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In this study, a new tsunami overflow-seepage-coupled centrifuge experimental systemwas developed and ap-
plied to investigate the concurrent processes, and to elucidate the mechanism, of the instability involving the
scour of the mound/sandy seabed, bearing capacity failure and flow of the foundation, and the failure of caisson
breakwaters, with high-resolution image analysis. A series of experiments were conductedwith andwithout the
effects of the seepage by keeping the same overflow conditions (water volume, overflow velocity, fall height and
water depth), andwith differentmound cross-sections. All of the experimentswere conductedunder 50 gravities
and comprised of 3 series. The first series of experiments targeted the instability of the mounds themselves by
constraining the caisson movement (sliding and overturning). The second series of experiments then allowed
the caisson movement and clarified how the mound scour would affect the overall stability of the caissons.
The third series of experiments examined the effect of a countermeasure on the basis of the results from the
two series of experiments. The experimental results first demonstrated that the coupled overflow-seepage ac-
tions promoted the development of the mound scour significantly. Notably, the scour front developed in the
form of progressive slip failure at the vicinity of caissons, regardless of the mound thickness. This stems from
the fact that the development of the mound scour shortened the seepage path around the shoulder area of the
mound, enhancing the coupling effect of the overflowand seepage. Indeed, the scour stopped far from the caisson
toe in the absence of seepage without affecting the stability of the caissons. By contrast, the scour development
due to the coupled overflow-seepage approached the caisson toe and brought about bearing capacity failure of
the mound, resulting in the total failure of the caisson breakwater, which otherwise remained stable without
the coupling effect. The velocity vectors obtained from the high-resolution image analysis illustrated the series
of such concurrent scour/bearing-capacity-failure/flow processes leading to the instability of the breakwater.
The influence of placing an embankment as a countermeasure was also examined by employing different bank
thickness. It is shown that the stability of the breakwaters was significantly improved with decreasing hydraulic
gradient that manifested underneath the caissons due to the embankment effect. These findings will facilitate
better assessment and improvement of the stability of caisson breakwaters with rubble mound foundations.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The 2011 Tohoku earthquake tsunami devastated the eastern part of
Japan and caused significant damage and destruction of breakwaters.
The key factors contributing to the damage have been considered to
be closely linkedwith the scour of themound in the vicinity of breakwa-
ters due to tsunami-induced overflow above the caissons (Arikawa
et al., 2012; Arikawa and Shimosako, 2013). The seepage flow in
mounds, stemming from the water level difference between offshore
and onshore sides of the caissons, has also been considered to affect
the stability of mounds (Takahashi et al., 2014; Sassa, 2014). However,
the concrete mechanism at work in the instability of the breakwater

foundation under the concurrent actions of the overflow and seepage
due to a tsunami still remains unclear.

The role of tsunami-induced overflow in the performance of coastal
structures has attracted recent attention in view of the stability of
breakwaters, seawalls, tidewalls and dikes (Hsiao and Lin, 2010;
Gulera et al., 2015; Kihara et al., 2015; Shimozono and Sato, 2016).
The role of seepage in tsunami or wave-induced scour around coastal
and marine structures has also been studied recently (Sumer and
Fredsøe, 2002; Tonkin et al., 2003; Qi and Gao, 2014; Sumer, 2014).
However, the role played by coupling of overflow and seepage in
scour and the effect of this coupling on the stability of coastal structures
remain poorly understood.

Against this background, the aims of this paper are, first, to clarify
the processes involved in and the development of the mound scour
due to tsunami-induced seepage and overflow, and secondly to investi-
gate how the coupling actions affect the overall stability of caisson
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breakwaters. For this purpose, we have developed and applied a new
centrifuge experimental system which is capable of controlling the
overflow and seepage due to a tsunami. A concise report of preliminary
experiment using the system developed was promptly published in
Sassa et al. (2014). However, this paper presents and discusses three in-
novations, namely, (a) by elucidating the effect of overflow and seepage
coupling on the development of mound scour as obtained from the ex-
periments with different mound cross-sections and thickness, (b) by
clarifying how the overflow and seepage coupling would contribute to
the collapse of caisson breakwaters, revealing the mechanism for the
concurrent processes of the instability involved, and (c) by examining
the influence of a countermeasure in suppressing such an effect of
coupled overflow and seepage on stabilization of the caissons. The pres-
ent study is based on the results of our recent study on the effect of
tsunami-induced seepage on the stability of mounds in caisson break-
waters (Takahashi et al., 2014; Sassa, 2014).

2. Tsunami overflow–seepage coupled centrifuge experiment

2.1. Experimental system

It is essential to reproduce a prototype-scale stress field in the
mounds that support breakwaters in order to clarify the instability of
the breakwater foundations in the presence of a tsunami. A geo-
centrifuge makes this possible and has proved effective in studying
fluid–soil interaction problems (Sassa and Sekiguchi, 1999). Indeed,
the role and importance of centrifuge testing in the field of coastal and
ocean engineering has recently been emphasized (Sumer and Fredsøe,
2002; Sumer, 2014). In this study, we developed and applied a new cen-
trifuge experimental system that can simulate the combined actions of
overflow and seepage due to a tsunami.

Tsunami model experiments usually model tsunami as solitary
waves and thus cannot distinguish the effects of the overflow on and
seepage in the mounds due to a tsunami. By contrast, in this study we
constructed a system that can independently control the tsunami-
induced overflow volume/rate and the water level differences causing
the seepage, as shown in Fig. 1. The figure shows the system before
being mounted on a centrifuge at the Port and Airport Research Insti-
tute. Themariotte water supply tank utilizes the principle of a “mariotte
bottle” which enables a constant rate of flow at a constant pressure by
setting the air-open interface in the tank at a prescribed location. The
principle is schematically shown in Fig. 1, where the pressure at the
bottom of the inlet tube is equal to atmospheric pressure, and as long
as the level of water inside the tank is above the bottom of the inlet
tube, the pressure at the exit hole remains constant at ρgh, realizing a
constant rate of flowage. The overflow–seepage division unit controls
and divides the outflow for seepage and overflow. The tank has a verti-
cal partition that contains several drainage holes at given heights by

which to set the water level difference between the inside and outside
of the caisson in the range 0–200 mm in the model, corresponding to
0–10 m under fifty gravities (50 G) on the prototype scale.

In selecting the mound material, a similitude of the seepage flow in
the mound was considered together with the mechanical similarity be-
tween themodel and the prototype. Specifically, the seepage flow in the
mound becomes turbulent due to the high permeability of the mound
(crushed rock). In this respect, a series of modeling tests were conduct-
ed, showing that one can satisfy the similitudes concerning the stress
state and the turbulent seepage flow by using 1/N-th diameter stone
as a mound material under an N-g centrifugal field in a 1/N-th scale
model in light of a prototype in the field (Takahashi et al., 2014). In
the present experiments, the mound materials had a mean grain diam-
eter of 5 mm and the underlying sand layer had a median grain diame-
ter of 0.18 mm. The theoretical background and the similitudes for the
overflow–seepage coupled centrifuge experiment are summarized in
Appendix A.

The overflow control capacity of the tank is shown in Fig. 2. Here, the
overflow velocity was identified through image analysis, and the num-
ber in the parenthesis shows that on the prototype scale. This figure
shows that a constant rate of overflow was maintained for a given
water volume in the tank, and the duration of the constant flow rate in-
creased with increasing water volume in the tank. Accordingly, the sys-
tem realized a constant-flow-rate duration of about 10 min. on the
prototype scale with an overflow speed equal to 4 m/s, which corre-
sponds to a typical overflow state as observed during the 2011 off the
Pacific coast of Tohoku Earthquake Tsunami (Arikawa et al., 2012).

2.2. Experimental design

A series of the overflow–seepage coupled centrifuge experiments
using the newly developed system described above were conducted,
first to investigate the stability of the mounds, and second to clarify
how it would affect the overall stability of the caisson breakwaters.
The centrifugal accelerationwas set at 50 G. Three series of experiments
were performed. In the first series (Series 1, see Fig. 1), in order to
elucidate the effect of the seepage on the overflow scour, the overflow
conditions, including the overflow volume, velocity, falling height
from the caisson and the water depth above the mound, were all kept
constant, and then the results with and without the seepage were com-
pared. In the cases without the seepage, the water level difference be-
tween inside and outside of the caisson was set at zero, with reference
to Fig. 1. In the cases with the seepage, a water level difference equal
to a maximum of 8 m on the prototype scale was imposed. This maxi-
mum state means that it required some time to set-up the targeted
water level difference during the experiment. The development of the
mound scour was examined for two different sets of the mound width
and slope, specifically 5 m and 3.5 m widths and 1:2 and 1:1.5 slopes,
along with a caisson width of 10 m on the prototype scale. On the
basis of these results, Series 2 examined the influence of the mound
thickness on the stability of themounds. All of the experiments in Series

Fig. 1. Developed tsunami overflow-seepage-coupled centrifuge experimental system:
The panel schematically shows the principle of the mariotte water-supply tank. Set-up
for Series 1 is shown.

Fig. 2. Control capacity of the overflow in the tank. The values in parentheses represent
those on theprototype scale. Tc represents a periodwhere a constant flowvelocity ensued.
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