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ABSTRACT: This paper describes the soil-structure interaction behavior of a new reinforcing
technique for breakwater foundation against earthquake and tsunami induced damage. The
technique involves the use of gabion on the top of rubble mound, reinforcing the foundation
soil with steel sheet piles, and the use of sealing material between the sheet piles and breakwater.
The effectiveness of the proposed technique and the soil structure interaction during earthquake
and tsunami loading were evaluated through physical and numerical modeling. As part of the
physical modeling for such soil-structure interaction problem, a series of 1g shaking table tests
and centrifuge model tests were performed. In addition, a hydraulic model testing apparatus
was developed, which can simulate the soil-structure interaction during tsunami overflow, the
resulting seepage as well as the scouring. Numerical simulation was also performed for evaluat-
ing the effect of tsunami overflow. Soil-structure interaction behaviors were made clear through
comparisons of conventional foundation and reinforced foundation models.

1 INTRODUCTION

Many coastal protection facilities, such as breakwaters, seawalls and river dikes, were damaged by
the 2011 Off the Pacific Coast of Tohoku Earthquake, Japan and the subsequent tsunami. The
earthquake was the most powerful one ever struck Japan since the modern recordkeeping started,
and it triggered tsunami whose run-up height reached up to 40 to 50 m in Miyako, Iwate prefec-
ture. Detailed descriptions of the type of damage and their mechanism can be found in Hara et al.
(2012), Hazarika et al. (2012), Hazarika et al. (2013a, b) and Kazama and Noda (2012).

Focusing on breakwaters in particular, Ministry of Land, Infrastructure, Transport and
Tourism (MLIT), Government of Japan, designated the followings as the primary causes of
the damage due to the devastating event in 2011 (Figure 1): (1) huge horizontal tsunami
impact force due to water head difference during tsunami overflow, (2) scouring of rubble
mound and foundation soils due to overflowed water, (3) seepage flow in the foundation
(MLIT, 2011; MLIT, 2013). A classic example of impact force related damage is the north
section of breakwater at Kamaishi Port (Iwate Prefecture, Japan). Arikawa et al. (2012) pro-
vided a detailed failure mechanism of this breakwater through experimental and numerical
studies. A good example of scouring related damage is the central part of Hattaro Breakwater
at Hachinohe Port (Aomori Prefecture). On the other hand, the damage to breakwater at
Onagawa Port (Miyagi Prefecture, Japan) is an example of seepage induced failure. These
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Figure 1. Various factors leading to failure of breakwater during tsunami

examples show that damage to the mound was more significant than that of the main body of
the breakwater during the earthquake and tsunami.

The extent of damage or collapse of geotechnical structures due to tsunami impact forces,
scouring and seepage by the 2011 tsunami exposed the vulnerabilities of conventional break-
waters and reminded the urgency of developing and building tsunami-resistant structures, and
to suggest practically applicable technology (JGS, 2014). Countermeasures against three
destabilizing factors, namely: (1) scouring of foundation due to overflowing tsunami, (2) seep-
age through foundation due to water level difference during tsunami and (3) tsunami impact
force on breakwater, are essential for the construction of earthquake and tsunami resistant
breakwaters. To the end, the authors developed new techniques for reinforcing breakwater
foundations, in order to mitigate the damage of such structures during earthquake and tsu-
nami. In this research, scaled down physical models of breakwater and foundation are devel-
oped, and their resiliencies during earthquake and tsunami are evaluated using 1g shaking
table tests, flume tests, centrifuge tests as well as numerical analyses.

2 NEW FOUNDATION REINFORCING TECHNIQUE FOR RESILIENT
BREAKWATER

Many coastal areas in the world come under seismic zones, and they are under constant threats of
devastating failure during earthquake and tsunami. For example, the probable future earthquakes
such as the Tokai earthquake, the Nankai Earthquake and the Tonankai-Nankai Earthquake are
matters of great concern of the policy makers, engineers and researchers in Japan. According to
the central disaster management council of Japanese government (Central Disaster Management
Council, 2003), about 2 m seismic subsidence (ground sinking) and accompanying tsunami are
expected to be caused by the Nankai earthquake in the Kochi area of Shikoku island, Japan. In
order to mitigate the damage caused by such future earthquakes and tsunamis, it is necessary to
take appropriate countermeasures that can protect the waterfront structures, the nearby infra-
structures and human lives. This demands the development of innovative reinforcing/retrofitting
measures to make breakwaters resilient against the future earthquakes as well as the tsunamis.

Hazarika et al. (2015) developed an earthquake resistant model for breakwater foundation
using sheet piles and gabions (Figure 2). A flume testing apparatus was also developed by
Hazarika et al. (2016a & b), using which the performance of the model against tsunami was
verified. Later on, the basic model was improved and its performances during earthquakes
was verified by conducting 1g shaking table tests and centrifuge tests (Chaudhary et al. 2017a
& b, Chaudhary et al. 2018a). Furthermore, the performances of some of those improved
models were evaluated against earthquake and tsunami through 1g model tests and hydraulic
model tests (Chaudhary et al. 2018b & ¢, Chaudhary et al. 2019, Nishimura et al. 2016).

Some other reinforcing techniques against tsunami protection of breakwaters, on the other
hand, have been developed in the last few years. Widening work of the rubble mound (Arikawa
et al. 2013), installing a row of steel pile in the harbor side of the breakwater mound (Oikawa
et al. 2014), and putting armour units (concrete blocks) on the harbor side rubble mound (Mar-
uyama et al. 2012) are few examples of those. However, all those techniques were developed
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Figure 2. New reinforcing model for breakwater foundation

merely focusing on the tsunami resistant characteristics of breakwater. They do not consider the
earthquake-induced damage of breakwater foundation such as the liquefaction induced settle-
ment and the deformation of breakwater mound. Chaudhary and Hazarika (2018) based on
centrifuge model tests, found that the settlement of prototype breakwater could reach as high as
2 m under earthquake loading. Reducing the settlement and the deformation caused by earth-
quake that precedes tsunami is, therefore, extremely important, because it is necessary to main-
tain the crown height of breakwater, for reducing the run-up height of tsunami.

In order to provide resiliency to breakwaters against both earthquake and subsequent tsunami-
induced damage, new reinforcing techniques for breakwater foundations are developed by the
authors, based on the basic model shown in Figure 2. In these techniques, gabions are used to
cover the entire rubble mound. The purpose of using gabions is to protect the mound from scour-
ing and toe erosion due to overflowing tsunami waves. The steel sheet piles (inner and outer rows),
which are installed in the foundation soils, can restrict the lateral deformation of foundation soils
during earthquakes due to their ductile characteristics, and thus, restricting the deformation of
foundation soil and settlement of breakwater. The sheet piles (outer rows) can also prevent the
scouring induced damage of the foundation soils to some extent due to tsunami (both leading
wave and backrush). In addition, to prevent seepage during the tsunami overflow, sealing materials
are inserted between the caisson edges and inner rows of sheet piles. Such multifunctional measures
can prevent any bearing capacity failure of the foundation during an earthquake and tsunami. In
the following sections, evaluations of modified versions of the technique are described through 1g
shaking table tests, hydraulic model tests, centrifuge model tests as well as numerical simulations.

3 PHYSICAL MODELING

3.1 1g Model test

Shaking table tests were performed in 1g field for caisson type composite breakwaters under
different earthquake loadings. Furthermore, tsunami overflow tests were carried out on the
same breakwater models, which were tested against earthquake loadings. Acceleration, pore
water pressure, water pressure, horizontal displacement and settlement of the breakwater were
measured during the tests. Through the test results, the reinforcing effects of the developed
foundation models under earthquake and tsunami loadings were made clear.

3.1.1 Model description and test procedures

The breakwater at Miyazaki port (Miyazaki Prefecture, Japan), which is likely to be affected
by the probable future Nankai trough mega-earthquake, was adopted as a prototype for the
tests. A prototype to model ratio (N) of 64 was adopted. The similitude relationship proposed
by Iai (1989) was used to determine the various parameters for the tests.

Soil box was made of steel frames and acrylic plates. Box type model caissons (breakwaters)
were made of aluminium and filled with lead balls and silica sands to adjust the weight (spe-
cific gravity 2.3) and centre of gravity. One main caisson at the centre and two dummy cais-
sons (one dummy caisson on either sides of the central caisson) were used in the tests. The
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Figure 3. Reinforced breakwater foundation models used in the shake table tests and hydraulic model
tests: (a) Model-II (b) Model-III (c) Model-1V

dummy caissons were used to prevent the effect of soil box (e.g. side friction between main
caisson and soil box) on the test results. All the instrumentations, thus, were provided only in
the central caisson. Sheet piles were made of steel plate of thickness 3.2 mm. The thickness of
the sheet pile was determined by adjusting its stiffness to the prototype. The foundation soil of
the breakwater was made of two layers using Toyoura sand: a lower layer of relative density,
D, = 90% and an upper layer of relative density, D, = 60%. The lower layer (D, = 90%) acts
as hard stratum representing the bed rock. Number 6 gravels (Japanese standard) were used in
the rubble mound and in the gabions. Gabions were prepared by wrapping the gravels with a
net made of steel. The dynamic characteristics of sand and gravels, used in the tests, were
determined through cyclic triaxial testing, which were reported in Hazarika et al. (2016).

Four different models of breakwater foundation (Figure 3) were used in the tests; (a)
Model-I: conventional breakwater foundation (unreinforced case, which is not shown in
Figure 3), (b) Model-I1: breakwater foundation reinforced with gabions and two rows of sheet
piles at the mound edges (Figure 3a), (c) Model-III: breakwater foundation reinforced with
geogrid, gabion and two rows of sheet piles at both the edges of mound (Figure 3b), (d)
Model-IV: breakwater foundation reinforced with gabion and four rows of sheet piles: two
inner rows and two outer rows (Figure 3c). In Model-II, in addition to the outer rows of sheet
piles, the entire rubble mound was covered with one layer of gabions. Model-I1I is the same as
Model-II, except that the harbor side mound was covered with special type of gabions. The
special type of gabion was made by fixing a very thin metal plate on its top, the main purpose
of which was to prevent the entering of seepage water into the mound from seaside. The metal
plate can be replaced by any impermeable layer/sheet. In addition, geogrid was placed between
the foundation soils and the rubble mound. In Model-IV, while the inner rows of sheet piles
were installed at the edges of caisson, the outer rows were installed at the edges of mound.
Furthermore, as in Model-II, gabions were used to cover the entire mound.

Instrumentations of the test set up (in case of Model-IT) are shown in Figure 4. Two gauges
(V1 and V2) were installed to measure the settlements, and two gauges (H1 and H2) were
installed to measure the horizontal displacements of the caisson. Seven accelerometers (Al to
A7) were used to record accelerations in the foundation soils, mound and breakwater. Four
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Figure 4. Experimental set up for 1g model tests (Model-11)
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water pressure gauges (W1 to W4) were installed to measure the water pressures acting on the
breakwater during earthquake and tsunami. In addition, pore water pressure gauges (P6 to
P10) were installed to monitor the pore water pressures inside the foundation soils.

3.1.2 Earthquake loading and test results
Sinusoidal acceleration waves with frequency of 15 Hz and dynamic time of 8 second were
used as earthquake loadings. Two different acceleration amplitudes, in the form of foreshock
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Figure 5. Time histories of settlement and horizontal displacement of the caisson for Model-I under
different amplitudes of acceleration: (a) Settlement at V1 (b) Horizontal displacement at H1

(0.1g) and main shock (0.3g), were used. To observe the effects of accelerations on the per-
formance of the breakwater, the settlement and horizontal displacement of the caisson for the
unreinforced and reinforced foundations at different acceleration amplitudes (foreshock and
main shock) are shown in Figures 5 and 6.

Figure 5a compares the settlement of the caisson measured at V1, in case of Model-I. The
settlement increases with the increase in acceleration amplitude. While it is negligible for the
foreshock, it increases significantly during the main shock. Although not shown in the figure,
similar trends were observed for the reinforced cases (Model-I1, Model-III and Model-1V) as
well. The final settlements measured at V1, for all the four cases at the end of the dynamic
loading, are compared in Figure 6a. In case of Model-II, while it is negligible during the fore-
shock (0.1g), it increases to a high value during the main shock (0.3g). However, in case of
Model-III, while the settlement is very negligible during the foreshock, it increases to 14.2 mm
during the main shock. Similarly, in case of Model-IV, while the settlement is negligible
during the foreshock, it increases to 12.8 mm during the main shock.

Figure 5b shows the comparisons of horizontal displacement of the caisson measured at H1, in
case of Model-I. The horizontal displacement increases with the increase in acceleration
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Figure 6. Final settlement and horizontal displacement of the caisson for all the models under different
amplitudes of acceleration: (a) Final settlement at V1 (b) Final horizontal displacement at H1
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Figure 7. Comparisons of average settlement and average horizontal displacement of the caisson at two
earthquake loadings: (a) Average settlement (b) Average horizontal displacement

amplitude. Although not shown in the figure, similar trends were observed for the reinforced
cases (Model-II, Model-IIT and Model-1V) as well. The final displacement measured at H1, for all
the four cases at the end of the dynamic loading, are compared in Figure 6b. In case of Model-I,
while it is almost zero during the foreshock (0.1g), it increases to 5 mm during the main shock
(0.3g). In case of Model-II, while it is negligible at 0.1g, it shows very insignificant increase (about
1 mm) at 0.3g. On the other hand, in case of Model-III, it can be noticed that, while the displace-
ment is negligible at 0.1g, it increases marginally to 0.4 mm at 0.3g. Model-IV too shows the simi-
lar trend. It can be noticed that the displacement increases only marginally to 0.7 mm at 0.3g.

Performances of all the three reinforced foundation models are compared relative to the
unreinforced foundation model (Model-I) in terms of the average settlement (average of
values at V1 and V2) and average horizontal displacement (average of values at H1 and H2)
of the caisson (Figure 7). It can be observed in Figure 7a that the average settlement is the
highest for Model-1, and it is significantly less for Model-II, Model-III and Model-IV. Model-
IV shows the maximum reduction in settlement at higher accelerations (0.3g), and thus, it pro-
vides the best solution towards a resilient breakwater. The average horizontal displacements
of the caisson are shown in Figure 7b. It can be seen that all the reinforcing models could
reduce the average horizontal displacement very significantly (78% to 95% reduction).

3.1.3 Tsunami overflow test and test results

Tsunami overflow tests were conducted on the same models (soil box) after the earthquake
loadings. For this purpose, additional arrangements were made in the apparatus for generat-
ing tsunami waves, without disturbing the models after subjecting those to the earthquake
loadings. Sufficient time gap was provided between the shaking and the tsunami overflow, in
order to allow dissipation of the excess pore water pressure generated during the shaking. Tsu-
nami overflow were allowed to continue for a relatively longer duration to observe the effect
of seepage flow through the foundation.

In Figure 8, the average settlements (Figure 8a) and the average horizontal displacements
(Figure 8b) of the caisson during the tsunami overflow are compared. All the three reinforcing
models were found to be very effective in reducing the settlement and horizontal displacement
of the caisson caused by the tsunami. Based on these test results, it can be concluded that scour-
ing and seepage were the main factors responsible for the damage of the unreinforced founda-
tion. In the case of reinforced foundations, the gabions were found to be effective in preventing
scouring of the mound. In addition, sheet piles and special type of gabions have proven to be
useful in blocking seepage beneath the caisson. Negligible pipping of soils was observed in all
the three reinforced cases due to minimization of seepage flow. In the unreinforced foundation,
the tsunami induced seepage led to sinking of rubbles into the foundation soils resulting in the
instability of breakwater mound. It is to be noted that the use of geogrid beneath the rubble
mound (Model-III) is counterproductive during tsunami overflow. The reason for this may be
that the geogrid provides a seepage path during the tsunami overflow.

226



Avg Settiement (mm)
Avg Horizontal Displacement (mm)

Model-I Model-Il Model-lIl Model-IV Model-| Model-Il Model-lll Model-IV
(Ureinforced) (Ureinforced)

(@ (b)

Figure 8. Settlement and horizontal displacement of the caissons during the tsunami overflow: (a) Aver-
age settlement (b) Average horizontal displacement

3.2 Centrifuge model test

A series of centrifuge tests under 25g gravitational field were performed for a model break-
water. Unlike the 1g tests, in these tests, shaking table tests and tsunami overflow tests were
carried out separately for the model breakwaters.

3.2.1 Test under earthquake loading
3.2.1.1 Model description and test procedures

Similar to 1g model tests, the breakwater at Miyazaki Port (Miyazaki Prefecture, Japan) was
adopted as a prototype in the centrifuge model tests. Prototype to model ratio adopted in this
case was 225, and the tests were conducted under 25g. Generalized scaling law developed by
Tai et al. (2005) was adopted to scale down the parameters.

Soil box was made of steel, except for the front face, which was made of acrylic plate. The
box type model caisson (breakwater) was made of aluminium and filled with lead balls to
adjust the weight (specific gravity 2.3) and centre of gravity. Foundation soil, which was prepared
using Toyoura sand, consists of two layers: a loose upper layer of relative density, D, = 60%, and
a dense lower layer of relative density, D, = about 90%. To observe the deformation of founda-
tion soil, red colored membrane was used in the front wall of soil box, and fixed in such a way
that it could move or deform along with the soil during the shaking.

Cross section of the model and the instrumentations for the test setup are shown in Figure 9.
Two gauges (V1 and V2) were used to measure the settlements, and two other gauges (H1 and
H2) were used to monitor the horizontal displacements of the breakwater. Five pore water pres-
sure gauges (P6 to P10) were installed to monitor the pore water pressures in the foundation soil.

 Vertical displacement gauge B Horizontal displacement gauge

B Water pressure gauge @ Pore water pressure gauge [ Accelerometer

Harbor Side Seaside

" Unit: mm 385

Figure 9. Experimental set up for earthquake loadings in centrifuge model tests
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Four water pressure gauges (W1 to W4) were installed to measure the water pressures on the
breakwater, and six accelerometers (Al to A6) were used to record the accelerations at different
locations. Only two reinforced models (Model-IT and Model-IV of Figure 3) were tested here.

Sinusoidal waves with frequency of 83 Hz and dynamic time of 1.4 second were used as the
input accelerations. Two foreshocks (0.1g and 0.2g) and one main shock (0.4g) were con-
sidered for earthquake loadings. Accelerations amplitudes were 2.5g (0.1g in the prototype
scale) and 5.0g (0.2g in the prototype scale) for the first and second foreshock respectively.
The accelerations amplitudes was 10.0g (0.4g in the prototype scale) for the main shock.

3.2.1.2 Results and discussions

The average settlements of the caisson for the unreinforced case are shown in Figure 10a in the
case of foreshocks and main shock. Similarly, the average horizontal displacements of the caisson
for the unreinforced case are shown in Figure 10b. It can be seen that while the average settlement
increases more than 3 fold (from 3 mm to 9.4 mm), there is a seven-fold increase (0.5 mm to 3.5
mm) in the average horizontal displacement with the increase in acceleration amplitudes.

Excess pore water pressures (EPWP) in the foundation soils, which play an important role
on the seismic performance of breakwater, are compared in Figure 11 for both the unre-
inforced and reinforced cases at location P8 (refer to Figure 9). The comparisons shown here
are only for the main shock. It can be seen that, more than 40% reduction of the EPWP could
be achieved in the reinforced foundation. The presence of sheet piles could reduce the deform-
ation and generate less shear strain within the foundation soils, and thus could check the rise
of pore water pressure in the loose saturated sand.

[ I Avg Settlement | | Il Avg Horizontal Displacement

Avg Settlement (mm)
Avg Horizontal Displacement (mm)

First Foreshock (0.1g) 2nd Foreshock (0.2g)  Mainshock (0.4g) First Foreshock (0.1g) 2nd Foreshock (0.2g)  Mainshock (0.4g)

(@ (b)

Figure 10. Settlement and horizontal displacement of unreinforced caisson during the foreshocks and
main shock: (a) Average settlement (b) Average horizontal displacement
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Figure 11. Excess pore water pressure at pressure gauge P8 during the main shock
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Figure 12. Settlement and horizontal displacement of the caissons during the main shock: (a) Average
settlement (b) Average horizontal displacement

In order to evaluate the resiliency of the tested models against earthquake loadings, in
Figure 12a, the average settlement of the caisson during the main shock is compared. It can be
observed from this figure that the average settlement for the unreinforced foundation is 9.4
mm, which could be reduced to 4.6 mm (51% reduction) and 2.2 mm (77% reduction) in
Model-IT and Model-1V respectively. While excessive ground deformation is the main cause of
settlement of the unreinforced case, the deformation could be restricted by the sheet piles in
the case of reinforced foundations.

Figure 12b shows the comparisons of the average horizontal displacement of the caisson for
the tested models during the main shock. It can be observed that the average horizontal dis-
placement for the unreinforced foundation is 3.5 mm, which could be reduced to 1.8 mm (49%
reduction) and 0.7 mm (80% reduction) mm in Model-IT and Model-IV respectively. In the case
of reinforced models, the ground deformation could be resisted by the sheet piles in addition to
the confining stress imposed on the rubble mound due to the protective gabions on the top.

3.2.2 Test under tsunami loading
For the tsunami overflow test, fresh models were prepared, and tests were conducted under 25
g gravitational field. Tsunami waves were generated by dam break method.

3.2.2.1 Model description

To reconfirm the effectiveness of the reinforcing elements against tsunami, a comparatively
more vulnerable breakwater was chosen for the tests. A prototype breakwater of height 10 m
was selected for the testing with a prototype to model ratio of 225. Cross section of the
models and their instrumentations are shown in Figure 13. A water tank with an opening gate
was used to generate the tsunami overflow for the scaled model. The operation of gate could
be controlled by sending a wireless signal from a PC, which allows water to be released from
the tank. A metal sheet was attached to the gate to control the water flow. A water-resistant
partition wall of desired height was installed to maintain the sea water level. Once the water is
released from the tank, it creates a water flow similar to the situation of a dam break.

Four displacement gauges were installed; out of which two were used to measure the settle-
ments of the caisson (V1 and V2), and two were used for measuring the horizontal displace-
ments of the caisson (Hland H2). Five pore water pressure gauges (P6 to P10) were installed
to monitor the pore water pressures inside the foundation soils. Two water pressure gauges
(W3 to W4) were used to measure the water pressures acting on the caisson.

The foundation soils were similar to those used in the 1g model tests, which are described in
sub-section 3.1. Based on the results of 1g model tests, further modifications were made in the
reinforced foundation models. The purpose of the modification is to make them more effective
against geo-disaster triggered by earthquake and tsunami. The modified models used in this
test series (Model-V, Model-VI and Model-VII) are shown in Figure 14.
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Figure 14. Models of breakwater foundation used in centrifuge model tests for tsunami overflow tests:
(a) Model-V (b) Model-VI (c) Model-VII

In Model-V, two rows of sheet piles are provided at both edges of the caisson. However, in
actual practice, it is difficult to install sheet piles very close to existing breakwater. Therefore,
in the tests, the sheet piles were installed at a small distance away from the edges of caisson.
The gap between the caisson and sheet piles was filled with impervious filling material to pre-
vent any initiation of seepage flow. In addition, protective gabions, as countermeasure against
tsunami-induced scour, were provided only on the harbor side. This is because of the fact
that, only leading wave of tsunami was considered in this research, and thus, there was no
necessity of providing protective gabions on the other side. Model-VI is similar to Model-I11
described in the sub-section 3.1. Model-VII is the modified version of Model-V, in which two
extra rows of sheet piles were provided at the edges of the mound.

3.2.2.2 Results and discussions

To observe the effectiveness of the reinforced foundation models against tsunami-induced
seepage, the incremental pore water pressure (IPWP) at P§ of the unreinforced foundation is
compared with all the other three reinforcing models (Figure 15). It can be seen that, all the
three reinforcing models yield more than 40% reduction of IPWP. It is to be noted that, the
sheet piles act as cutoff walls too, and thus, are somewhat effective in reducing the seepage
flow. Moreover, Model-VI, in which special gabions with metal sheet on the top were used,
was the most effective in decreasing the seepage beneath the caisson. Model-V and Model-
VII, in which impervious filling materials were used in the gaps between the sheet piles and
caisson, were also found to be effective in reducing the seepage.

The average settlements and the average horizontal displacements of the caisson are compared
in Figure 16. It can be seen in Figure 16a that, while the unreinforced foundation led to complete
collapse of the caissons, the reinforced ones exhibit very little settlement during the tsunami
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Figure 16. Settlement and horizontal displacement of the caissons during the tsunami overflow:
(a) Average settlement (b) Average horizontal displacement

overflow. Figure 16b shows that, while the unreinforced foundation led to complete collapse of the
caissons, the horizontal displacement could be reduced significantly by the reinforced models.

Although the tsunami impact force was one of the factors responsible for the complete col-
lapse of the unreinforced breakwater, scouring and seepage played some additional roles in the
gradual damage of the foundation leading to complete collapse in this case. These results indi-
cate the effects of sheet piles, protective gabions, special gabions and impervious materials used
in the mound. Protective gabions on the harbor side of the mound could resist the tsunami
impact forces. Also, the sheet piles could effectively prevent the scouring of mound. The special
gabions and impervious filling could prevent the development of seepage flow within the foun-
dation soils, and thus, protecting the rubbles and soils from washing away during tsunami.

The effects of reinforcement are evident from the photographs (Figure 17) of the unreinforced
and reinforced foundations, taken after the tests. While the unreinforced model experiences a
total collapse, the reinforced models demonstrate their resiliencies during tsunami.

Figure 17. Resiliency of the foundations under tsunami loading: (a) Model-I (unreinforced) (b) Model-V
(c) Model-VI (d) Model-VII
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4 FLUME TEST FOR TSUNAMI OVERFLOW

The purpose of this particular research was to confirm the effectiveness of the proposed
reinforcement techniques against tsunami induced damage, and to suggest the best reinforcing
solution for breakwater foundation. Many hydraulic flume tests for such geotechnical prob-
lem (Kasama et al. 2014, Oikawa et al. 2014) considered only the interaction between break-
water and rubble mound. However, foundation soils beneath the rubble mound play an
important role in the soil-structure interaction, as the seepage will be propagated through
both the rubble mound and the soils beneath it. The authors developed a special hydraulic
model testing apparatus, which can take care of the seepage flow through the entire founda-
tion including the rubble mound and foundation soils (Hazarika et al., 2016).

4.1 Outline of test

Model tests were performed under 1 g field to evaluate the tsunami resilient characteristics of
the proposed reinforcing techniques. Tsunami overflow state was reproduced during the tests to
evaluate the effect of steel sheet piles and gabions in reinforcing the foundation against tsunami.

4.1.1 Test methodology

The special hydraulic model testing apparatus, developed here, has the provision of not only
reproducing one-way water reflux, but also simulating the complete soil-structure interaction
process comprising of the rubble foundation, the foundation soil and the sea bed beneath it.
The schematic drawing of this apparatus is shown in Figure 18a. The flume is Im high, 5 m
long and 0.4 m width. Arrangements were made for the continuous flow of water in one direc-
tion during the tsunami overflow, and no back rush was considered. Water pumps were used
to recirculate the water, and let the overflow continue for a longer period. Movable gates were
used to maintain the desired sea water level and tsunami overflow height.

4.1.2 Test setup

As in the 1g shaking table tests and the centrifuge tests, the caisson type breakwater at Miyazaki
Port (Miyazaki Prefecture, Japan) was adopted as the prototype in the tests. A prototype to
model ratio of 64 (the same as in 1g shaking table tests) was adopted. Figure 18b shows the
cross section of the model and the instrumentations. Toyoura sand was used as the foundation
soil, in which the relative density (D;) of the lower layer representing the sea bed was 90 %, and
this layer was prepared by heavy compaction. Relative density of the upper layer representing
the foundation soil was 60 %, and this layer was prepared by air pluviation. Rubble mound was
made of crushed stones, with grain size of 5.0 - 9.5 mm. Model steel sheet pile was made of one
steel sheet (the same model, which was used in the 1g shaking table tests). The gabions were
modeled based on the prototype gabion (10 ton type) used in coastal structures. Three caissons
(one central and two dummies) were used, which could move independently during this test.
Measuring devices (four displacement gauges, two acceleration gauges, four water pressure
gauges, and fifteen pore water pressure gauges) were installed in the central caisson, as shown in
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Figure 18. Cross sectional view of the apparatus: (a) Schematic diagram (b) Instrumentations
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Figure 19. Test cases for the tsunami overflow: (a) Case 2 (Inner rows and protective gabions)
(b) Case 3 (Outer rows of piles and protective gabions)

Figure 18b. During the overflow period, video recordings were made from one side of the
apparatus, to monitor the seepage, scouring and resulting deformation of the foundation soil.

4.1.3 Test conditions

Three test cases (including the unreinforced case) were performed, of which the reinforced
cases are shown in Figure 19. They are: conventional breakwater with no reinforcement
(Case 1), breakwater reinforced with inner two rows of sheet piles and protective gabions
(Case 2 in Figure 19a), and breakwater reinforced with outer two rows of sheet piles and pro-
tective gabions (Case 3 in Figure 19b). The inner rows of sheet piles were installed near the
both edges of the caissons up to a depth of 25 cm reaching the sea bed soil. The outer rows of
sheet piles were installed near the edges (toes) of the mound up to a depth of 20 cm.

Froude’s similarity law for fluid was adopted to determine parameters of the tests. The
height of tsunami wave, which is defined as height of wave above the sea water level, was con-
sidered in the simulation of the test. In order to simulate the tests in the most severe condition,
L.W.L. (Low Water Level) of the Miyazaki Port was assumed, and the initial sea water level
was set at 14.0 cm. A steady overflow state was maintained during the tests. The water level
was maintained at 28.5 - 29.0 cm on the sea side, and 15.5 cm on the harbor side. The over-
flowing water height above the breakwater was set to 3.5 - 4.0 cm, which was equivalent to a
height of 9 - 10 m tsunami in the prototype scale.

4.2 Test results and discussion

4.2.1 Behavior of breakwater during the tsunami overflow

Behaviors of the breakwater during the tsunami overflow (at the instant t = 10 minutes) for
the three cases are shown in Figure 20. In Case 1, because of the water level difference between
the sea side and the harbor side, seepage flow takes place through the rubble mound and the
foundation soil. This seepage flow disturbed the foundation ground under the caissons. At the
same time, the rubble mound in the harbor side was scoured due to overflowed water with
strong water flow and whirlpools. Because the seepage flow and the overflowed water con-
tinued to scour the rubble mound and the foundation soil, all the caissons settled with signifi-
cant tilting. During the test, seepage and scouring could be observed throughout, and boiling
of sand was also observed. In Case 2, although a small amount of seepage flow between the

t=10 min t=10 min t=10 min

(b)

Figure 20. Resiliency of the caisson during the tsunami overflow: (a) Unreinforced foundation (Case 1)
(b) Reinforced foundation (Case 2) (c) Reinforced foundation (Case 3)
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sheet piles and caissons was observed, most of the seepage flow could be blocked by the sheet
piles. Moreover, protective gabions protected the rubble mound from the overflowing water.
As a result, both the seepage induced deformation of the foundation as well as the accom-
panying scouring due to the tsunami overflow, were remarkably reduced. Therefore, in this
case, the settlement and the inclination were smaller than that of Case 1. While scattering of
gabions were observed at several places, damage to rubble mound was insignificant as com-
pared to Case 1. The scattering of gabions can be prevented by increasing the number of pro-
tective layers (Liu and Hazarika, 2018). In Case 3, due to absence of sheet piles at the two
edges of the caissons, seepage flow dominated. The seepage resulted in significant deformation
of the rubble mound and the foundation soil, and consequently led to the high settlement as
well as inclination of the caisson in this case.

The above results revealed that the sheet piles and gabions have excellent reinforcing effect
against tsunami induced damage to breakwater. Inner rows of sheet piles could block the seep-
age flow through the rubble mound and the ground, and thus, the deformation within the
foundation by seepage flow could be greatly reduced. Gabions could absorb the force of over-
flowed water, and thus, they could protect the mound from scouring.

4.2.2 Displacement of the breakwater

Time histories of the horizontal displacement and vertical displacement (settlement) of the
caisson are shown in Figure 21. In this paper, the average of the values from displacement
gauges D-1 and D-2 (see Figure 18b) is defined as the horizontal displacement, and the aver-
age of the values from displacement gauges D-3 and D-4 (see Figure 18b) is defined as the
vertical displacement.

Figure 21 reveals that, in Case 1, both the horizontal and vertical displacement were
extremely large, which led to the large movement of the caissons towards the harbor side.
However, both the displacements were significantly less in Case 2 and Case 3. If we compare
the displacements at 1000 seconds, the horizontal displacement of Case 2 and Case 3 was
reduced by 80% and 54% respectively, as compared to Case 1. Similarly, comparing the dis-
placements at 1000 seconds, the vertical displacement of Case 2 and Case 3 was reduced by
50% and 31% respectively, as compared to Case 1. Therefore, it can be concluded that both
the horizontal and the vertical displacement (settlement) could be remarkably reduced by
using the proposed reinforcing techniques. This figure also reveals the resilient behaviors of
the reinforced foundations. While Case 1 experiences an increase in deformation from the
beginning, Case 2 and Case 3 experience delayed deformation. Especially, in Case 2, the hori-
zontal displacement remains zero until 350 seconds, and thereafter, only a gradual increase is
observed. Comparing the behaviors of Case 2 and Case 3, it can be deduced that, the location
of the sheet piles (inner or outer) plays a significant role in restricting the displacement of cais-
son induced by seepage and scouring.
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Figure 21. Time history of horizontal displacement and vertical displacement of the caisson: (a) Hori-
zontal displacement (b) Vertical displacement (settlement)
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5 NUMERICAL SIMULATION FOR FLUME TEST

This section describes the numerical simulation of a different series of hydraulic model tests per-
formed (Makimoto et al. 2018) using the same hydraulic model testing apparatus described in
Section 4. In the hydraulic model testing, it was observed that during the tsunami overflow,
seepage plays an important role in the deformation of the foundation ground. Although, the
sheet piles installed at both edges of the caisson (Case 2 in Figure 19) were able to block the
seepage flow to some extent, they could not completely block such flow. Therefore, the authors
suggested the use of some impermeable materials between caissons and the sheet piles. The
effect of such impermeable material is discussed in this section through numerical simulation.

5.1  Numerical simulation

Numerical simulation was performed using CADMAS-SURF, which is a simulation software
used in practice for the design of tsunami resistant waterfront structures. This software, in
which Navier-Stoke equation is numerically solved, was developed by Coastal Development
Institute of Technology, Japan (CDIT, 2001). The following two particular cases (Figure 22)
of the flume tests conducted by Makimoto et al. (2018) were simulated: (1) Conventional
breakwater (unreinforced foundation) (2) Tsunami resistant breakwater (reinforced with sheet
piles, gabions and impermeable (water shielding) materials)

5.2 Results and discussion

Using CADMAS-SUREF, it is possible to calculate the horizontal force acting on the caisson
due to tsunami and the pore water pressure generated inside the mound during the tsunami
overflow. Figure 23 shows the results of the simulation. In these figures, p; is the water pres-
sure acting at the bottom of the caisson, p, is the water pressure acting at the top of the cais-
son, and Py is the resultant horizontal wave force on the caisson. PW-1, PW-3 and PW-5 are
the pore water pressures generated within the mound (the seaside, the central part beneath the
caisson and the harbor side).

Water shiclding Gabion

D,=60%

D =90

(2)

Figure 22. Models considered in the simulation: (a) Unreinforced foundation (b) Reinforced foundation
with sheet piles, gabions and impermeable materials

@ S

Figure 23. Simulation results: (a) Unreinforced foundation (b) Reinforced foundation
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Figure 24. Pore water pressures inside the mound: (a) Unreinforced foundation (b) Reinforced foundation

Comparing the contours of pressures in the two figures, one can clearly see the blockage
of seepage flow within the foundation soils. Special attention needs to be paid on the over-
flow water depth above the caisson in the two figures; reinforced case (Figure 23b) shows
higher water depth as compared to the unreinforced case. This suggests that the sheet piles
could effectively block any seepage through the mound and foundation soils. Therefore, it
can be concluded that the combination of sheet piles and impermeable materials (sealing)
can be an effective solution against any seepage induced deformation in a breakwater
foundation.

The pore water pressures at the three locations (PW-1, PW-3 and PW-5) are compared in
Figure 24 for the unreinforced and the reinforced foundation. In the same figures, the results
from the flume tests are also indicated. Although the simulation results exhibit higher values
as compared to the test results, however, the trends are same for both the cases.

6 CONCLUSIONS

The following are some of the main conclusions, which could be derived, based on this research.

1. During earthquake, deformations of the rubble mound and foundation soils were the
major causes of damage of conventional breakwater. However, during tsunami, impact
forces on the caisson, scouring of mound by overflowing tsunami and seepage beneath the
caisson were the main reasons of failure of conventional breakwater.

2. One of the major causes of breakwater settlement is the lateral deformation of foundation
soils during the earthquake loading. The sheet pile reinforced foundations could restrict the
deformation of foundation ground, and thus, can be an effective countermeasure for miti-
gating the earthquake induced damage of breakwater.

3. During tsunami, seepage flow takes place through the rubble mound and the foundation
soils, due to the water level difference between sea side and harbor side. Seepage flow dis-
turbs the foundation soils beneath the breakwater, and causes significant settlement and
tilting of breakwater with unreinfocerd foundation.

4. Sheet piles and special type of gabions were found to be effective in reducing the seepage to
a greater extent. However, complete blockage of seepage is not easy to achieve.

5. Overflowing tsunami scours the harbor side rubble mound of unreinforced foundation.
Gabions provide extra protections to the rubble mound from the thrust of overflowing tsu-
nami, and, thus can prevent scouring induced damage to breakwater.

6. Flume tests revealed that the proposed reinforcing techniques have dominant effects
against seepage and scouring induced instabilities to breakwater. Numerical simulations of
the flume tests clearly indicate the effect of seepage within the breakwater mound.

7. Various reinforcing methods for breakwater foundation developed, tested and suggested in
this research, could reduce the settlement and horizontal displacement of breakwater when
subjected to earthquake and tsunami. However, they have their own merits and demerits,
which need to be explored well before applying those methods in practice.
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To arrive at the most economic and efficient design methodology, more detailed studies are
needed for reinforcing breakwater foundation, such as the effects of extra wave forces added
due to complete blockage of seepage and existence of tetra pods on the sea side of breakwaters
(Liu and Hazarika, 2018). Quantitative evaluations of such soil-structure interaction phenom-
enon through advanced numerical simulations are also undergoing to evaluate the pros and
cons of those effects, as well as to clarify the mechanism of resiliency enhancement of the tech-
niques described in this research.
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