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 The interaction of oblique monochromatic incident waves with a submerged porous structure 
placed over undulated seabed is investigated in the context of two-dimensional linear wave-
structure interaction theory. The solution of the associated boundary value problem is obtained 
using the boundary element method (BEM). Various parameters of interest are studied to analyze 
the wave scattering by the thick bottom-standing porous structure under oblique incident ocean 
waves.   

1. Literature survey 

Submerged breakwaters generally constructed in nearshore areas for 
harbour protection. These submerged breakwaters are made up of 
concrete blockas of different shapes and sizes. Theoretical models for 
porous thick breakwaters had been developed by Sollitt and Cross 
(1972). By using BEM, Sulisz (1985) solved the water waves past a thick 
bottom-mounted porous structure which is also surface-piercing in 
nature. Losada et al. (1996) developed  eigenfunction expansion based 
analytic solutions for the water wave diffraction due to the 
interaction with submerged porous breakwaters. Koley et al. (2015) 
developed semi-analytical solutionsand numerical solutions  for the 
scattering of oblique ocean waves by permeable thick breakwaters of 
different shapes. Koley et al. (2015) investigated the performance of 
trapezoidal muti-layered porous breakwater on wave scattering when 
placed over a sloping seabed.  It was seen that the outer porous layer 
of the breakwater is effective to reduce the wave scattering and also  
increase the wave energy dissipation. Behera et al. (2015) investigated 
the wave scattering and trapping by thick rectangular porous 
breakwater of different types in a two-layered fluid domain and had 
shown that the waves scattering is affected by both the internal and 
surface waves. Koley and Sahoo (2017) studied the wave scattering by 
a semi-circular breakwater placed over undulated porous seabed and 
found this particular shape of the breakwater is very effective to 
reduce the wave scattering. Recently, Koley (2019) studied the regular 
and irregular water waves interaction with bottom-standing thick 
porous multi-layered breakwater. It was found that multiple layers of 
porous materials can reduce the waevs scattering to a great extent. 
Koley et al. (2020) studied the effectiveness of different types of 
porous breakwaters on water waves scattering using numerical and 
experimetal results. Panduranga et al. (2021) studied the effectiveness 
of multiple slatted screens to reduce the wave forces acting on caisson 
breakwater placed over undulated bottom. To quantify the amount of 
wave energy dissipation due to the presence of thick porous structure, 
Koley and Panduranga (2021) derived the energy-balance relation 
when a train of water waves passes through the thick porous 
structure. This study is really helpful to understand the effect of 
various physical parameters on wave scattering by a thick porous 
breakwater.  

In the aforemntioned papers, the water waves scattering by thick 
porous structures of different shapes was studied analytically as well 
as numerically using different solution techniques. However, the 
ocean bottom is undulated in reality and so there is a need of study 
the wave scattering by thick porous structures placed over undulated 
bottom. 

2. Mathematical formulation 

In the present study, it is assumed that a rectangular permeable 
bottom-standing breakwater of finite width 𝑏𝑏 is submerged in water 
of finite depth ℎ. The flow of the water waves is of potential kind. 
Assuming that the incident wave is propagating making an angle 𝜃𝜃 
with the 𝑥𝑥-axis and the flow is simple harmonic in time with angular 
frequency 𝜔𝜔, the velocity potential takes the form 

𝛷𝛷𝑗𝑗(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = Re�𝜙𝜙𝑗𝑗(𝑥𝑥, 𝑧𝑧)𝑒𝑒−𝑖𝑖�𝑘𝑘𝑦𝑦𝑦𝑦−𝜔𝜔𝜔𝜔��  
 
where 𝑘𝑘𝑦𝑦 = 𝑘𝑘0 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃 and 𝑘𝑘0 is the progressive wave number in the 
open water region. Thus, as in Fig. 1, the spatial velocity potentials 
𝜙𝜙𝑗𝑗(𝑥𝑥, 𝑧𝑧) for 𝑗𝑗 = 1,2,3,4 satisfy the modified wave equation as   

�𝛻𝛻2 − 𝑘𝑘𝑦𝑦2�𝜙𝜙𝑗𝑗 = 0,  where  ∇2=
𝜕𝜕2

𝜕𝜕𝑥𝑥2
+
𝜕𝜕2

𝜕𝜕𝑧𝑧2
 (1) 

 

along with the bottom and free surface boundary condition are given 
by 

𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝑧𝑧

= 0 on 𝑧𝑧 = −ℎ,  for 𝑗𝑗 = 1,3,4  (2) 

and 

𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝑧𝑧

− 𝐾𝐾𝜙𝜙𝑗𝑗 = 0 on 𝑧𝑧 = 0,  for 𝑗𝑗 = 1,2,4. (3) 

where 𝐾𝐾 = 𝜔𝜔2/𝑔𝑔, 𝑔𝑔 is the gravitational constant. The boundary 
condition on 𝐿𝐿𝑤𝑤 is given by  

𝜕𝜕𝜙𝜙2
𝜕𝜕𝑧𝑧

= 𝜀𝜀
𝜕𝜕𝜙𝜙3
𝜕𝜕𝑧𝑧

,    𝜙𝜙2 = (𝑚𝑚− 𝑠𝑠𝑖𝑖)𝜙𝜙3, (4) 
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Figure 1. Schematic diagram of wave scattering by submerged porous 
structure placed over undulated bed 

where 𝜀𝜀 is the porosity, 𝑚𝑚 is the inertial coefficient and 𝑖𝑖 is the 
linearized friction coefficient respectively. The continuity of pressure 
and velocity at 𝑥𝑥 = 0 and 𝑥𝑥 = 𝑏𝑏 are given by  

𝜙𝜙𝑗𝑗 = �
𝜙𝜙2,      𝑧𝑧 ∈ 𝐿𝐿𝑔𝑔
(𝑚𝑚− 𝑠𝑠𝑖𝑖)𝜙𝜙3, 𝑧𝑧 ∈ 𝐿𝐿𝑏𝑏

,    
𝜕𝜕𝜙𝜙𝑗𝑗
𝜕𝜕𝑥𝑥

= �

𝜕𝜕𝜙𝜙2
𝜕𝜕𝑥𝑥

,   𝑧𝑧 ∈ 𝐿𝐿𝑔𝑔,

𝜀𝜀
𝜕𝜕𝜙𝜙3
𝜕𝜕𝑥𝑥

, 𝑧𝑧 ∈ 𝐿𝐿𝑏𝑏 ,
 (5) 

where 𝑗𝑗 = 1 at 𝑥𝑥 = 0 and 𝑗𝑗 = 4 at 𝑥𝑥 = 𝑏𝑏. Finally, the far-field 
boundary conditions are satisfied at the auxilliary boundaries 
located far away from the porous structure.                       

3. Boundary Element Method 

 In BEM, as in Fig. 1(a), regions 1 and 2 together refer to the inner 
region, and regions 3 and 4 together refer to the outer region.  
Applying the boundary conditions (2)-(5) into Green’s second identity, 
the integral equations for the velocity potential in each domain of the 
inner region are obtained as  

𝐶𝐶𝜙𝜙1 +� �
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

− 𝐾𝐾𝐺𝐺�𝜙𝜙1𝑑𝑑𝑑𝑑
𝛤𝛤𝑓𝑓

+ � �𝜙𝜙1
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

− 𝐺𝐺
𝜕𝜕𝜙𝜙1
𝜕𝜕𝑠𝑠

�𝑑𝑑𝑑𝑑
𝛤𝛤𝑐𝑐1

+ � 𝜙𝜙1
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

𝑑𝑑𝑑𝑑
𝛤𝛤𝑏𝑏1

+ � �𝜙𝜙1
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

− 𝐺𝐺
𝜕𝜕𝜙𝜙1
𝜕𝜕𝑠𝑠

�𝑑𝑑𝑑𝑑
𝛤𝛤𝑚𝑚

+ � 𝜙𝜙1
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

𝑑𝑑𝑑𝑑
𝛤𝛤𝑏𝑏3

+ � �   𝜙𝜙1
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

− 𝐺𝐺
𝜕𝜕𝜙𝜙1
𝜕𝜕𝑠𝑠

�𝑑𝑑𝑑𝑑
𝛤𝛤𝑐𝑐2

= 0                         (6) 

𝐶𝐶𝜙𝜙2 + � �𝜙𝜙2
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

− 𝐺𝐺
𝜕𝜕𝜙𝜙2
𝜕𝜕𝑠𝑠

�𝑑𝑑𝑑𝑑
𝛤𝛤𝑚𝑚

+� 𝜙𝜙2
𝜕𝜕𝐺𝐺
𝜕𝜕𝑠𝑠

𝑑𝑑𝑑𝑑
𝛤𝛤𝑏𝑏2

= 0 (7) 

where the Green’s function 𝐺𝐺 is given by  

𝐺𝐺(𝑥𝑥, 𝑧𝑧;𝑥𝑥0, 𝑧𝑧0) = −
𝐾𝐾0�𝑘𝑘𝑦𝑦𝑟𝑟�

2𝜋𝜋
, 𝑟𝑟 = �(𝑥𝑥 − 𝑥𝑥0)2 + (𝑧𝑧 − 𝑧𝑧0)2, (8) 

where 𝐾𝐾0 is the modified zeroth-order Bessel function of the second 
kind with 𝐶𝐶 =0.5, 𝑑𝑑𝑐𝑐1 and 𝑑𝑑𝑐𝑐2 are the matching boundaries (with outer 
region). To solve Eqs. (6) and (7), the entire boundaries of regions 1 and 
2 are discretized into a finite number of segments, and the values of 
𝜑𝜑 and 𝜕𝜕𝜙𝜙/𝜕𝜕𝑠𝑠 are assumed to be constant over each segment. Thus, 
the integral equations (6) and (7) will be converted into corresponding 
matrix equations. Finally, using continuity of pressure and normal 
velocity with the outer region, a final matrix equation can be derived 
and the required unknown coefficients can be determined. 

 

 

 

 

 

 

 

4. Results and discussions     

 

 

Figure 2. Variations of reflection and tranasmission coefficients 𝐾𝐾𝑟𝑟 
and 𝐾𝐾𝜔𝜔 vs. (a) structural width 𝑘𝑘0𝑏𝑏 

and (b) angle of incidence 𝜃𝜃 for 
different values of structural height 𝑎𝑎/ℎ. Solutions obtained using 
boundary element method (symbols) are compared with the analytic 
solutions obtained using the eigenfunction exapnsion method (lines). 

In both the figures 2(a) and 2(b), it is observed that with an increase in 
structural height 𝑎𝑎/ℎ, 𝐾𝐾𝑟𝑟 increases and 𝐾𝐾𝜔𝜔 decreases. The reason 
behind this is that as the height of the porous structure increases, 
more amount of wave energy is getting reflected by the porous 
structure and less being transmitted in the rear side. Futher, Fig. 1(a) 
illustrates that reflection coefficients 𝐾𝐾𝑟𝑟 are of oscillatory pattern. In 
Fig. 2(b), it is seen that the reflection coefficient 𝐾𝐾𝑟𝑟 increases after 𝜃𝜃 ≈
500, around which the relfection coefficient attends zero minimum. 
The results are opposite in case of transmission coefficients. 

5. Summary     

The present study deals with the scattering of oblique incident waves 
with a submerged thick rectangular shape porous brekwater placed 
over undulated bed. The solution of the physical problem is obtained 
using the well-known boundary element method. It is seen that the 
reflection coefficient are oscillatory in nature with the variation in 
structural width. Further, the height of the porous structure plays an 
imporatnt role to control the scattering coefficients. Moreover, it is 
seen that the relfection coefficient attains global minimum when the 
angle of incidence is approximately 𝜃𝜃 ≈ 500. These observations 
demonstrate that the structural configurations and the angle of 
incidence can be optimized to control the wave scattering parameters.  
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