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Abstract. Submerged barriers, single or double, can be used to
greatly reduce the devastating effect of a tsunami wave accord-
ing to a research flume study conducted at Tel Aviv University.

1. Introduction

Tsunami, Japanese for ““a big harbor wave,” is one of the
most dangerous natural calamities affecting the coastal zone
of world’s oceans. They occur most frequently in the Pacific
because seismic activity there is much higher than in other
oceans. Indeed, in an overwhelming number of cases,
tsunamis are generated by strong underwater earthquakes.
Eruptions of submarine volcanos, submarine landslides, and
the impact of large meteorites are among other factors having
the potential to generate tsunamis.

In addition to the Pacific, tsunamis are also observed in
the Atlantic and Indian Oceans. There are data on tsunamis in
the Mediterranean Sea [1] and even in the Black and Caspian
Seas [2]. The damage caused by strong tsunamis sometimes
far exceeds that from the tsunamigenic earthquake proper.
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The most common tsunami generation mechanism is an
abrupt vertical displacement of large areas in the epicentral
region (or its vicinity) accompanying strong submarine
earthquakes. It cannot be excluded that tsunamis are
generated by massive submarine landslides and the fall of
large soil masses from steep slopes.

On average, about three thousand submarine earthquakes
occur each year on Earth [3]. A fraction of the seismic source
energy is transformed into that of wave motion. Accordingly,
strong submarine earthquakes might provoke disastrous
tsunamis [4]: in 2004 alone, the death toll was more than
230000 in over 11 countries across the Asia—Pacific region as
the result of a massive tsunami in the Indian Ocean.

One of the intrinsic characteristics of tsunamis is their
ability to propagate over huge distances while preserving the
devastating power. During the Chilean tsunami, the waves
traversed the entire Pacific Ocean in 22 hours and hit the
Japanese coast, causing considerable damage. The tsunami
propagation speed in the open ocean is reliably predicted by
the formula ¢ = \/gH, where H is the water depth and g the
acceleration of gravity. This formula assumes the ocean to be
shallow compared to the tsunami wavelength. The mean
depth of the Pacific Ocean is about 4 km, and the tsunami
propagation speed there is about 700 km h~!'. Detecting
tsunamis in the open ocean is practically impossible without
dedicated instruments because their wavelength lies in the
range from several dozen to several hundred kilometers, while
their amplitude is only 1-2 m. The initial sea surface elevation
in the tsunami source region does not exceed a few meters,
while the wave periods are in the range from 2 to 200 min. The
wave amplitude is reduced with distance from the source
due to cylindrical divergence, except the cases where the
tsunami propagates along submarine ridges that serve as
waveguides. In the latter case, the amplitude stays practi-
cally constant.

Because of a relatively weak damping with distance from
the source and the wave energy focusing due to the varying
bottom topography and Earth’s sphericity, even the tsunamis
excited by fairly distant sources are dangerous. Wave
refraction over uneven bottom topography modifies the
direction of wave front propagation and may result in an
extremely irregular wave amplitude distribution along the
coastline.
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Figure 1. Wave-breaking barrier in the mouth of Ofunato Bay in northeast Japan built for tsunami protection.

When tsunamis enter the shallow ocean, their propaga-
tion speed decreases drastically. The amplitude grows
accordingly and reaches a maximum value along the zero
depth line (if the wave crest does not break). The lateral
confinement of a tsunami, e.g., entering a narrow bay or river
mouth entails even stronger growth in the wave amplitude.

Theoretical approaches to the problem of tsunami
generation, propagation, transformation, and dissipation
were the subject of studies [5, 6] and [7]. Theoretical
predictions are typically supported by numerical simula-
tions. Book [8] offers a thorough review of the main results
of more than 50 authors worldwide pertaining to numerical
modeling of nonlinear waves in the ocean, such as waves
generated by landslides, solitary waves, or tsunamis, their
interaction with coastal areas, and so on. The numerical
models developed in [9-11] laid the basis for the tsunami
zoning of the Russian Pacific coast, including estimates of the
tsunami occurrence probability in a given region and the
vulnerability to flooding as a function of the tsunami
parameters.

While the importance of numerical simulation of tsunami
generation and propagation is beyond all doubts, it is also
quite apparent that some effects can be lost even in
simulations performed for the simplest models of bottom
topography, such as underwater ridges, which frequently
channel the waves or hinder their propagation. This can
distort even a qualitative picture of the phenomenon.

Such difficulties occur because a tsunami propagating
over such a bottom excites wave perturbations over a range of
scales from a few hundred kilometers down to that of local
turbulence. For a wave propagating along an underwater
ridge or reef, waveguide trapping is possible. A new scale —
the transverse obstacle size—emerges in this case. In
contrast, if the wave impinges on this two-dimensional
obstacle transversely, small-scale perturbations may evolve,
breaking up downstream of the submarine obstacle. Such
perturbations may introduce additional dissipation to the
original large-scale wave through the accompanying ‘turbu-
lent’ viscosity. In contrast, submerged islands may focus a
tsunami locally such that it experiences substantial growth in
the lee of an island and, consequently, noticeable attenuation
some distance away [12].

Because the momentum flux density tensor is propor-
tional to the velocity squared [13], it is natural to try to reduce
the wave impact strength and the resulting damage by
reducing the fluid velocity, for example, by placing an
obstacle across the fluid path. Results of laboratory model-
ing in the early 1960s showed that an obstacle crossing the
path of a strong tsunami reduces not only the depth of runup

but also the velocity of the onshore watermass flow. One
engineering solution to shelter population and infrastructure
from tsunamis is the construction of protective walls of
various kinds separating harbors from the main territory of
settlements and towns. The height of such walls reaches 5 m.
Figure 1 presents a photograph of a protective pier in
Ofunato Bay (Japan) (the total pier length is 740 m, leaving
a 200 m wide entrance to the bay), capable of withstanding
tsunamis up to 6 m in height (unsubmerged barriers). Built in
1967, the barriers proved their efficiency just one year later
during the tsunami on 16 May 1968, reducing the tsunami
height twofold.

Such barriers are in principle capable of protecting harbor
constructions against a tsunami of moderate strength, but for
a strong event, even solid concrete walls rising over water
yield to the tsunami water head and topple over. During the
strong tsunami in 1983, water flowed over walls 6 m in height
in the Nosiro harbor, and several blocks weighting 5000 t each
were overturned.

Consequently, from this standpoint, it is advisable to use
one or several submerged barriers that do not fully suppress
tsunamis but substantially mitigate their hazard to seacoast
communities. Indirect evidence in favor of such an approach is
provided by the recently published data on a substantial
mitigation of destructive tsunami consequences in zones on
the shore that are protected by coral reefs. Conversely, in
locations where the reefs were damaged or destroyed through
illegal trade, the damage caused by tsunamis was particularly
devastating. Based on multiple data sources, the International
Maritime Organization [14] (2009) pointed to the important
role of submarine coral reefs in protecting against tsunami
disasters.

Theoretical and numerical models of the response from a
vertical unsubmerged barrier to the propagation of a traveling
tsunami wave have been under study since the 1960s (see
Refs [15-22)).

2. Experimental study of the effect
of submerged barriers on wave propagation

We have experimentally explored the impact of single and
double submerged barriers on the propagation of a solitary
wave package with the characteristic horizontal scale exceed-
ing the water layer depth by a factor of 10-30. Here, we
discuss the results of our experiments pertaining to simulation
of tsunamis and their mitigation. The experiments were
performed in one of the specialized basins located in the
building of the Engineering Department of Tel-Aviv Uni-
versity. The Department runs two experimental channels,
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Figure 2. Two experimental channels used for laboratory simulations of small and large-scale wave and hydrodynamic phenomena. The length of the left
channel is 20 m (a) and the length of the right one, used for tsunami simulations, is 5 m (b).
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Figure 3. Schematic of the experimental setup.

which are 20 and 5 m in length. Figure 2a shows the longer
channel and Fig. 2b shows the shorter one, which we used in
our research. Our setup is schematically presented in Fig. 3.
The left part displays a tsunami wave generator—a bent
aluminum plate that is held pressed to the bottom by a catch,
opposing the action of a stretched spring. When the catch
releases the plate, it returns to its previous state driven by the
spring and pushes some amount of water to the right, toward
the ‘beach’ and the ‘coast.” Centimeter grids are drawn on the
beach and the coast, the positive one on the coast and the
negative on the beach. They serve as gauges to measure the
tsunami runup. The wavelength is 3 m, the wave amplitude is
3 c¢m, and the channel depth is 10.5 cm. The wavelength and
amplitude of the tsunami are measured with wave height
meters, each comprising two tantalum wires (Fig. 4) working
as a capacitor with variable capacity, which is defined by the
fluid height. Figure 5 plots the time dependence of tsunami
elevation measured by one of the instruments. Figure 6
highlights the action of the wave generator: the catch holds
the bent metallic plate (Fig. 6a, b), which then pushes water
toward the shore (Fig. 6¢).

The first barrier was placed at the distance 102 cm from
the wave generator at the bottom of the channel, perpendi-
cular to its axis, intercepting the channel up to a certain depth.
A second, identical barrier was placed some distance further.
The barriers were aluminum plates 3 mm thick and 50 cm
wide (the channel width). We were interested in exploring

how the height of the barriers and their separation affect the
runup of water that reached the shore. With this aim, we
varied both the height of the barriers and the distance between
them during the experiments, while keeping the position of
the first barrier fixed with respect to the wave generator
(102 cm). The ratio of the barrier height to the depth was
varied from 0.3 to 1.2.

Figure 4. Gauges used to measure the height.
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Figure 6. Frames showing the action of the trigger mechanism of the wave
generator: (a) the catch that holds the plate is raised with the help of a
motor above the plate; (b) the moment when the catch presses the plate
down, the string is stretched; (c) the catch jumps off the plate edge, the
string pulls the bend plate, and the entire volume of water above it is
pushed to the right toward the coast.

A Fourier analysis of time evolution (Fig. 7) has shown
that a mode with the period 3 s dominates the excited wave.
Because the distance between the height gauges is known, the
tsunami propagation speed is also known, and turns out to be
1 ms~!. The prevalence of the three-second mode unambigu-
ously determines the tsunami wavelength as 3 m. Because the
wavelength 4 greatly exceeds the fluid thickness /4, the wave
package can be regarded as a tsunami moving at the speed
c = +/gh.

Figure 8 shows the development of the runup across the
beach and coast as the wave approaches the shore, from a
gently sloping (Fig. 8a) and vertical front (Fig. 8b) to breaking
and an S-wave (Fig. 8c) [24], and, finally, to wave dissipation
on the coast. Here and below, we use a high-speed photo
camera that allows taking up to 1200 frames per second (fps).
In our experiments, we used a speed of 300 fps.

Figure 9 plots the dependence of tsunami runup on the
height of a single barrier. Without the barrier, the runup is
10 cm. If the barrier height is close to the channel depth
(10 cm), the runup is zero, i.e., water stays at the boundary
between the beach and the coast. A barrier 12 cm in height,
i.e., extending 1.5 cm over the water surface, reduces the
runup height to —15 cm (beach).
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Figure 7. The Fourier spectrum of the wave package amplitude | Y(7)| (see
Fig. 5) produced by the wave generator.

Figure 8. Photo frames showing the evolution of a wave package as it
approaches the coast.
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Figure 10. The tsunami reflection coefficient as a function of the barrier
height. The depth of unperturbed fluid is 10.5 cm; therefore, barriers with
the height 11 and 12 cm extend above the water surface.
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Figure 11. Plots showing the runup dependence on the distance between two bottom barriers of the same height. Height of barriers: 3.1 cm (a), 5.5 cm (b),
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Figure 12. The same as in Fig. 11, but for a rough surface covering the beach and the coast. The height of double barriers is 3.0 cm (a), 5.5 cm (b), and

7.5 cm (c).

Figure 10 shows the dependence of the wave reflection
coefficient on the height for a single barrier. Apparently, the
maximum in the reflection coefficient (0.4) corresponds to the
maximum barrier height (12 cm).

The wave runup was recorded by a high-speed photo
camera. A wave excited in the channel is practically
independent of the transverse coordinate and propagates
along the channel as a bore wave. But as it approaches the
coast, it starts to feel local defects in the tilted aluminum plate
modeling the coastal zone, such as its surface roughness,
micro cracks, or greasy spots, which eventually destroys the
initially two-dimensional structure of the incident wave. The
runup builds tongues or holes that disturb the frontal
structure. Realizing this, we used the distance to the farthest
wet point as a quantitative characteristics of runup.

The runup was estimated each time as the average over
several (usually, 7-10) experimental realizations. The runup
measured for the first run was always very different from that
in subsequent experiments. The explanation is obvious: the
properties of dry and wet surfaces are markedly different; in
performing experiments, we therefore always discarded the
results of the first one and used the rest (keeping the barrier
height and distance between the barriers fixed) to compute the
mean runup.

The dependence of runup on the distance between two
similar barriers is presented in Fig. 11. The minimum in the
runup occurring for a certain distance between the barriers
was the more pronounced, the larger the barrier height. To
gain more support for the existence of a minimum tsunami
runup, we performed additional experiments in which the
characteristics of the beach and coast were modified. In these
experiments, they were covered with a hygroscopic paper. The
wet surface becomes transparent and the underlying centi-
meter grid also allows accurate measurement of runup in this
case. Such a thin hygroscopic layer not only effectively masks
local inhomogeneities, roughness, or defects of the machine
processing of a metallic surface, making the ‘beach’ surface
smoother and more homogeneous, but also introduces
additional friction affecting the runup. Figure 12 is similar to
Fig. 11 and in the same manner shows the runup as a function
of the distance between the barriers. But in the experimental
series presented there, the properties of the beach and coast
were modified by covering them with a rough hygroscopic
paper. By comparing both figures, we can see that the
minimum observed for the original, uncovered coast pro-
nounced only for barriers exceeding 7.5 cm is well manifested
for the rough coast even for small barriers.

The behavior of runup observed here, which is sensitive
not only to underwater barriers but also to the distance
between them, undoubtedly implies that the impact of a
tsunami that reaches the coast can be controlled with such
barriers. Bearing this in mind, in the last series of experiments,
we explored the strength with which a tsunami hits an
obstacle placed on the coast. Instead of near-bottom barriers
fully intercepting the channel, we used small concrete tiles
(7cm in width and height and 0.8 cm thick). The tiles fell if
two barriers 8 cm in height were installed at the bottom and
the distance between them reached a maximum (48 cm). But
the tiles held the strike and did not lose stability even for two
shallower (7.5 cm) barriers when the distance between them
was 25 cm, which corresponds to the minimum runup for such
barriers (Fig. 12d).

The experiments conducted for various types of coast,
despite quantitative differences, allow concluding that a
considerable reduction in a tsunami hazard can be achieved
with the help of single or double submerged barriers.

We now try to translate the results of our experiments to
natural conditions. We estimate a characteristic size of
bottom barriers and distances between them that would
noticeably affect the runup of the wave on the shore. In the
Appendix, we show that the laboratory model considered
here allows a similarity transformation according to which
the characteristic dimensions increase, e.g., by a factor n,
while time changes by the factor /n. In our experiments, the
water depth was 0.1 m. We assume that the wave approaches
a coast 10 m deep, implying the scale factor n = 10>. A wave
with the length A =3 m and duration 3 s transforms into a
wave 300 m in length and 30 s in duration. Because the length
of oceanic waves seldom exceeds 100 m, a wave with the
wavelength 300 m can be considered a short tsunami wave.
The laboratory experiments have demonstrated that even
small near-bottom obstacles crossing the tsunami path can
noticeably suppress the wave on the coast if the separation
between them is properly selected. For instance, barriers 3 m
in height installed at the bottom of a 10 m layer 30 m apart can
reduce the tsunami runup twofold (Fig. 12 a).

3. Conclusions

The experiments were conducted in a basin 5 m in length and
10.5 cm in depth. The wavelength of the generated wave was
about 3 m, which allows referring to it as a tsunami. We used
two types of barriers: single and double, with a variable
distance between the barriers in the second case.
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I. In experiments with single barriers,

1) we have confirmed the results of earlier experiments
[15] that showed that a single barrier is capable of reducing the
tsunami runup;

2) it was found that the runup is negligible only for
unsubmerged barriers.

I1. For the first time, experiments with double submerged
barriers were conducted. They demonstrated that

1) double barriers are more efficient than single barriers
of the same size in reducing the tsunami runup;

2) a minimum runup exists for a particular distance
between two submerged barriers;

3) as the barrier height increases, the relative amplitude of
the minimum runup decreases. The runup can be reduced
virtually to zero for submerged barriers;

4) using the group-theory method of differential equa-
tions developed by Ovsyannikov [6], the parameters of
experiments can be translated to natural conditions.

4. Appendix

The group of similarity transformations allowed by the Euler
equations

Three-dimensional motion (including wave motion) of the
ideal incompressible fluid in a layer n(x,y,1) = z = h(x,y),
where x and y are horizontal coordinates, in the presence of
the force of gravity and in the absence of other external forces
(bottom friction, the Coriolis force, etc.) and vorticity satisfy
the Euler differential equations, which in vector notation take
the form

divv =0,

ov 1 0p
E'F(VV)V——Ea—g,
rotv=20,

or, in the component form,

Ovy 6& v, 0

ox 0y 0z ’

Ovy Oy Ovy Oy 1 op

ot T Ty T T T pax

vy, vy, v, vy, 1 0p

a—[“+vxa—;+vya—;+vz = ay

ov, ov, ov, ov, 1 0p

TR R T Py S £ (1)

rotv:%—avzzo ie. %:61}2
* 0z Oy ’ 0z oy’

rotl,v:%—%:o ie. al:%
’ ox 0z ’ T ox 0z’

rot.v = vy Ovy _ ie. e _ Quy .
: dy 0x ’ 9y ox

The following boundary conditions must be satisfied at the
free surface and the bottom:

dn(x,y,t) _0on  On on

= A D o+ T, p=0atz =y,

v: dr o Toy gy e p=latE=
(2)

dr— \or ox oy ox © ' dy

dz 0z 0z 0z 0z 0z
— = =0)+—vn+—v, =0+ v,z="h.

The following notation is used in Eqs (1) and (2): vy, v, and v,
are the velocity components along the x, y, and z axes, p is the
density, p is the pressure, g is the gravity acceleration, 7 is the
free surface elevation with respect to its unperturbed position,
and £ is the fluid depth.

We consider what happens if all linear dimensions are
increased n-fold, i.e., when all dependent and independent
variables are transformed as

*

x"=nx,y " =ny, z"=nz, n* =nn, ¥ =nh. (3)

We seek a similarity transform of the coordinates and
variables for system of equations (1) and (2) that would
preserve the equality between the right-hand and sides of the
equations if the equations are satisfied for some solution (a set
of parameters). To perform such an analysis, the system
above can be conveniently rewritten in terms of displace-
ments for the time interval 0t in directions of the coordinate
axes, onx, Ony, and Onz. In particular, the component v, of the
full velocity v along the x axis can be written as

onx

or
After the corresponding substitutions, Eqs (1) and 2 take the
form

Vy =

2 2 2

0‘nx  0°ny an:m @)

Ox0r OyOtr 0zot

nx  Oonx O’nx  Ony O®nx  Onz 0%nx 1 0p
b et et =, (5)

0tor Ot 0xO0tr Ot OyOr 0Ot 0zOt p Ox

ny Gn_x *ny 62 ny % o*ny _ 1 6_p (6)

otor Ot oxdt Ot oyor 0ot dzor  p oy’

Onz Onx O'nz OnyOnz Onzlnz  18p

0tor Ot ox0t 0Ot oyor 0ot 0zor  p oz '

(7)
0%nz B %ny nx B nz  %ny B %nx ()

010y 0t0z’ 0td0z Ordx ' Otdx 0tdy

For small flow velocities, the pressure in the body of water
differs from the hydrostatic pressure only slightly:

p=pgnlx,y,0)—z).

After this substitution, the right-hand side of Eqn (7)
vanishes, while the right-hand side of Eqn (5) and Eqn (6)
contain the quantities

on on
g a—j and g 6—):7 . 9)
It is easy to see that with the new variables substituted, all
terms increase n-fold if ¢ is unchanged. To preserve the
equality of both sides of the equations, ¢ should also be
transformed by the factor v/n. Hence, the change of variables
in (3) and the time transformation

t* = /nt (10)
is an admissible similarity transformation group [24] for Euler
equations (1) and (2). In other words, if a solution of the
problem in Eqns (1) and (2) is found, then the same solution
transformed in agreement with Eqns (3) and (10) solves the
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equation in the case where all linear sizes are increased n-fold
and time is stretched by the factor /n.
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