. (3), the eddy viscosity v, is related to the effect of
the space and time distribution of the turbulent motion, which
is solved here using the renormalization group method (RNG
k-e model). The RNG #4-¢ turbulent model was proposed by
Yokhot and Orszag (1986) and makes an improvement over
the k- model. The transport equations of the RNG k-& model
are expressed in a Cartesian coordinate system as:
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67‘94_<u/>§ = 2Cé_1 iVISI-/- <u‘> +i(aqufﬁ " i_RO
ot - ox; k=7 ox; o ox, I
(5)
k2
Vt :Cﬂ? (6)

2
¢k
Vg =V, | 1+ pE Q)
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A+cm)Hk
2k, Ou)
= s 9
e U ox ©)

where k and ¢ represent the turbulent kinetic energy and tur-
bulent energy dissipation, respectively. One of the major ad-
vantages of the RNG theory is that the important turbulent
coefficients are theoretically determined rather than being
adjusted empirically. According to Orszag et al. (1996), the
turbulence transport coefficients shown in the above equations
are setto ¢y = 1.42, ¢, = 1.68, ¢3=0.012, ¢, = 0.085, 17, =4.38,
o =0.7194, and o, = 0.7194.

The numerical solutions are implemented by Flow-3D CFD
(Flow Science, 2012), which utilizes a true volume of fluid
(VOF) method (Hirt and Nichols, 1981) to accurately track the
free water surface and models efficiently the solid geometries
using the FAVOR technique. Several studies have applied Flow-
3D to work successful the issues of the interaction of waves
and structures, such as in Choi et al. (2007), Jin and Meng
(2011) and Dentale et al. (2014). In this study, the solution of
solitary wave derived from Boussinesq equations were used as
the incident wave, which was expressed as:
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Fig. 1. The simulation results of the solitary wave transformations and their comparisons.

(10)

7(x,t) = H sech® { /iTHg(x—ct)}

where 7 is the free surface elevation, 4, the still water depth, H

the wave height, and ¢ is the wave celerity (¢ =+/g(h, + H) ).

The initial water body was set in a static state. As for the
boundary conditions, the tangent shearing stress of the free
surface was set as zero; the normal stress was in equilibrium
with the atmospheric pressure; and all of the solid surfaces
were treated using the no-slip boundary condition. The varia-
tion of the turbulent energy and the turbulent dissipation on the
free surface boundary was set as zero in the normal direction.

1. VERIFICATIONS

The experimental data by Synolakis (1987) were first used
to verify the numerical simulation on solitary waves. The
experimental results from Synolakis’s study have been widely
used in simulation verification (e.g., Lynett et al., 2002). The
referenced experimental water depth (4,) for the simulation
was 0.21 m; the ratio of the wave height to water depth (H/h,)
was 0.28; and the slope of the section after the constant water
depth section was 1/20. Three different computational meshes
were used to validate the numerical accuracy; they are 0.05 m

(x) x 0.01 m (2), 0.025 m (x) x 0.005 m (z) and 0.01 m (x) x
0.001 m (z), respectively.

Figs. 1(a)-(d) show the simulation results of the wave trans-
formation on the slope and their comparisons. The circular
points in the figure represent the experimental data from Synolakis
(1987); the solid lines represent the present numerical simu-
lation results; and the dimensionless coordinates were defined

as x¥*=x/h,, z¥=z/h, and t*=t,/g/h, . Fig. 1(a) shows

the solitary waves approaching the slope; Fig. 1(b) shows the
effect of shoaling on the solitary waves, where the wave height
tended toward the maximum; and Figs. 1(c) and (d) show the
run-up of the solitary waves on the slope and their maximum
run-up after the solitary waves broken. A comparison among
the waveform variations demonstrates that the numerical ac-
curacy could be obtained by using the computational mesh of
0.025 m (x) x 0.005 m (z).

There were only very few experiments performed to in-
vestigate the velocity field variation during the solitary wave
transformation. Lin et al. (2014) investigated the velocity field
induced by a solitary wave propagating over a 1:10 slope using
flow visualization techniques and high time-resolved particle
image velocimetry (PIV), from which their experimental re-
sults were adopted to verify the present numerical simulation.
The comparisons were performed for the conditions of wave
height (H) of 2.1 cm, the water depth (%,) of 8 cm, and wave
celerity (c) of 98.0 cm/s. The grid of 0.025 m (x) x 0.005 m (z)
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in Fig. 2.

was also applied to the numerical calculation. Fig. 2 shows
good agreement between the numerical simulation and ex-
periment of the variations of maximum free surface elevation
(77max) along the slope. It shows that 7, reaches maximum at
x/h, = 8.9 and then decays rapidly indicating where wave
breaking occurs. Fig. 3 shows the time variations of the en-

semble horizontal and vertical velocities (u, v) at z/h, = 0.7
for different cross sections, which depicts good agreement
between the numerical and experimental results.

The above comparisons among the variations of wave pro-
file and velocity field demonstrate that the numerical model
adopted in the present study could accurately simulate the trans-
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Fig. 4. A schematic diagram of the physical model for the simulation in

the present study.
formation of the solitary waves.

IV. SIMULATION RESULTS AND DISCUSSION

1. Simulated Conditions

In the present study, we mainly focus on discussing the
effect of different breakwater heights on the transformation of
solitary waves. Fig. 4 shows the physical model, which is a
composite type of breakwater consisting of a rectangular
caisson and a trapezoid foundation with berm. Breakwaters
of three different heights relative to the water surface were
considered, including a submerged breakwater (i.e., H, < 0),
a surface breakwater (i.e., H, = 0) and an emerged breakwater
(i.e., H, > 0). The height of the trapezoidal foundation of the
breakwater was set as a fixed value 4= 0.2 m. The depth from
the still water surface to the berm was /4, =0.12 m. The width
of the upright caisson of the breakwater was w;, =0.3 m. There
were three different heights of the upright section of break-
waters, namely, H, =—0.04 m, 0 m and +0.04 m. The front of
the breakwater was set as a uniform water depth, 4, =0.32 m,
and the ratio of the wave height to water depth, H/A,, was 0.20.

To investigate the effect of the breakwater on the run-up of
solitary waves on a slope, a section with a slope of 1/20 was
placed at the back of the breakwater. The length and height of
the slope were 11 m and 0.55 m, respectively. In the numerical
simulation, the total length of the simulated channel was set as
50 m. A single grid was used for simulation. The size of the
computational grid was 0.025 m (x) x 0.005 m (2).

2. Wave Profile Transformations

Fig. 5 shows the simulated results of the surface profile
transformation of the solitary waves when propagating over
breakwaters of different heights. The transformation of the so-
litary waves with no breakwater present is also shown in the
figure. Fig. 5(a) shows that when the solitary waves approached
the breakwater, an asymmetric variation of the wave profile
occurred. As the height of the breakwater increased, the asym-
metric waveform increased, due to the blocking effect of the
breakwater. After the solitary waves propagated over the break-
water (Fig. 5(b)), a significant waterfall phenomenon devel-
oped when the upright height of the breakwater (H,) was either
0 m or +0.04 m. After the solitary waves propagated over the
breakwater, a portion of the reflected waves remained at the

05F No breakwater
,,,,,,,,,, H,=-0.04 m
——=Hy=0m
— === H,=+0.04 m
0.1 s s 1
) -1 0 1
x (m)
(a)t=55s
05F No breakwater
T — H,=-0.04 m
N ——= Hy=0m
04-_ —imimm Hy=+0.04 m

x (m)
(b)1=6.0s

No breakwater

e
[
T

x (m)
(c)t=65s

Fig. 5. A comparison among the variations of the waveforms when the
solitary waves propagated over the breakwaters of different
heights.

front of the breakwater (Fig. 5(c)). Fig. 6 shows a comparison
between the situation in which there was no breakwater and
that in which the breakwater had a freeboard (H,) of 0 m, as
well as the run-up of the solitary waves on the slope. It can be
clearly seen that after the solitary waves propagated over the
breakwater, the height of the run-up on the slope decreased
due to the blocking effect of the breakwater.

Fig. 7 shows the variation of the water levels at the weather
and lee sides of the breakwater when the solitary waves
passing over the breakwater. As the height of the breakwater
increased, the water level difference between the weather and
lee sides of the breakwater increased. This water level dif-
ference can cause significant changes of the net wave force on
the upright of the breakwater (discussed in Section 4.6).
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Fig. 6. A comparison between the run-ups of the solitary waves on the
slope for (a) no breakwater and (b) when the freeboard of the
breakwater (H;) was 0 m.

3. Velocity Field around Breakwater

The height of the breakwater not only affects the variation
of the waveform of the solitary waves but also affects the
variation of its velocity field. Figs. 8-10 show the variations of
the ensemble-averaged velocity field when the solitary waves
propagated over the 3 breakwaters of different heights. Fig. 8
shows the situation involving the submerged breakwater (H), =
—0.04 m). When the wave crest was approaching the upright
caisson of the breakwater (1= 5.5 s), the horizontal velocity on
top of the caisson increased, and its vertical distribution was
almost uniform. When the wave crest passed over the upright
caisson (#= 6.0 s), the flow separation occurred at the top-right
corner of the upright caisson, due to the changes of the veloc-
ity gradient. Additionally, a clockwise circulation was formed
at the back of the upright caisson; this vortex was restricted to
the area between the top of the berm of the breakwater and the
upright caisson.

Fig. 9 shows the situation in which the height of the break-
water was at the still water surface (H, = 0 m). When the
waves propagated over the breakwater (1=6.0's, 6.5 s), a slight
waterfall occurred in combination with a jet-like flow phe-
nomenon, and there was a clockwise circulation in the area
between the top of the berm of the breakwater and the upright
caisson. After the jet-like flow occurred, the upward compo-
nent of the water flow velocity transferred to the downstream

0.1¢
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Fig. 7. Comparisons of water level differences between the weather and
lee sides of the breakwater when the solitary waves propagated
over it.

direction; additionally, a minuscule clockwise vortex was gene-
rated near the intersection of the berm and the slope of the
foundation.

Fig. 10 shows the situation in which the freeboard of the
breakwater (H,) was +0.04 m. When the solitary waves acted
on the breakwater, the water level difference between the weather
and lee side was relatively large, which led to the development
of significant waterfall and jet-like flow phenomena after the
waves propagated over the breakwater; as a result, the jet-like
flow almost affected the berm. As described in Mase et al. (2013),
the intense jet-like flow might scour the berm if the riprap
foundation is relatively high, as a result causing the damage of
the breakwater, which was one of the main causes for the da-
mage to the enormous breakwater in Kamaishi Harbor, Japan,
during the great tsunami in 2011 (Arikawa et al., 2012).
Nevertheless, in breakwater design manuals, protection meas-
ures are often only recommended for the seaside berms of break-
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waters and not for the reinforcement of the back berm.

4. Vorticity and Turbulent Energy Dissipation around the
Breakwater

The phenomenon of a jet-like flow of various velocities and
directions occurred when the solitary waves propagated over
the breakwaters. Because a relatively large velocity gradient oc-
curred on the oblique jet-like flow, the vorticity at this location
was also relatively significant. However, as the breakwater height
increased, the significance of the circulation phenomenon de-
creased due to the waterfall effect. Fig. 11 shows that when
the solitary waves propagated over the breakwater, most of the
relatively large vorticities occurred at the inside top corner of
the breakwater, as well as the location at which the jet-like
flow occurred. However, for the two situations in which H, =0
m and +0.04 m, negative vorticity occurred at the lowest water
surface of the waterfall.

Fig. 12 shows a comparison among the turbulent energy dis-
sipations when the solitary waves propagated over breakwaters
of different freeboards. The figure shows that with increasing
breakwater height, a relatively large turbulent energy dissipation
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Fig. 12. A comparison among the variations of the turbulent energy dis-

sipation when the solitary waves propagated over the breakwater.

developed at the jet-like flow and waterfall locations; with the
increasing height of the breakwater, the dissipation of turbu-
lent energy occurred over a relatively large area.

5. Run-Up Height Influenced by Breakwater

This section adopts the dimensionless parameters defined
in Section 3 for a discussion of the effect of different break-
water heights on the run-up of the solitary waves. Fig. 13 shows
the blocking effect of the breakwater on the solitary waves; the
wave crest to approach the slope was slower than when no
breakwater was present. When the freeboard of the breakwater
(H,) was +0.04 m, the wave crest to approach the slope was the
slowest, and after the wave crest propagated over the break-
water, the crest height decreased significantly.

Fig. 14 shows the comparison among the maximum relative
run-up heights (77/h,) for these three breakwater heights and
when no breakwater was present. The results show that the
maximum run-up height of the solitary waves on the slope de-
creased with increasing breakwater height. When no break-
water was present, the relative run-up height was (7/ %, )max =

0.506. However, when the blocking effect of a breakwater was



788 Journal of Marine Science and Technology, Vol. 24, No. 4 (2016)

0.6 11T T
051 E
0.4F —:
03F 3
< C ]
< 02F 3
N = .
0.1F .
0 Z No breakwater _:
o Hy,=-004m 7
-0.1F —ememem Hy=0m _'
E 77777 Hj, = +0.04 m E
0200 v v v v b A b v b g T
5 10 15 20 25 30 35
x/ h,
Fig. 13. The effect of different breakwater heights on the propagation
of the solitary waves on the slope (¢* = 40).
0.6
05F
04F
< 0.3 :—
= 02F
0.1F
r ——— No breakwater
e Hj,=-0.04m
0 N - H,=0m
-/ H,=+0.04 m
201 bt A b e L 1
16 18 20 22 24 26 28 30 32 34
x/h,
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of the solitary waves.

available, the maximum run-up height effectively decreased.
In particular for the breakwater with a freeboard (H,) of +0.04
m, the run-up height effectively decreased by more than one
half ((77/h, )max = 0.248). These results demonstrate that the

run-up can advance is reduced as the breakwater height in-
creases. However, as mentioned in the previous section, the
berm may sustain an impact from a relatively large jet-like
flow, as a result of the waterfall phenomenon.

6. Wave Force on Breakwater

Increasing the height of the breakwater can decrease the
run-up height of the solitary waves on the slope. However, as
the breakwater height is increased, the water level difference
between weather and lee side increases as well. This water
level difference causes significant changes to the wave force
on the breakwater. Fig. 15 shows the variations of the wave
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Fig. 15. A comparison among the variations of the wave force when the

solitary waves acted on the breakwaters of different heights.

force with respect to the time at which the solitary waves acted
on the upright section of breakwaters of various heights. The
figure shows that all of the maximum horizontal forces occurred
at approximately 7 = 5.5 s, i.e., when the wave crest of the so-
litary wave reached the breakwater, the breakwater sustained

a relatively large net force. The maximum values of F/ pgh;

for the situations in which H, = —0.04 m, 0 m and +0.04 m
were 0.046, 0.092 and 0.160, respectively, i.e., the maximum
wave force when H, = +0.04 m was 3.5 times that when H, =
—0.04 m and 1.74 times that when H, =0 m.

When the top of the breakwater was higher than the water
surface, i.e., when H, = +0.04 m, the maximum wave force
was larger than that observed in the other two situations.
Additionally, the time variation of the wave force of that break-
water was relatively complicated, in which a negative hori-
zontal force was generated after the waves had propagated
over the breakwater. These might have been caused by the
jet-like flow that resulted following the overtopping solitary
wave and the relatively large waterfall effect.

V. CONCLUSIONS

In the past decades, there have been many numerical and
theoretical studies on the run-up of solitary waves and the
hydrodynamic characteristics caused by the interaction be-
tween solitary waves and structures. In the present study, the
RANS model was used to simulate the wave transformations,
flow fields and variations of the acting forces of solitary waves
propagating over breakwaters of different heights. The nu-
merical simulation results showed that after the solitary waves
propagated over the breakwater, the run-up height of the so-
litary waves propagating along the slope decreased, due to the
blocking effect of the breakwater. However, the results also
showed that with increasing breakwater height, the water level
difference between the weather and leeside of the breakwater
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as a result of the solitary waves also increased, which caused
the wave force on the breakwater to increase. With respect to
flow field variation, when the breakwater was relatively high,
after the waves passed over the breakwater, significant wa-
terfall and jet-like flow phenomena occurred; further, such an
intense jet-like flow might affect the stability of the riprap
berm of the breakwater. The results from this study show that a
relatively high breakwater can defer the time available for tsu-
nami waves to reach and run-up land; however, the breakwater
itself might also be subject to stability risks.
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