NONLINEAR BEHAVIOUR OF TSUNAMI-LIKE SOLITARY WAVE OVER SUBMERGED
IMPERMEABLE STRUCTURES OF FINITE WIDTH

Agnieszka Strusinska-Correia* and Hocine Oumeraci’

A study on the nonlinear transformation of a tsunami-like solitary wave over impermeable submerged structures of
finite widths was performed to examine the feasibility of the integration of such structures into tsunami coastal
protection systems. Laboratory experiments with varying structure geometry and incident wave conditions were
conducted to determine wave evolution modes, incipient wave breaking and the number of solitons resulting from the
wave fission process. The latter was found to be constant for a given relative structure submergence depth and width,
irrespective of incident wave conditions, and tended to increase for smaller freeboards and larger barrier widths. The
hydraulic performance of the structure, predicted numerically for more realistic tsunami conditions by means of the
Boussinesg-type model COULWAVE, was determined in terms of wave transmission, wave reflection and wave
energy dissipation coefficients. The rate of wave transmission and energy dissipation was dependent on the breaking
conditions over the structure crest: the weakest wave attenuation (approximately 10%) corresponded to nonbreaking
waves, while the highest wave damping (about 25%) was achieved for the widest relative structure width (B/L;= 1.0)
and the smallest relative structure submergence depth (d,/h = 0.3) investigated.
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INTRODUCTION

The recent tsunami events have significantly contributed to the development of new and more
effective strategies for tsunami mitigation. Since tsunami hazard is too hard to predict and to control,
multi-defence lines strategies would be preferred instead of the conventional tsunami countermeasures
used so far. The aforementioned strategies should be based on a concept of a gradual attenuation of
incident tsunami energy by means of both man-made structures and natural barriers, placed from
offshore to onshore, as suggested by Oumeraci (2006). The performance of the entire protective system
is primarily governed by the effectiveness of its first defence line, which can be exemplarily constructed
of broad submerged structures. The incident tsunami energy is expected to be dissipated by prematurely
induced wave breaking in the shallower water over the structure crest. The tsunami breaking conditions
are controlled in this case by the structure geometry (mainly the width and the height/freeboard), so that
a wide barrier would be required to achieve a significant tsunami attenuation.

Submerged structures have been so far employed for storm wave attenuation in order to prevent
from coastal erosion (e.g. Aono and Cruz, 1996; Pilarczyk, 2003; Bleck, 2006). Due to the substantially
different properties of tsunami and storm waves, this experience cannot be however directly applied to
tsunami damping. Interaction of tsunami-like solitary waves with submerged structures of infinite
widths has been intensively investigated, with the focus on the inception of wave breaking (e.g. Hara et
al., 1992), solitary wave disintegration into solitons (e.g. Madsen and Mei, 1969; Seabra-Santos et al.
1987 and Liu and Cheng, 2001) as well as determination of wave transmission and wave reflection
coefficients (e.g. Losada et al., 1989; Goring, 1992). In contrast, solitary wave transformation over
submerged barriers of finite widths has attracted much less attention (e.g. Lin, 2004; Grilli et al., 1994
and Lynett, 2007), particularly the phenomenon of wave fission (e.g. Seabra-Santos et al., 1987).
Therefore, understanding of the nonlinear processes induced by submerged structures of finite widths
was necessary to determine the feasibility of application of these types of structures to tsunami
attenuation.

Laboratory experiments were conducted first to provide a deep insight into the process of wave
breaking (classification of observed wave breakers and determination of breaking criterion) as well as
solitary wave fission (determination of the number of generated solitons). Based on this knowledge,
numerical investigations were performed using Boussinesg-type model COULWAVE to predict global
processes (i.e. wave transmission, wave reflection and wave energy dissipation, expressed in terms of
wave energy) under more realistic tsunami conditions as compared to the laboratory tests.
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LABORATORY EXPERIMENTS ON SOLITARY WAVE INTERACTION WITH IMPERMEABLE
SUBMERGED STRUCTURES

Experimental set-up, programme and measuring devices used

The nonlinear transformation of a solitary wave over a submerged obstacle was investigated
experimentally in the 2 m-wide wave flume of the Leichtweil3-Institute for Hydraulic Engineering and
Water Resources (LWI), at the Technische Universitat Braunschweig in Germany. The wave flume is
about 90 m long, 1.2 m high and is equipped with a roubble-type wave absorber, used to minimize wave
reflection from the end flume walls (Fig. 1).
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Figure 1. Exemplary experimental set-up of submerged impermeable structure in the 2 m-wide flume of LWI.

The seaward corner of the impermeable obstacle (p = 0 %) was placed at a distance of 34.75 m
from a wave maker as shown in Fig. 1. The structure was designed of two identical steel frame units,
each 1.0 m long and 2.0 m wide, covered with plywood plates at the top, front and back. Two widths of
the barrier crest were tested: B = 1.0 and 2.0 m by using the single or the double model unit,
respectively. Depending on the total water depth in front of the structure (h = 0.5, 0.6, 0.7 m) and the
structure height (h,= 0.3, 0.4, 0.5 m), the submergence depth of the barrier, given as:

d, =h-h, 1)

varied from d, = 0.1 m to d, = 0.4 m (see Fig. 2). The barrier was equipped with removable seaside and
landward slopes (1:2) in order to investigate the effect of the barrier shape (rectangular and trapezoidal)
on wave behaviour. Additional tests without the submerged structure (i.e. B = 0.0 m and h, = 0.0 m)
were performed for water depth of h = 0.6 m to compare wave behaviour with and without the barrier.

Solitary waves of nominal wave height H;,om = 0.06 - 0.22 m (with an interval of 0.02 m) were
generated in a deep portion of water h by means of a piston-type wave maker. The corresponding
nominal incident wavelength, varying from L; ;om = 3.2 m to L nom = 8.04 m, was calculated by means of
the formula proposed by Dean and Dalrymple (1991):

I‘i nom :ZLZh (2)
' Hi,nom/h

The experimental programme is summarized in Table 1. Dimensionless parameters, describing
incident solitary wave conditions and reef geometry, were applied to the analysis of the experimental
results. The most relevant parameters are: relative structure height (h/h = 0.0 - 0.83), relative
submergence depth (d/h = 0.17 - 1.0) and relative structure crest width (B/L;g, = 0.12 - 0.63). In the
latter, generated wavelength L; 4, was obtained from Eq. (2) by replacing incident nominal wave height
Hinom by incident generated wave height H; g, (See Table 2).

Water free surface elevation was measured in front of, over and behind the submerged structure by
means of wire-resistance wave gauges (WG) as shown in Fig. 1. The number and the distance among
the measuring devices varied in the tests to ensure the best capture of the inception of wave breaking
and wave disintegration into solitons. These two processes were recorded by two video cameras
installed at the flume walls.
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a) Rectangular-shaped structure b) Trapezoidal-shaped structure

Figure 2. Geometry of tested impermeable submerged structures: a) of rectangular shape, b) of trapezoidal
shape.

Table 1. Structure geometry and incident solitary wave conditions tested (see also Fig. 2).

hy [m] dr [m] B [m] Slopes [-] Hinom [M] Linom [M]
h=0.5m 0.3,0.4 0.2,0.1 1.0,2.0 1:2 0.06-0.22 6.12-3.20
h=0.6 m 0.0,0.3,0.4,05 | 0.6,0.3,0.2,0.1 | 0.0,1.0,2.0 | 1:2, noslopes | 0.06-0.22 8.04-4.20
h=0.7 m 0.3,0.4,0.5 0.4,0.3,0.2 1.0,2.0 1:2 0.10-0.22 7.85-5.29

Table 2. Nominal and generated incident solitary wave conditions (see also Fig. 2).

h=0.5m Hinom[M] | 0.06 | 0.08 | 010 | 012 |014 |016 |018 | 020 | 022
Liom[m] | 612 | 530 | 474 |433 |401 [375 |353 [335 |3.20
Higen [M] | 0.06 | 008 | 041 | 013 | 045 | 048 | 019 | 022 | 024
Ligen[m] | 612 | 514 | 460 |421 |38 |357 |343 |320 |3.08
h=0.6 m Hinom [M] | 0.06 | 0.08 | 010 | 012 | 014 | 016 |018 | 020 | 022
Liom[m] | 804 | 697 |623 |569 |527 |493 |464 |441 | 420
Higen [M] | 0.06 | 008 | 041 | 013 | 045 | 048 | 019 | 022 | 024
Ligen[m] | 804 | 676 | 605 |553 |505 |470 |451 |421 | 405

h=0.7 m Hinom [M] | - - 010 | 012 |014 | 016 |018 |020 | 022
Linom [mM] 758 | 747 | 664 |621 |58 |555 |529
Higen [M] | - - 011 | 013 | 015 | 018 |019 |022 | 024
Ligen [M] 763 | 697 |637 |592 |568 |531 |5.10

Effect of structure shape on solitary wave behaviour

The influence of structure shape on the incipient wave breaking and wave breaker types was
investigated in the experiments with water depth of h = 0.6 m. As indicated in Fig. 3, identical
nonbreaking wave conditions were achieved for the trapezoidal and the rectangular barriers. In the tests
with breaking waves, a difference between the breaker types occurred in two cases, namely (i) spilling
breaker (Hinom/dr = 0.22, B/L; = 1.8) observed for the rectangular barrier became transitional breaker
for the trapezoidal structure, (ii) transition breaker (Hinom/dr = 0.35, B/L; = 1.2) observed for the
rectangular barrier became plunging breaker for the trapezoidal barrier. Taking into account the
negligible effect of the structure shape on the solitary wave breaking conditions, trapezoidal-shaped
barrier was used solely in further experiments with water depth of h = 0.5 and 0.7 m.
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Figure 3. Influence of barrier shape on solitary wave breaking conditions (investigated for water depth of
h = 0.6 m): a) for rectangular structure, b) for trapezoidal structure.

Classification of solitary wave evolution modes
Several patterns of solitary wave propagation were recognized and classified as follows under the

consideration of the inception of wave breaking and wave fission:

1. Nonbreaking waves:

e Wave evolution mode 1 (WEM1): solitary wave propagating without generation of wave fission
and wave breaking, observed in the experiments without the submerged structure (B = 0.0 m and
h,=0.0 m), as illustrated in Fig. 4.

o  Wave evolution mode 2 (WEM2): weak fission of a single transmitted nonbreaking wave for which
an incomplete and relatively late development of a second soliton was observed as compared to the
other evolution modes. This was due to the fact that the propagation distance between the fission
inception point and the end of the flume was not long enough to allow for the soliton separation
from the leading wave. No wave breaking was induced over the submerged barrier. This evolution
mode was typical for weakly nonlinear waves (H;,m/h = 0.1), propagating over a structure of crest
width of B = 1.0 and 2.0 m, and of relatively large freeboard (d,/h = 0.33 and 0.5).

e Wave evolution mode 3 (WEMS3): fission of a single transmitted nonbreaking wave with a
development of at least of two solitons of clearly defined troughs as shown in Fig. 5. This was the
most often pattern observed in the tests with the nonbreaking waves.

2. Breaking waves:

e  Wave evolution mode 4 (WEM4): fission of a single transmitted wave followed by breaking of the
leading wave, occurring when the incipient wave breaking was induced over the leaward structure
slope. The second soliton appeared as a small hump at the rear part of the first soliton when the
solitary wave entered the shallower water over the barrier crest. Further development of the fission
was however limited by wave breaking process; however it advanced once the breaking event was
completed.

e Wave evolution mode 5 (WEMS): breaking of a single transmitted wave followed by fission of the
broken leading wave, observed in the tests with increased relative incident wave height Hi/h,
decreased relative submergence depth d,/h and larger relative structure width B/L;. As compared to
the wave evolution mode WEM4, the inception point of wave breaking was located closer to the
seaward structure toe, and thus the incident solitary wave broke first and further disintegrated into
solitons (Fig. 6).

The experimental results clearly indicated that the inception of wave breaking did not suppress the

generation of wave fission, irrespectively of the order of the generation of these two processes (see

wave evolution modes WEM4 and WEMDS). This wave behaviour was also reported by Liu and Cheng

(2001) for solitary waves propagating over submerged, impermeable, infinitely long steps. In contrast,

Losada et al. (1989), who performed laboratory tests on solitary wave transformation over submerged

impermeable structures of both infinite and finite widths, postulated that wave fission can be generated

only if wave breaking is induced first.
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Figure 4. Exemplary solitary wave propagation in a test without submerged structure (wave evolution mode
WEM1).
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Figure 5. Exemplary disintegration of nonbreaking solitary wave into solitons (wave evolution mode WEM3).
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Figure 6. Exemplary breaking of solitary wave followed by development of solitons (wave evolution mode
WEMS).

Determination of solitary wave breaking criterion

A criterion for the incipient breaking of a solitary wave over a submerged impermeable structure
was determined on the basis of the tests with the trapezoidal barrier, water depth h = 0.5, 0.6, 0.7 m,
nominal incident wave height H;pom = 0.06 - 0.22 m and structure width B = 1.0 and 2.0 m. The
criterion, expressed in terms of relative structure width B/L; and relative wave height Hi/d,, is given by
the following equation and is plotted in Fig. 7:

H,/d, =0573(B/L,)"° ©)

where H; and L; represent the incident generated wave conditions.

Three wave breakers types were identified, namely spilling breaker, plunging breaker and transition
breaker (which is a transition between the spilling and the plunging breakers). The corresponding wave
conditions and the structure geometry are shown in Fig. 7.

Determination of solitons number

The phenomenon of wave fission was caused by the water depth change as the incident solitary
wave, propagating from the region of water depth h in front of the submerged structure, entered the
region of shallower water d; over the barrier crest. Successive humps were generated at the rear part of
the wave (termed solitons), so that the wave could remain stable as the wave nonlinearity increased. At
least two solitons were observed in each test (where the leading wave represented the first soliton), as
exemplarily presented in Fig. 8. The generation of the second soliton was accompanied by the increase
of the height of the leading wave, which was particularly distinct for nonbreaking waves.

The number of the emerged solitons was determined from the measurements of water free surface
elevation by wave gauges, which arrangement was adjusted to each tested conditions. This allowed for
a very detailed capture of the generation and the development of the solitons. Since identification of the
generated solitons from profiles of breaking waves was very difficult, solitons number N was defined
solely for nonbreaking waves, generated at water depth of h = 0.6 m and interacting with the
trapezoidal-shaped structures. As shown in Fig. 9, the number of the generated solitons was not only
dependent on relative submergence depth d,/h, as reported in previous investigations (e.g. Johnson,
1972 and Seabra-Santos et al., 1987), but also by relative structure width B/L;. The effect of the latter
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parameter on the enhancement of wave fission could not be determined in those studies, since infinitely
long submerged steps were considered.

25 @ spilling breaker, B=1.0m
A transition breaker, B=1.0m
= = m m  plunging breaker, B=1.0m
blue colour - for B=2.0m
| | | -
— X nhobreaking, B=1.0m
— % nobreaking, B=2.0m
1S 2 _
g A u |
I 0.6
L ® ] H
- i =2
] "o 2)
‘© L % ® [ | a
= 15
>
g * * [ ] a
x had |
- « « ><. .. BREAKING
S 4l x x x L4 WAVES
% * s s x -
‘S x % *x X x x
§= % O x x % X %
% “ x x X x x " xx » x
S s x w X x*, % NONBREAKING
— [ x
& w x WAVES
% ®
X ®
| | | | | | | |

0 1
0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

Relative structure width B/L; [-]
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0.1 . .
- o
— =
Tl MMt h=0.6m, Hiponh=0.13,
1! n /: BIL; nom=0.14 , d/h=0.33, slopes 1:2
N [N\ "y
0.08 3d75m 48.95m 7
~90.0m — WG12
— l« >
E WG14
—_ WG15
g‘ 0.06 — weis | |
o --— WG17
'..g ——— WGI18
> WG21
2 oal : ——— WG22 | |
> )
o \
% LEADING SOLITON
[Tt
- SECOND SOLITON
7 002f / §
@ THIRD SOLITON
L
LL
0 ,,,,,,
_002 | | | | | | | | |

98 99 100 101 102 103 104 105 1086 107 108
Timet[s]

Figure 8. Exemplary generation and evolution of solitons for nonbreaking wave.



8 COASTAL ENGINEERING 2012

spilling breaker, B=1.0m
transition breaker, B=1.0m
plunging breaker, B=1.0m

blue colour — for B=2.0m

X nobreaking, weak fission, B=1.0m
% nobreaking, weak fission, B=2.0m

>< no breaking, fission, B=1.0m
x no breaking, fission, B=2.0m

H>e

2.5 T T T T T T T

N
T

o
T
%
®
u
|
1

[ |
/ y BREAKING
S, ° °
X N=3 7 % L4 WAVES |
7
7/

-
T
N

WAVES

Relative incident wave height H/d, [-]
K
°
°

I I I I I I I
0.25 0.3 0.35 04 0.45 0.5 0.55 0.6

Relative structure width B/L; [-]

Figure 9. Number of solitons determined for nonbreaking solitary waves propagating over submerged
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The solitons number increased with decreasing relative submergence depth and was independent of
the incident solitary wave conditions. In case of structure width of B = 1.0 m, it yielded N = 2 for
d/h =0.5 N =3 for d/h = 0.33 and N = 4 for d,/h = 0.17. The longer propagation distance in the
shallower water over the structure crest, associated with the wider structures of B = 2.0 m, was more
favourable for the development of the fission process. In this case the solitons number was N = 3 for
d/h=0.5 N=4ford/h=0.33and N =5 ford/h=0.17.

The number of the solitons generated over the structures of finite widths was compared in Table 3
with those obtained for infinitely long barriers - theoretically by Johnson (1972):

d,/n=[05N(N+1)]* (4)

Germain (1984) and Kabbaj (1985):

16(h/d, )"

M =054|1+
[ 1+(h/d, )**

1/2
] -1t, N=|M|, Nislargestinteger <M (5)

as well as experimentally/numerically by Madsen and Mei (1969), Johnson (1972) and Seabra-Santos et
al. (1987). The solitons number tended to be similar for the structures of both finite and infinite widths:
ca. N = 2 - 3 for relative submergence depths of d./h = 0.5, while N = 3 - 5 for d,/h = 0.33. However,
significant difference of the solitons number occurred for the smallest relative submergence depth
investigated (d/h = 0.17), namely 4 - 5 solitons were generated for the barrier of a finite width and
twice as much for the submerged steps (N = 9 - 10). Additionally, there were some minor differences in
the solitons number predicted by the theoretical formulae by Johnson (1972) (see Eq. 4) and Germain
(1984) and Kabbaj (1985) (see Eqg. 5). For the latter, the solitons number tended to be reduced by one.
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Table 3. Comparison of solitons number evolved from solitary wave propagating over
submerged impermeable structures of finite and infinite widths.
di/h [-] Obstacles of finite | Obstacles of infinite widths (theoretical, experimental/numerical
widths (own tests) studies)
B=1.0m | B=2.0m | Johnson | Germain Madsen Johnson Seabra-
(1972), (1984) and | and Mei | (1972) Santos et al.
Eq. 4 Kabbaj (1969) (1987)
(1985), Eq. 5
0.67 - - 2 1 - 2 (NB)
0.61 - - 2 2 2 (NB) -
0.60 - - 2 2 - 2 (NB)
0.55 - - 3 2 - 3 (NB) 2 (NB)
0.50 2 (NB)® [ 3(NB) 3 2 3(NB) 3(NB) 3 (NB)
0.45 - - 3 3 - - -
0.45 - - 3 3 3 (NB)
0.33 3 (NB) 4 (NB) 5 4 4 (Br)®
0.17 4 (NB) 5 (NB) 10 9 -

NUMERICAL PREDICTION OF DAMPING PERFORMANCE OF SUBMERGED IMPERMEABLE
STRUCTURE

Numerical set-up and numerical model

Due to the limitations of tsunami generation under laboratory conditions, the damping performance
of an impermeable submerged structure under tsunami impact was determined numerically. The
tsunami-like solitary wave of different initial conditions (see Table 4) propagated from a region of
deeper water towards a shelf of a slope of 1:50, on top of which the barrier of varying geometry was
placed in water depth of h = 1.0 m (Fig. 10). The barrier was of trapezoidal shape (with slopes 1:10),
with relative crest width B/L; = 0.0 - 1.0 (with an increment of 0.1) and relative structure height
h/h = 0.0, 0.5, 0.6, 0.7. Horizontal length of the shelf x; resulted from offshore water depth h,, while
distance x; in front of the structure equaled one incident wavelength and was necessary to determine the
local incident wave conditions listed in Table 4. Distance x; represents the total structure width and
varied with the relative crest width, while the length of distance x, was chosen to allow for the
determination of wave transmission and development of wave fission.

Table 4. Solitary wave parameters examined in numerical simulations.

Initial wave conditions in farfield Local incident wave conditions
Hofho [] hofh [] Hirh [-] Li/h [-] h [m]
0.021 3.5 0.10 100 1.0
0.026 4.0 0.15 100 1.0
0.029 45 0.20 100 1.0
0.030 5.0 0.25 100 1.0

Wave propagation was predicted numerically by means of fully nonlinear, extended Boussinesg-
type equations (Liu, 1994) implemented in the model COULWAVE developed by Lynett (2002), where
horizontal velocity field in computed at water level z, = -0.531h (Nwogu, 1993). More details on the
numerical scheme can be found in Lynett (2002) and in the Ph.D. thesis of Strusinska (2010).

Frictional losses are neglected in the simulations in order to determine explicitly the rate of wave
attenuation by the submerged structure. The spatial grid resolution was expressed in terms of the local
water depth and varied with the incident wave conditions investigated: Ax/h = 0.1 for Hi/h = 0.1, 0.15
and Ax/h =0.15 for Hi/h = 0.2, 0.25. The time step was constant and yielded At =0.05 s.

2 NB - nonbreaking waves
3 Br - breaking waves
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Initial wave Incident wave

Figure 10. Numerical set-up of the impermeable reef structure on a shelf.

Calculation of wave transmission, wave reflection and wave energy dissipation coefficients

The damping performance of the submerged structure was determined in terms of wave
transmission coefficient K;, wave reflection coefficient K, and wave energy dissipation coefficient Kg,
expressed as a function of wave energy:

K =+E/E, K, =JE/E, K,=1-KZ-K? 6)

Energy of incident wave E;, transmitted wave E; and reflected wave E, was calculated as a total
wave energy Ey, consisting of potential E, and kinetic E, energy:

Ey =E, +E, (7)

tot

The potential and the kinetic energy were determined according to Egs. 8 and 9, respectively:
2
E, =0.5pgn (8)

E, _05p{u (n+h)
{ JY3(w b+ 22 ()]
[ (n* —h?)+2z, ( n+h)]}

+um[]7/20 n +h5)—1/62a(n3+h3)+1/4z:(n+h)]
Uy (U, ), [V4(n* —0*)=1/32, (n° +h?)
~1222 (0’ -h?*)+ 2] (n+h)]

hua)xx[]/3 0 +h?)-z, (nz—h2)+z§(n+h)]
+]/3u§x(n3+h3)+uax(hua)x(n2—h2)+(hua)i(n+h)}

where g represents the gravitational acceleration [m/s?], u, the horizontal velocity evaluated at water
depth z, [m/s], n the water free surface elevation [m] and p the water density [kg/m®]. The subscript ‘X’
denotes spatial partial derivatives.

The rate of wave transmission, wave reflection and wave energy dissipation is plotted versus the
relative structure width for different relative incident wave conditions and relative submergence depths
in Figs. 11, 12 and 13, respectively. The results of the numerical tests without the structure on the
horizontal shelf, for which K;= 1.0, K, = 0.0 and K, = 0.0, represented reference tests for those with the
barrier. The damping performance of the structure was found to be dependent on the wave breaking
conditions induced over the barrier crest.

(©)
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A very weak reduction of the wave energy, achieved by partial reflection of the incident wave, was
attributed to nonbreaking waves (K4 = 0.0). It was found that the rate of wave transmission was affected
by the relative structure width up to the value of ca. B/L;= 0.2 and beyond this threshold it tended to be
constant: ca. 0.98 for d,/h = 0.5, ca. 0.96 for d,/h = 0.4 and ca. 0.92 for d,/h = 0.3. Same trend was also
observed for the reflection coefficient, which ranged from ca. 0.23 for d/h = 0.5, to ca. 0.29 for
d,/h =0.4 and ca. 0.41 for d,/h = 0.3.

Additional wave energy reduction was achieved for waves breaking over the barrier crest, thus
increasing significantly the damping performance of the structure. Unlike the nonbreaking wave
conditions, the transmission coefficient decreased with the increasing relative submergence depth and
reached its minimum of 0.75 for H;y/h = 0.25, d,/h = 0.3 and B/L; = 1.0. The wave reflection coefficient
tended to be constant for values of the relative structure width larger than 0.2 and yielded ca. 0.21 for
d/h = 0.5, ca. 0.26 for d/h = 0.4 and ca. 0.33 for d/h = 0.3. The rate of wave energy dissipation
increased significantly with widening of the structure and was additionally influenced by the relative
incident wave height and the relative submergence depth. The maximum wave energy dissipation
coefficient K4 = 0.59 was achieved for the widest barrier of B/L; = 1.0, smallest freeboard of d,/h = 0.3
and highest relative incident wave height of Hi/h = 0.25.

As indicated by the numerical results, an optimal structure width of ca. B/L; = 0.2 exists only for
nonbreaking waves. However the corresponding attenuation performance of the structure is not
satisfactory, less than 10%. In case of breaking waves, wave reduction by almost 25% was achieved and
it would be expected to be higher when considering relative structure widths larger than 1.0.
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\ = _ - Hyh=0.15, d,/h=0.5 "
N\\S st 5 = = & 5 8
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o ' o
Qo
=
: . e 7 =
X Hyh=0.10, d,/h=0.3 2
c
2
(&)
2
[y
[<3) : : y
S o085t : : e ~ H{ih=0.25, ¢,/h=05
pt o
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£  gal. | \{/010101510201025) NG NG S Hih=025.dm=04 ] | 2
n ’ di/h o
£ £
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Figure 11. Computed wave transmission coefficient.
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Figure 12. Computed wave reflection coefficient.

1.2

0.7

04+

Hi/h=0.25, d,/n=0.5, Br

Hyh=0.25,d./h=0.3, Br

Hi/h=0.20, d,/h=0.3, Br

Energy dissipation coefficient Ky [-]

03k
Hi/h {0.10 | 0.15 (0.20 |0.25
di/h
02+ 1.0 A A A
05 | ] ]
0.4 [ o |0
01+ / 03 * *x | %

Hy/h=0.10, d,/h=0.3-0.5, NB
Hi/h=0.15, d,/h=0.4-0.5, NB
H/h=0.20, d,/n=0.5, NB

Relative structure width B/L; [-]

Figure 13. Computed wave energy dissipation coefficient.
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CONCLUDING REMARKS

The laboratory experiments on the solitary wave interaction with impermeable submerged
structures of finite widths contributed significantly to the better understanding of the involved nonlinear
processes such as those associated with wave breaking and wave fission. The five identified evolution
modes were primarily governed by relative incident wave height Hi/d, and relative structure width B/L;
and were found to be independent of the structure shape. Particularly challenging was the determination
of the number of the solitons emerged from the incident solitary wave due to the water depth change
over the submerged structure (considered in this study however for nonbreaking waves only). Up to
relative submergence depth of d,/h = 0.33, the investigated submerged structures likely behave in a very
similar manner as their infinitely long counterparts examined in the previous studies (solitons number
ranged from 2 to 4). This was not the case for very small relative submergence depths of d./h = 0.17, for
which twice as many solitons were generated over the submerged steps in comparison to the structures
of a finite width.

The effectiveness of the submerged impermeable structure in wave attenuation was determined
under more realistic tsunami conditions (n = h/L; = 0.01) compared to the laboratory experiments. The
approach of calculating the transmission, reflection and wave energy dissipation coefficients in terms of
wave energy was most appropriate in the case of the generation of the wave fission. As expected,
breaking wave conditions above the structure crest govern the damping performance of the barrier.
Negligible tsunami attenuation (less than 10%) was attributed to the nonbreaking waves. Widening of
the structure more than B/L; = 0.2 did not improve the ratio of wave attenuation. The inception of wave
breaking was controlled by both relative incident wave height Hi/h and relative submergence depth d,/h,
however the ratio of wave energy dissipation was dependent on relative structure width B/L; (i.e. longer
structure crest caused more intensive energy dissipation due to the longer wave propagation in the
shallower water). The maximum tsunami attenuation, however only 25%, was achieved for a structure
width comparable to the incident wavelength. This clearly indicates that construction of such large
structures would not be practical considering the high costs and relatively poor damping performance.
However, making the submerged structure porous will certainly contribute to dissipate more energy and
thus to tsunami damping. Moreover, it is recommended to examine the attenuation of the generated
short-period solitons by the further defence lines suggested by Oumeraci (2006).
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