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Abstract
The compound disaster triggered by earthquake and tsunami imposes devastating damage to structures and human lives living near

seacoasts. In past few years, breakwaters (which are used to protect coastal areas from devastating damage of tsunamis) failed during
tsunami. It led to enter the tsunami waves into the coastal areas, and created deep devastation there. It was observed that the breakwaters
collapsed mainly due to failure of their foundations. Recently, some research works have been done to make breakwater resilient against
tsunami induced damaged in order to protect coastal areas from devastating damage of tsunami. This paper mainly reviews some recent
studies towards making the breakwater resilient against earthquake and tsunami induced damage
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Introduction

is an artificial offshore structure which
is commonly constructed to protect port and harbor from
destructive effects of sea waves, currents, typhoons and
tsunamis by reflecting and dissipating their wave energies. It

Breakwater

creates sufficient calm water for safe navigation, anchorage
of vessels, loading and unloading of cargoes and other harbor
activities. In recent few decades, more marine infrastructures,
such as breakwaters, are either constructed or extended due
to increase in economic activities. Composite breakwater is
widely used in the world due to its advantages such as ease
of construction, economic and suitability for deeper sea. As
breakwater rests on seabed (Figure 1), so it is susceptible to
damage during earthquake and tsunami. The devastating
damage of offshore structures (e.g. quay walls, breakwaters)
hasbeenrecorded duringtothe pastearthquakesinLosAngeles
(USA) in 1994, Kobe (Japan) in 1995, Kocaeli (Turkey) in 1999,
Athens (Greece) in 1999, Sumatra (Indonesia) in 2004 and
Tohoku (Japan) in 2011. Moreover, tsunami is a big challenge
for stability of breakwaters, and several coastal structures
(including breakwaters) failed during past earthquakes and
tsunamis such as the 2004 Indian Ocean earthquake and the

2011 off the Pacific cost of Tohoku earthquake and subsequent
tsunamis [1-6]. The classic example of failure of breakwater
is collapse of the world’s deepest breakwater at Kamaishi
port, Japan during the 2011 off the Pacific coast of Tohoku
earthquake and tsunami. The earthquake was the most
powerful earthquake ever hit Japan, and triggered powerful
tsunami waves that reached height up to 40.5 meters in Miyako
area (Iwate Prefecture), and travelled up to 10 km inland
(Sendai). Due to failure of the breakwater, tsunami entered in
Kamaishi port, and led to catastrophic losses for population
and structures. The breakwater was failed mainly due to
collapse of its foundation. There are some other breakwaters
in Japan such as Hattaro Breakwater in Hachinohe Port and
breakwater at Onagawa Port which were also damaged mainly
due to failure of their mounds during the 2011 earthquake
and tsunami. The damage to the mounds was more significant
than to the main bodies of these breakwaters. Failure of the
breakwaters led to enter the tsunami waves in the coastal
areas, and the tsunami waves created deep devastation there.
Therefore, stability of breakwaters is very important for safety
of structures and population living near seacoasts during
natural disaster such as tsunami.
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Figure 1: Model of a composite breakwater.
\ J

Breakwater under Actions of Earthquake and
Tsunami

The observed damage of coastal structures and lives
due to failure of breakwaters raised the importance of
development of earthquake and tsunami resistant foundation
for breakwater in order to provide safety for structures and
human lives in coastal areas. To develop countermeasures, it is
important to determine the behavior of breakwater foundation
under actions of earthquake and tsunami. Actually, tsunami is
often triggered by a strong earth quake and tsunami strikes
within a small time interval after the earthquake. Coastal
structures are hit by both earthquake and tsunami within a
small time interval, and may get damaged due to earthquake in
addition to tsunami. To the end, Chaudhary et al. [7] described
the factors which are responsible for failure of breakwater
during earthquake and tsunami, and conducted analytical
study to determine the stability of breakwater subjected to
earthquake and tsunami. Experimental study is also needed
to understand the failure process of breakwater foundation
during earthquake and tsunami. Therefore, Hazarika et al. [8-
10] conducted a series of physical model tests to make clear
the behavior of breakwater foundation under earthquake
and tsunami. It was observed that in addition to tsunami,
earthquake (that precedes tsunami) imposed instability to
breakwater. Significant damage of foundation ground was
observed during earthquake which led to excessive seismic
subsidence and large horizontal displacement of breakwater.
During tsunami, tsunami impact forces on breakwater,
scouring of rubble mound and seepage were main reasons of
failure of breakwater. Matsuda et al. [11] performed numerical
analyses to understand the stability of breakwater foundation
under earthquake and tsunami. Liquefaction occurred in
foundation ground due to strong earthquake motions which
led to more than 1 m seismic subsidence of breakwater.
Hence, for effective countermeasures against tsunami, the
countermeasures should be effective against earthquake (that
precedes tsunami) along with tsunami.

Countermeasures for Foundation of Breakwater

Recently, some efforts have been made to develop
countermeasures for foundation of breakwater in order

to make it resilient against damage caused by compound
disaster triggered by earthquake and tsunami. Kikuchi et
al. [12] suggested a reinforced foundation using steel walls
into foundation ground behind caisson. They developed the
reinforced foundation to mitigate tsunami induced damage
of breakwater. Tsujio et al. [13] described effects of increased
width of mound to reduce possibility of failure due to lateral
displacement of breakwater caused by tsunami impact forces.
Concrete blocks were put behind breakwater by Takahashi et
al. [14] to enhance stability of breakwater against tsunami. As
countermeasures, filter units were used to cover rubble mound
by Mitsui etal. [15] for stability of breakwater. Seepage beneath
breakwater is a reason of failure during tsunami, therefore
Ueda et al. [16] covered seaside rubble mound by rubber
membrane to prevent such seepage. All these countermeasures
were developing to increase the stability of breakwater
foundation against tsunami. On the other hand, to enhance
stability of breakwater during earthquakes, Chaudhary et al.
[17-19] developed reinforcing countermeasures for foundation
of a breakwater, and described their effectiveness against
different earthquake loadings.

Conclusion

This paper summarizes some of the recent research
works which were conducted to develop countermeasures for
foundation of a breakwater in order to make it resilient against
the damage caused by earthquake and tsunami. Based on the
studies, conclusions are given as below

A. The earthquake that precedes tsunami may impose
significant damage to
subsidence of breakwater was observed due to strong
earthquake. Hence to develop countermeasures, it is
important that the countermeasures should be effective
against earthquake along with tsunami induce damage.
Some countermeasures have been developed by the
researchers for providing resiliency to breakwater against
earthquake induced damage.

breakwater. Excess seismic

B. Tsunami impact forces, scouring of mound and
seepage beneath breakwater were main reasons of
failure of breakwater during tsunami. Countermeasures
were suggested to enhance the stability of breakwater
foundation during tsunami.

C. Further study is needed to develop countermeasures
for breakwater foundation which can mitigate the damage
caused by both the earthquake and tsunami induced forces.
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