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Abstract. The submerged U-shape breakwater interaction with the solitary wave is simulated by the
Boussinesq equations using the finite-difference scheme. The wave reflection, transmission, and dissipation
(RTD) coefficients are used to investigate the U-shape breakwater's performance for different crest width, Lcl,
and indent breakwater height, du. The results show that the submerged breakwater performance for a set of
U-shape breakwater with the same cross-section area is related to the length of submerged breakwater crest,
Lcl, and the distance between the crests, Lc2 (or the height of du). The breakwater has the maximum
performance when the crest length is larger, and at the same time, the distance between them increases.
Changing the Lcl and du of the U-shape breakwaters result in a significant change in the RTD coefficients.
Comparison of the U-shape breakwater, having the best performance, with the averaged RTD values shows
that the transmission coefficients, K;, has abetter performance of up to 4% in comparison to other breakwaters.
Also, the reflection coefficients Ky and the diffusion coefficients, K; shows a better performance of about
30% and 55% on average, respectively. However, the model governing equations are non-dissipative. The
non-energy conserving of the transmission and reflection coefficients due to wave and breakwater interaction
results in dissipation type contribution. The U-shape breakwater with the best performance is compared with
the rectangular breakwater with the same cross-section area to investigate the economic advantages of the U-
shape breakwater. The transmission coefficients, K;, of the U-shape breakwater shows a better performance
of 5% higher than the rectangular one. The reflection coefficient, Kp,is 60% lower for U-shape in comparison
to rectangular one; however, the diffusion coefficients, K, of U-shape breakwater is 35% higher than the
rectangular breakwater. Therefore, we could say that the U-shape breakwater has a better performance than
the rectangular one.

Keywords: Nwogu's extended Boussinesq equations; U-shape breakwater; rectangular submerged
breakwater; RTD coefficients; finite difference method

1. Introduction

The coastal zone becomes a significant concern in many coastal cities due to their different uses
as applying the coastal zone for building harbors and piers, mineral resources, fisheries, energy
procurement, and recreational area. The presence of wave actions limits the use of coastal regions.
The disturbance created by the incoming wave toward shorelines results in coastal erosion and
accretion, and also it can have a devastating disaster for the harbor. Coastal erosion threatens the
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beachfront properties and causes the deduction of natural sources and valuable land across the
shorelines that affect the tourism and shipping industries. The submerged breakwater is one of the
widely applied methods to protect the coastline and harbor. The Submerged breakwaters have been
constructed in the coastal zone to control the incoming wave with small and relatively high wave
heights. However, submerged breakwaters create an issue for navigation. They are widely used due
to economic reasons and tourism aspects, mainly where the visual limitation exists; also, they avoid
the generation of the reflected wave, which affects the nearby shoreline.

One of the first offshore breakwaters was constructed at Winthrop Beach of the USA in 1935
(Chasten ef al. 1993). The impact of the structure submergence, distance of structure to the shoreline,
and crest width and shape of submerged breakwaters are not well understood. To better
understanding of the impact of the mentioned parameters on shores, analytical investigation (Grue
and Palm 1985, Matsui ef al. 1991), laboratory and field experiments (Bogucki et al. 2020, Ghiasian
et al. 2019 a, b, Esteban et al. 2017), and also numerical modeling (Ketabdari et al. 2014, 2015,
Rahman et al. 2006, Rambabu et al. 2005) have been used. The analytical solutions for the wave-
current interaction with a cylinder submerged breakwater have been derived by Matsui et al. (1991).
Wang et al. (2019) conducted a numerical and experimental study to investigate the effects of the
combination of the pneumatic breakwater and submerged breakwater on wave damping. Ghadimi et
al. (2017) have used Nwogu's extended Boussinesq equation to simulate the wave propagation over
the natural beach and composite submerged breakwaters. Zaghian et al. (2017) studied the
interaction of solitary wave propagation over a submerged thin plate. Changing the plate angle
towards the water surface causes wave height and wave speed reduction. Barzegar et al. (2020) have
investigated the effects of the discontinuous-trapezoid submerged breakwaters on surf zone currents.
Cannata et al. (2019) simulated the velocity field induced by discontinuous submerged breakwater
over the beach ramp. Their three-dimensional model was compared with the experimental results,
which show that the non-hydrostatic model can correctly simulate the fluid flow induced by wave-
structures interaction.

The wave reflection, transmission, and dissipation (RTD) coefficients are the primary
engineering concerns for wave propagation and interacting with a submerged breakwater. Morison
(1949) investigated rectangular submerged breakwater's general effectiveness on both a horizontal
and sloping bathymetry. Goda et al. (1967) found that the submergence ratio mostly governs the
transmission coefficient in their laboratory experiment on vertical and composite overtopping
breakwaters. Seeling (1980) observed that the breakwater submergence ratio is the most critical
parameter to control the transmission coefficient. A mathematical model has been developed to
compute the wave transformation over a porous structure (Rojanakamthorn et al. 1990). Garcia et
al. (2004) simulated a numerical model to calculate the surface elevation in the presence of
submerged breakwater. Dick and Brebner (1968) observed that the submerged breakwater with near-
zero submergence could absorb 50% percent of the incoming wave energy. Raman et al. (1997)
found that the submerged breakwater's crest width has an essential role in controlling the
transmission coefficient. Dong ef al. (2008) have experimentally investigated the wave transmission
coefficients of three different floating breakwaters. They have conducted detailed experiments to
investigate how the current velocity and other factors affect the wave transmission coefficients
(Dong et al. 2008). Recently, the RTD coefficients are used by Tiao et al. (2019) to study the
behavior of a pneumatic breakwater numerically. They found that wave parameters and airflow rate
significantly influence the pneumatic breakwater's wave dissipation capacity. Barzegar et al. (2020)
compared the performance of semicircular and rectangular submerged structures numerically. They
observed that the transmission coefficient for rectangular breakwater for the same cross-section area
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shows better performance than the semicircular one.

The lack of systematic study on the different shapes of the submerged breakwater and the
breakwater design's economic aspect motivated us to investigate U-shape breakwater performance
that has not been investigated. In this paper, the numerical simulation is used to study the
performance of U-shape breakwater. The Nwogu's extended Boussinesq equations (Nwogu 1993)
are considered to simulate the interaction of submerged breakwater and the solitary wave. The RTD
coefficients are usually used to investigate the performance of the submerged breakwater. Finally,
the U-shape breakwater results are compared with the rectangular breakwater to find which one has
a better performance. The manuscript is organized as follows. The governing equation and the
numerical model are presented in sections 2 and 3. The validation test is described in section 4. The
results and comparison of breakwaters are discussed in section 5, and finally, the summary and
conclusion are summarized in section 6.

2. Governing equations

The incompressible Navier-Stokes equation is the start point for modeling the interaction of
surface water waves with structures. The numerical modeling of the Navier-Stoke equations is
complicated for a three-dimensional flow. For this reason, it is common to simplify the equations
with some assumptions. The Navier-Stokes equation is simplified to the Boussinesq equation by
assuming an incompressible and irrotational flow. Peregrine (1972) provides a mathematical
framework for the derivation of the water wave equation that its dispersion relation is only an
accurate approximation to the stokes first-order wave theory. Madsen et al. (1996) have improved
the dispersion relation of Peregrine for the Boussinesq equations. Later et al. (1996) enhanced the
equations by creating a variable depth extended Boussinesq equation by changing the Peregrine's
Boussinesq equations. Nwogu (1993) has made the equations more compatible with shallow water
by using the velocity at an arbitrary depth as a dependent variable and derived the extended
Boussinesq equations.

Numerical modeling of wave and submerged breakwater interaction requires the governing
equations to simulate the wave movement from deep water to shallow water. Therefore, the one
dimensional-extended Boussinesq equations derived by Nwogu (1993) for the conservation of mass
and momentum is used
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where n and h are the surface elevation and water depth, respectively. g is gravity acceleration,
u is the horizontal velocity at an arbitrary depth of Z, = 0.531 h. The mass and momentum
conservation equations are rewritten to facilitate the later application of a numerical model with a
higher-order time-stepping procedure.
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[UW]: = F(n,u) (4)

The E and F quantities on the right side of the Egs. (3) and (4) are
E(m,u,v) = —[(h+nu], — { a1h3 () + azhz [(M)xx }x (5
F(m,w) = =g, — 5 ), (6)

The time derivative is denoted by a subscript ¢, and the subscript x presents the derivative of
the terms in the x-direction. The term of [U(w)]; is

[U@]e = u+h[ bih g, + by (hw),]l; (7
where a;, a;, by, and b, are defined as
62 1 1 62
= = 5 =0+s ;5 b== ; b=0 ®)

Where 0 isdefinedas 6 = %

3. Numerical model
3.1. Mesh discretization

A staggered grid system for the spatial domain is used to discretize the various term in continuity
and momentum equations (Fig. 1). The Velocity vector components are located on the interface of
the cells, and the water surface elevations (1) and water depths (h) are placed at the cell center that
they are referred to by subscript indices i = 1,2, ..., m, increasing in the x-direction. The mesh is
sized equally in the x-direction (Ax), and the time step is shown by (At). The scalar term, located at
the cell interfaces, is obtained by the linear interpolation

(h+Miersz = 5 Chi+ hied) +5 01 + M) ©)

3.2. Discretization of the governing equations

The time integration is applied to the governing equations by the fourth-order accurate Adams
predictor-corrector method (Wei and Kirby 1995).

ni-1 ni ni+

Fig. 1 The grid system used in the model
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In the predictor step, the explicit third-order Adams-Bashforth method is implemented to the
governing Egs. (5) and (6).

N At _ _
it =nk+ — [23E]; — 16E]; Y+ 5EN? (10)

n+lx  _ qpn At n_ n-1 n-2

The superscript n, in Egs. (10) and (11), refers to the present time; therefore, all terms on the
right-hand side of the Eqs. (10) and (11) are known from the previous calculation. The value of
n}fj’l* is directly obtained by Eq. 10 and the U[fll/; ; has calculated by using the simultaneous
solution of the matrix equation. The terms of Fin:ll]_* and F;ﬁlj* are used in Egs. (5) and (6) to
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The predictor-corrector method will be iterated until the numerical error between two sequential

results for the corrector section reaches a required limit. The numerical error is calculated by Af =
+1)P . .
iy | 5 = fl(]n Py Yij | f5H 1), where f canbe 1 and u. In this paper, the predictor-
corrector iteration is stopped when Af < 0.001. Spatial discretization is required for the first and
second-order spatial derivatives. For instance, the fourth-order accurate four-point central difference

scheme is used to calculate the first-order derivative of u

ou ui_% - 27ui_% + 27ui+% - ui+%
AT P 14)
ax}l 24Ax (

For the first-order derivative of du?/ dx, the four-point central difference scheme is

2 2 2 2
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A Von Neuman stability analysis is used by Lin and Man (2007) to analyze the stability of the
Nwogu's Boussinesq equations. They found that the predictor and corrector steps are stable when

the Cr =/ gh(j—;) is less than or equal one for the predictor step and 0.5 for the corrector step. In

this work, the same criteria are used for the stability condition.
3.3 Boundary conditions

Proper boundary conditions are essential to run the numerical model properly. In this paper, two
boundary layers are used, absorbing the boundary layer and the internal generation of waves.
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3.3.1Absorbing boundary

An absorbing boundary is used to absorb the energy of the wave, and the perfect one should not
be allowed a wave reflection to occur. The absorbing layer with a Ls length is applied at the end of
the numerical tank in this paper. The damping terms are added to the momentum equation

[UW]e = FO,u) — wl(u —w2(X)uy, (16)

Where the second-order derivative is analogous to the linear viscous terms in the Navier-Stokes
equations (Israeli and Orszag 1981). The damping coefficients are defined as

0; x < Xg

wi(x) = { a,wf (x); X > X a7
0; x < Xg

w26 = {7 ey )

Where oy and a, are constants to be determined for the specific running. w is the frequency
of the wave to be damped, and v is the viscous coefficient. x; is starting coordinate of absorbing
layer and f(x) is presented as

X=X
P H"-1
S

f) = —

exp(1)—1

(19)

Where the Ls is the absorbing layer width that it is usually taken to be between two to three times
of wavelength.

3.3.2 Internal generation of solitary wave
The solitary wave solution for Nwogu's model equations is used (Wei and Kirby 1995). The
surface elevation, 177, and horizontal velocity, u, of solitary wave are expressed as

n(x,t) = A;.sech?[B(x — ct)] + A,.sech*[B(x — ct)] (20)
u = A.sech?[B(x — ct)] (21)

Where c¢ is wave velocity, ¢ = /g(H + h), and H is the solitary wave height. A, 4, A4,, and
B are defined as

2_
A= % 22)
_ c?-gh 1/2
B = {4[(a+§)gh3—ahzcz]} (23)
2_
Ay = —— 2 (24)
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1
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Fig. 2 Mesh convergence test. The ratio of i—’; = 10 was constant for different Ax. The height of the
solitary wave is H = 0.05 m, and water depth equals #= 0.5 m. The error, 100*( H —
Hyumericar)/H was measured after the wave propagates for 1= 50 s, where Hyymericar 18 calculated by

the numerical model

Where « is defined as a = %Zaz +Z,.

4. Validation tests

The numerical scheme is tested to assess the ability of the model on the simulation of the solitary
wave interaction with U-shape breakwater. The first test is the propagation of solitary over the flat
bottom for a long time, and the second test is the interaction of the solitary wave with a simple
breakwater shape.

4.1 The propagation of solitary wave

The solitary wave equations of 20 and 21 are used as an initial condition for the solitary wave to
test the numerical model for a long simulation time. The test is a standard test to analyze the
conservative and stability properties of the numerical scheme (Wei and Kirby 1995). The solitary
wave with a height of H=0.05 m propagates over a flat bottom for /=50 s and 100 s. The length of
the channel is L=300 m. The water depth is #/=0.5 m, and the initial position of the solitary wave is
x=20 m. The mesh convergence test was conducted to indicate the appropriate mesh size (Fig. 2).

. A . .
Fig. 2 shows that for constant A—’Z = 10, the measured-wave height error becomes approximately

constant for Ax < 0.1. The numerical modeling gets very expensive in the point of view of
computational time for Ax < 0.01; therefore, the grid size is considered Ax = 0.01. To satisfying

the Cr =/ gh(j—;) criteria which has to be less than or equal one, the time step is considered to be

At = 0.001 s. Our numerical results are compared to the analytical solution (Egs. (20) and (21)).
The comparison of numerical results at time =50 s and 100 s (Fig. 3) shows that the wave height
remains constant for a long distance, and there is a small phase change relative to the analytical
solution for both times. The small deduction of wave height presents the rather good conservative
and stability properties of the numerical model to run for a long distance.
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Fig. 3 Comparison of the numerical model and analytical solution of the solitary wave for propagating
time of = 50 s (a) and £ =100 s (b)
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Fig. 4 Numerical setup of solitary wave transformation over a rectangular submerged breakwater. The
wave is generated at the left part of the channel and passes over the breakwater. Two gauges are located
at the left (x = —8.2 m) and the right side (x = 0.44 m) of the coordinate center, x=0

4.2 Interaction of solitary wave with a rectangular submerged breakwater

The submerged breakwater is used to reduce the incoming wave height. The rectangular
breakwater has one of the simplest shapes, and it is easy to be settled in the water. The test is
considered to analyze the nonlinear effects of the numerical scheme. The left edge of the breakwater
with a height of ¢=0.08 m and length of 2,=0.4 m is located at x=0 (Fig. 4). The solitary wave is
propagated from left to right with the initial position of x= 20 m. The wave height is H =

0.0288 m, and the channel length is L = 200 m. The sponge layer is located at x;, =195 m with a
length of Ls=5 m. The water height is #=0.16 m, and the grid size and time step are Ax = 0.01 m
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and At = 0.001 s, respectively. Two gauges are considered at x =-8.2 m and x = 0.44 m to measure
the wave height. The computed results for the wave height is shown in Fig. 5. The small difference
between the numerical model and experimental results reveals that the model can simulate wave and
submerged breakwater interaction.

5. Performance of the U-shape submerged breakwater

The U-shape submerged breakwater performance for different crest lengths (Lc/) and indent
breakwater height (du) are compared via the RTD coefficients. In the following, the determination
of the RTD coefficients and the numerical model implementation are presented.

5.1 Determining the RTD coefficients

Colliding the wave with breakwater results in the absorption of a part of wave energy.
The rest of the energy is reflected and passed through the breakwater. The RTD coefficient
usually investigates the performance of a submerged breakwater. A better choice of
geometry could be determined for the submerged breakwater by comparing the RTD
coefficients values, i.e., the coefficients of reflection (K,.), transmission (K;) and dissipation

(Kaq).
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Fig. 5 Time history of the numerical and experimental solitary wave surface elevations at x = —8.2

m(a)and x = 0.44 m (b). The height of the solitary wave is H = 0.0288 m, and water depth
equals 7= 0.16 m
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The reflection coefficient, K, = (%), is the ratio of the reflected wave height (H,) to the

incident wave height (H) and the transmission coefficient, K; = (%), is the ratio of the

transmitted wave height (H;) over the breakwater to incident wave height (Lin 2004, Lin
and Karunarathna 2007). The numerical results indicate that the wave interactions with
breakwater structures generate non-energy conserved K and Kp. This, in turn, yields a
dissipative type of contribution K, (Dissipation coefficient) which is defined as K; =

V1—(K)? = (KD

5.2 Model implementation

The building cost of the submerged breakwater is a significant factor in designing the
shape of the breakwater. In this paper, we want to see how the U-shape submerged
breakwater improves the economic cost. For this purpose, the U-shape submerged
breakwater is considered on the numerical channel with a length of L=300 and a water depth
of /= 1 m (Fig. 6). The solitary wave, with a height of A= 0.5 m, is propagated from the
initial position of x=20 m located at the left side of the channel. The sponge layer was placed
on the right side of the channel with a length of Ls=5 m to absorb the incoming wave. The

U-shape submerged breakwater center is located at x =270 m for all runs mentioned in Table
1.

-
VAN
Le Le2 Le 0;
o
h p
L 2
o
duI d &
b =
Lo Ls
- 4
L

Fig. 6 A scheme of the numerical channel and a U-shape submerged breakwater

Table 1 Dimensions of the U-shape submerged breakwaters. The table presents the length of Lc2 for different
Lcl and du. The dimensions are in the meter unit. The cross-section area of all breakwaters are constant, and
it equals 0.5 m?

Lel(m) 0.4 0.3 0.2 0.1
du (m)
04 0.25 0.5 075 1
0.3 0.33 0.66 1 133
0.2 0.5 ] 15 2

0.1 1 2 3 4
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Fig. 7 The solitary wave height after passing the U-shape submerged breakwater. The breakwater center
is located at x/h = 270. The incoming wave heightis H/h = 0.5
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Fig. 8 Distribution of K, coefficients for the U-shape submerged breakwater. The wave height and
water depths are H = 0.5 m and h = 1 m, respectively

We compare the U-shape breakwaters for different Lc/ and du. Lcl is the width of the breakwater
crest, and du is indent breakwater height. In all breakwaters, the cross-section area is constant, 0.5
m?. The breakwater height is constant, @=0.5 m for all runs, and the L, changes based on the value
of Lcl and du. The related dimension of each breakwater is given in Table 1. The grid size and time
steps are  Ax = 0.001 m and At = 0.0001 s, respectively. The grid size and time step are
considered small enough to simulate better the effects of the implemented changes on the breakwater.
The computed wave height for the submerged breakwater with Lc/= 0.4 m and du= 0.4 m is shown
in Fig. 7. The transmission wave height, H; is measured when the wave crest passes the breakwater
at a distance of 2 m. The maximum amplitude of the tail is determined as the reflected wave height,
H,.
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Fig. 9 Distribution of K, coefficients for the U-shape submerged breakwater. The wave height and water
depthsare H = 0.5 m and h =1 m, respectively

5.3 RTD Coefficients

The RTD coefficients are presented in Figs. 8-10 to compare the performance of breakwaters for
different Lcl and du. In this paper, when it is expressed that Lc/ is constant and the value of du
increases, it means that the distance between the crest of breakwater increases. In other words, the
value of Lc¢2 increases. Also, du is constant, and Lc/ is increased, which means that the distance
between the breakwater crest, Lc2, decreases. For a constant du, the K; decreases when Lcl
increases (Fig. 8). It shows the performance of the submerged breakwater is related to the width of
the breakwater crest. On the other hand, the comparison of the K; coefficients for constant Lcl
shows that the K; decreases for smaller du values, i.e., the distance between the crest of U-shape
breakwater, Lc2, plays a significant role in the transmitted wave height. It has resulted that the
performance of the submerged breakwater is related to the length of the submerged breakwater crest,
Lcl, and the distance between the crests, Lc2. The breakwater with dimensions of Le/ = 0.4 m, du
= 0.1 m, and Lc2 = 1 m has the best performance among all breakwaters in this paper, and its
performance is as follows. The K; coefficient shows better performance up to 4% in comparison to
other breakwaters (Fig. 8). Also, the K,. coefficients have a better performance of 55% on average
in comparison to other breakwaters. The K, coefficients represent the manner as the K,
coefficients (Fig. 9). The K,; coefficients have a better performance of about 30% on average (Fig.
10). However, the model governing equations are non-dissipative.

The model equation is derived from the potential theory and has no dissipation mechanism. The
momentum equation in (2) does not have either bed friction or turbulent diffusion terms. The energy
should be, therefore, be conserved in the system, and thus incident wave energy should be balanced
with reflected and transmitted wave energy. Wave energy cannot be measured by wave height only,
as in the case of linear periodic wave propagation. Both reflected and transmitted waves are no
longer solitary waves, and their crest height does not represent their total energy. Therefore, the
resulting reflection-transmission energy inconsistency is called energy dissipation here. In other
words, the non-energy conserving of the transmission and reflection coefficients due to the
interaction of wave and breakwater results in dissipation type contribution.
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Fig. 10 Distribution of K; coefficients for the U-shape submerged breakwater. The wave height and water
depthsare H = 0.5 m and h =1 m, respectively

The implementation and designing of a breakwater are amalgamated with the cost analysis. For this
reason, the U-shape breakwater with the best performance is compared with the rectangular
breakwater with the same cross-section area of 0.5 m”. The dimensions of the rectangular breakwater
are Lb =1 m and d = 0.5 m. The RTD coefficients of the rectangular breakwater are K; = 0.95,
K, =0.15,and K; = 0.26. The U-shape breakwater has a better performance of 5% for K, and
60% for K,. The K, coefficient of U-shape breakwater is 35% higher than the rectangular
breakwater.

6. Conclusions

In this paper, the Boussinesq equations have been used to simulate submerged U-shape
breakwater interaction with the solitary wave. The RTD coefficients are used to investigate the U-
shape breakwater's performance for different crest width, Lc/, and the indent breakwater height du.

The results represent that the submerged breakwater performance is related to the length of the
submerged breakwater crest, Lcl, and the distance between the crests, Lc2. In other words, the
breakwater has the maximum performance when the length of the crest is larger, and at the same
time, the distance between them increases. The U-shape breakwater with dimensions of Lc7=0.4
m, du=0.1 m, and Lc2=1 m has the best performance among all breakwaters in this paper. The
K, and Kjcoefficients have better performance by up to 4% and 30% in comparison to other
breakwaters. The K, coefficients show that the submerged breakwater with smaller K; has a
smaller K, coefficients. The K, coefficients have a better performance of 55% on average in
comparison to other breakwaters.

Finally, to investigate the U-shape breakwater's economic advantages, the breakwater is
compared with rectangular breakwater with the same cross-section area. The RTD coefficients of
the rectangular breakwater are K; = 0.95, K, = 0.15, and K; = 0.26. The U-shape breakwater
has a better performance of 5% for K;, and 60% for K,.The K; coefficient of U-shape breakwater
is 35% higher than the rectangular breakwater.
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As the U-shape breakwater performance is related to the distance between the crests, future work
could be undertaken to study the relation of the distance and wave height and amplitude.
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