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Abstract

In the present study, under the assumption of small amplitude water wave theory and structural
response, effect of bed undulation on the wave interaction with a combination of flexible porous barrier
and a flexible floating plate, is studied. The flexible porous barrier is modelled using the porous wave
maker-theory while the elastic floating plate is modelled using thin plate theory. The physical problem
is handled for solution using eigenfunction expansion method by matching pressure and velocity at
interface boundaries while finite difference method is used to deal with modified mild-slope equation.
In the present study, two types of plate configurations are namely (a) finite plate and (b) semi-infinite
plate. To understand the role of undulating seabed, wave and structural parameters, in attenuating wave
force and plate deflection, numerical results are computed and compared with available literature. It is
found that full wave reflection occurs for certain critical angle and wave force acting on the barrier
vanishes for the same critical angle for the semi-infinite plate case while the wave reflection tends to
attain maximum value at critical angle for the finite case and these maximum value increases with the
increase of plate length. It is observed that less wave reflection occurs for sloping bed profile compare
to rest of the bed profile. The study reveals that positioning a barrier between plate and undulated
region, helps in the reduction of plate deflection significantly. As special case, wave interaction
problem with a finite floating elastic plate is studied experimentally and the experimental result has
shown good agreement with the numerical result. The findings of the present study are likely to be of
immense help in the design of various types of marine structures for protecting very large floating
structures (VLFS). The present theory can be extended to handle large class of acoustic wave
interaction problems with flexible porous structures.

Keywords: Very large floating structure, Surface gravity waves, Modified mild-slope equation,
Flexible porous barrier, Eigenfunction expansion method.



1. Introduction

Due to increase in human activities, there is a significant interest to study the gravity wave interaction
with very large floating structures for utilization of ocean space for various developmental activities
like building offshore floating ports, floating city, and artificial islands. Due to the large structural size,
more emphasis is given on the hydroelastic responses of the VLFS, compared to the rigid body
motions. However, the associated structural boundary conditions are of higher order than the governing
equation, which adds complexities to this kind of problems. Hence, during the past few decades, the
interest was to understand the characteristics of the associated eigen-system and analyze wave-VLFS
interaction problems through theoretical and experimental investigations for accurate insight into

problems.

Floating thin elastic plate model is used widely to model VLFS and the large ice sheet. Squire [
investigated the underlying relationship between VLFS and sea-ice research. Lawrie and Abrahams 2!
introduced an orthogonal mode-coupling relation for the aquatic wave structure interaction problems.
Since then, several authors (see Sahoo et al. [¥I, Manam et al. ], Mondal et al. %], Mohapatra et al. [])
applied orthogonal mode-coupling relation to solve the gravity wave interaction with very large
floating structure problems. Hermans ! derived an integro-differential using boundary element
method to solve for the flexible plate deflection, which was extended to the floating elastic plates of
non-rectangular geometry by Andrianov and Hermans -1, Tkacheva [*% used Wiener— Hopf technique
to deal with wave interaction with floating elastic plate. Watanabe et al. ™I provided theoretical
background and discussed the design parameters of VLFS. Kohout et al. [*2 investigated wave
propagation beneath a set of elastic plates of arbitrary properties through a series of experiments in a
2D wave tank. Their results satisfied the energy balance condition. Mohapatra et al. **I considered the
effect of compressive force in obliquely incident wave interaction with floating plate and found critical
compressive forces in different water depths by analyzing the phase and group velocities of the flexural
gravity waves. Wang and Tay [*4 reviewed the role of hydroelasticity and highlighted various

mathematical difficulties associated with class of problems associated with VLFS design.

Construction of breakwater close to the VLFS, helps in developing an effective wave protection system
and reducing wave-induced drift force for the VLFS (see Ohmatsu [*3, Maeda et al. [, Utsunomiya
et al. M and Hong et al. 8. Perforated wall reduces incoming wave amplitudes by dissipating
maximum wave energy. Wang and Ren 1 studied hydroelastic responses of wave interaction with a
thin flexible porous barrier using the porous wave maker theory developed by Chwang 9. Yip et al.
[ ysed Least Square Approximation method which was initially used by Lee and Chwang 2% to deal

with the wave interaction with partial barriers. In order to create a tranquility zone near floating
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horizontal plate, the challenge is to trap the wave by finding an optimum distance between the
structures depending on the incoming wavelength. Bhattacharjee and Soares [?°l investigated the utility
of step type bottom in wave trapping by flexible barrier near a wall. Often multiple barriers are chosen
due to their ability to suppress the wave oscillation near protected structure and the gap between two
barriers plays a significant role in controlling wave reflection and transmission (see Lo 241, Karmakar
et al. %1, Karmakar and Guedes Soares [?®1). Xiao et al. 2"l experimented the performance of double-
layered perforated walls attached to a VLFS in wave attenuation. They concluded that horizontal
motion, mooring force, and wave attenuation are important in VLFS design. Recently, Geng et al. (%]
studied the influence of the thickness, the porosity and the layout form of the multi-layer perforated
plates on the wave absorption efficiency. They found that the efficiency of the wave absorption system

doesn’t significantly increase after exceeding certain layer number.

However, in all the above mentioned studies, uniform water depth was considered. Over an undulating
bottom topography, Massel 2% introduced the Galerkin-Eigenfunction method to deal with wave
propagation. Porter and Staziker % improved the accuracy of the mild slope equation approximations
by using variational method. They applied continuities of pressure and velocity at the interface of the
regions. Chamberlain and Porter Y derived modified mild-slope equation (MMSE) with correct
interfacial matching conditions. Since then, several authors applied MMSE to study scattering of
flexural and membrane-coupled gravity waves with varying bottom topography (see Bennetts et al.
[321 Manam and Kaligatla B3). However, MMSE is non- conservative with respect to wave energy,
due to the slope bottom boundary condition. To correct this shortcoming, Athanassoulis and
Belibassakis 4l developed a consistent couple-mode theory by introducing additional slopping mode
in the velocity potential expression and showed that their model improves the convergence of the
modal series. Belibassakis and Athanassoulis ! extended the consistent couple-mode theory in the
case of obliquely incident waves and studied the hydroelastic analysis of VLFS positioned over
undulating regions. Latter, Gerostathis et al. %1 extended the work of Belibassakis and Athanassoulis
[381to three dimension. Zhu 71 used finite difference scheme to solve the MMSE associated with wave
interaction with a porous medium. Behera et al. B8 investigated wave trapping phenomenon by a
combination of porous barrier and rigid wall in the presence of step type bottom topography. They
observed that occurrence of optimum reflection increases in case of undulated bed. Kaligatla et al. 3,
Behera and Ng [“°! extended the problem to multiple flexible porous barrier and observed that suitable
gap between barriers and sea wall increases the wave reflection significantly in the presence of

undulated bottom.



In the present paper, surface gravity wave interaction with a combination of flexible porous barrier and
a flexible horizontal plate is investigated in the presence of an undulating bottom bed. The physical
problem is formulated under the assumption of small amplitude structural response. Porous wave
maker theory and thin plate theory are implemented in the present study in order to model flexible
porous barrier and floating elastic plate respectively. Both friction and inertia terms are included in the
porous effect parameter. In the presence of undulating bottom, the role of the flexible porous barrier,
in the reduction of plate deflection is studied by analyzing the reflection coefficients, surface elevations
and different types of bed profiles. Further, as a special case of the main problem, the deflection of the

finite floating elastic plate is studied numerically and validated experimentally.
2. Mathematical formulation

The problem of oblique wave scattering by the thin flexible porous barrier and an elastic plate is studied
in the presence of undulating bottom topography under the assumption of linearized water wave theory
and small amplitude structural responses. The problem is formulated in a Cartesian coordinate system
with the x-axis and z-axis being in the horizontal and vertically upward direction respectively. A
flexible porous barrier, extending from seabed to free surface, is placed between the undulated region

and the floating plate (as in Fig. 1) to reduce the wave impact on the elastic plate.

Fig 1: Schematic diagram of (a) finite and (b) semi-infinite elastic plate in the presence of undulating
seabed and barrier

The barrier is assumed to be free at the top and fixed at the bottom. Depending on the location of the

elastic plate and flexible porous barrier, the fluid domain is divided into sub-domains D, = -0 < x <0,

D,=0<x<x, D,=% <x<X,, D, =X, <x<X, along with

K
D, =% <x<X,, Dy=x,<x<oco where x =>L; (k=1234),L,=L, (for finite plate),

i=1

k
D, =%, <x<oo where x, =>'L; (k=1,2,3), (for semi-infinite plate),
i=1



where L is the length of the finite elastic plate. The region 2 contains the undulated bed profiles while
the rest of the regions deal with uniform bed. The free surface region is assumed to be of uniform depth
of h, extended in the negative x-direction. The undulated region of variable depth h, (X) extends over
O0<x< L, and the region beyond x> L, is of uniform depth h,. The flexible porous barrier is located at

X=X, Whereas the elastic plate is located at x = X,. It is assumed that the fluid is incompressible,

inviscid and irrotational in time with angular frequency @ . Thus, the velocity potential function exists

and has the form qu(x, y, z,t)= Re{qﬁj (x,z)ei(”yy”’t)}, where u, =k sing, and k; , being the

incident wave number at region 1. The spatial velocity potential ¢; (j=12,3,4,5,6 for finite plate)

and (j=1,2,3,4,5 for semi-infinite plate) satisfies the following Laplace equation,

82 2 )
[ﬁ*?‘ﬂy]qﬁfo, .
along with the bottom boundary conditions

%4_%%:0

oz dx ox at z=-h,(x), 0<x<Ly, (2)
09,

_:O = —I) i=

pe ,at z h, for i=1,3, (3)

where j=1,3,4,5,6 for finite plate and j =1,3,4,5 for semi-infinite plate. The linearized free surface

condition is given by

0g;
——L¢ =0, at z=0, 4
oz 4, (4)

where j=1,2,3,4,6 for finite plate and j=1,2,3,4 for semi-infinite plate with L :a)zlg, with g

being the acceleration due to gravity. On the other hand, at the plate covered region, the linearized

kinematic and dynamic conditions can be expressed as

on 0D, oD,
= 1 Mg = - tZ= 01 5
a oz P p_ﬁt PIN a ®)

i(,uyy—wt)

with n(x,t):nl(x)e_ being the deflection of the floating elastic plate, o being the water

density and P, being the surface pressure. The plate is assumed to be thin and homogeneous elastic



material with thickness t_and mass density o . Now, from Eg. (5), the dynamic pressure exerted on

the plate can be written as

2
p, = El pv4y77+ m, ;—727 at z=0, X, <X<X, (for finite plate), X > X, (for semi-infinite plate), (6)

X!

¢ 0 0
where Viy = ¥+W =57 —,u§ , flexural rigidity of the plate EI  =Et° /[12(1—05)], with E being
the Young’s modulus, v being Poisson’s ratio and the mass of the platem, = p,t, . Now, substituting

Eq. (5) in Eq. (6) gives,

0? L)
Elpviyn_kmpat_?:_p?s_pgn' (7)
. 0? on oo, . .
Now, using V2 =——— and — =-——2in Eq. (7), vyields,
gV} ==z and —E=—=inEq. (0.y
o 0,
D—+1|—=-K¢.=0atz=0, 8

where D=EIl_/(pg-m o®), K= po®/(pg—-m o®). It is assumed that the plate satisfies any one

of the following edge conditions at x = x,, X = X, (for finite plate) and x = x, (for semi-infinite plate),

(a) Free edge: bending moment and shear force are zero,

o? , | 0¢ o? .| 0%,
(y_upﬂy]gzo’ {y—(z—l)p)ﬂy 6xaz:O )
(b) Simply supported edge: displacement and bending moment are zero,
0, 0° .| O
—=0,<—-v =0 9b
oz {6x2 "ﬂy} oz (30)

(c) Fixed edge: slope and displacement are zero,

0° 0

4 =0, %9 =0 (9¢)
oXoz o4
Koley et al. ! found that the surface-piercing barriers (fixed at top and free at bottom) are efficient in
wave blocking over the bottom-standing barriers due to higher wave energy concentration near free

surface. However, there is great engineering challenges associated in fixing top end of the barrier.



Moreover, surface piercing barrier is good option for deep water and where sea bed is not suitable for
barrier foundation. Since the present study is focused on rigid bed and intermediate water depth, the
bottom standing flexible porous barrier preferred here. The barrier is positioned between the plate and
undulated region to reduce the wave impact on the elastic plate. The advantages of this kind of barrier
is that when wave passes through the porous barrier, it loses much of its energy due to friction of the
barrier while part of the energy is used to deform the barrier. Hence, the bottom standing flexible
porous barrier is kept fixed at the bottom (i.e., deflection and slope are zero) and free at the top (i.e.,
bending moment and shear force becomes zero). The flexible porous barrier is modelled using the
porous wave maker-theory (see Chwang ). The interface boundary condition on the flexible porous

barrier surface (as in Mandal et al. 42} is given by

0¢s _9¢, _

P =ik,G(¢, —¢,) —iwé(z) at x=x,, —h, <z <0, (10)

where G is the complex porous-effect parameter as in Yu and Chwang and the complex deflection

amplitude £(z) is given by

Elb[%_ﬂjj S+ Q( ﬂny m,w’E =iwp(d—4,) at x=x,, —h, <z<0, (11)

where El, = Et.° /[12(1—05)] being the flexural rigidity and Q being the compressive force of the

flexible porous barrier, v, being the Poisson’s ratio, mass of the barrier per unit lengthm, = p,t, , with

p, being the density of porous barrier. The edge conditions of the flexible porous barrier are given by

dg
:—:O at =-h,, 11
g dz =N o
d? d?
[d 5 Ub,uyjé‘ 0, { I {dz —(2-v,) } +Q— }é‘ 0at z=0. (12)
Finally, the continuity of pressure and normal velocity near the interfaces yield,
- o4 _ ¢,
Regionland2: ¢ =¢,, —=—= at x=0, —h, <z<0, 13a
g h=0 = =7 h (13a)
a¢2: ¢3

Region2and 3: ¢, =@, at x=x, —h,<z<0, (13b)



Region 4 and 5: ¢, =4, %:%ﬁ at X=X, —h, <z<0.
X

OX

Only for finite plate:

Ofs _ 0¢;

Region5and 6: ¢, =¢,, —=— at x=%,, —h, <z<0.

OX  OX

3. Method of solution

(13c)

(13d)

Now, substituting bottom boundary condition Eq. (3), free surface conditions Eq. (4) and plate cover

condition Eq. (8) as appropriate, in Laplace equation Eqg. (1), the velocity potential can be expressed

as

0

¢ (x2)= Ioeiyl'oxzm (z)+ ZRne_%nleyn (z) for xe D;,

n=0

0

8,(%2)=Yw,(%)Z,,(h,(x).2), for xeD,,

for finite plate:

o0

#(x2)= Y (C,e"+C,e™)F,(2) for xeD;,

n=0,1,11, 11,1V

¢ (x,2)=>Te""Z, (z) for xe D,
n=0

for semi-infinite plate:

¢ (x,2)= i T,e"*F, (z) for xe D,

n=0,1,11,11,IV

(14a)

(14b)

(14c)

(14d)

(14e)

(14f)

(14g)

where 1, =—igH, / (2w) and the depth-dependent function Z,,(z), Zzyn(hz(x),z), Z,,(2) (for

n=012..,,) and F(z) (for n=0,1,11,12..,) are given by

_ coshk,, (h+2)

coshk, .h



_coshk, , (h,(x)+2)

_ coshk,, (h,+2)
Zy (N (%),2) = coshk, ,h, (x) Zan(2)=

coshk, ,h,

_coshp, (hy+2)
~ coshp,h,

H, being the incident wave height and 14, =k, = 1, g1, =(k2, — 42 and p, = |2 — 2 . The

wave numbers k,  s* (I =1,3) satisfy the dispersion relation o = ok, , tanh k, h where K, ,is the real

and F,(2) , With

root and klyns (n>0) are purely imaginary roots. However, it is assumed that, in Eq. (14b), k, s’
satisfies ©” = 0k, , tanh k, h, with K, ; being the real rootand K, ,s (n > 0) are purely imaginary roots.

The wave numbers for the plate-covered region, p, s’ satisfy the relation K=p, ( Dp! +l) tanh p. I

where P _is the real root, P, (= pﬂ ) P (= prv) are complex roots with ‘*’ denoting the complex

conjugate and p,s’ (n>0) are purely imaginary roots. The eigenfunctions in Eq. (14), satisfy the
relation  (Z,,(2),Z,,(z)=0,(m=n)  where  (Z,,(2).Z,,(2)= [ Z,.(2)Z,(2)dz

(1=1,3; mn=0,12,...,). In Egs. (14a) - (14g), the unknown coefficients R,, A, A, B,,, B,,,

,n?

C,.. C,,andT_, are to be determined using the conditions prescribed on various boundaries for

appropriate structural configuration.

3.1. Barrier region

Now, applying the orthogonal properties of eigenfunctions in the continuity of velocity and porous

boundary conditions at x =x,, as in Eq. (10), the followings are derived.

AL A e B g B, e =0 15)

{[(iﬂg,m - ikoG) A, +ik,GB, } it

_ _ _ o o0 (16)
+[—(|y3'm +ik,G) A, , + |kOGBZ,mJe '”3"X} J'Z,jmdz =—iw I £(2)Z,,0z.
-h, -h,

The horizontal displacement profile £(z) in Eq. (16), can be derived by solving the equation of motion

asin Eq. (11),
g(z)zzvkuk+ia)p2(l//3_l/l4)rn23,n' (17)
k=1 n=0



cosh(u,z)

cosh (u;hy)

_ sinh(u,z)

~sinh(u,hy)

_ cos(uyz)

- cos(u;h,)

_sin(u,z)

~sin(u,hy)’

withU, =

U, . U, U,

-1
rnz{EIby§n+Qy§n—mba)2} , Where wu,’s being the roots of the characteristic equation

2 . .
Elb(uﬁ—yj) +Q(u§—y§)—mba)z =0, with u =iu_ for n=3,4, and Vv, are arbitrary constants.

Now, substitution of Eq. (17) in Eq. (16), yields,

|:(i:u3,m —-ik,G-w’pr, ) A+ (ikOG +a’pr, ) Bl’mJei”g’mxagym

y S (18)
+ (it +iK,G + @1, ) Ay + (kG + 0, ) By |60 i | [kaukagymdz -0,
—hg k=1

0
where a,, = [ 22 dz.

—hy
3.2. Plate covered region

In this section, for clarity, the motion equation for the two types of plate configurations are discussed

in two different subsections.
3.2.1. Finite plate

In the case of finite plate, substitution of ¢, and ¢, from Eqs. (14d)-(14e) in the continuity of pressures

and normal velocity conditions Eq. (13c), and application of orthogonality of eigenfunction Z, () at

X = X,, yields,
o 0
(Boe™" +B, e " ag, = D (C, €% +Cy e ™) [Z,,F02=0, (19a)
n=0,1,11 ~hy
(Bl,mew&mx - Bz,me_lﬂsvmx ) ﬂ3,ma3,m - z (Cl,nqunX - CZ,neilan ) Qs J. Z3,m I:ndz =0. (lgb)
n=0,1,1I hy

Similarly, substituting ¢.and ¢, from Eqgs. (14e)- (14f) in Eq. (13d) and used of orthogonality of

eigenfunction Z; ,(z) at x =x,, yields,

N 0
Te e -y (Clvne"‘"X +C2,ne*iq"x) J'Z&m Fdz=0, (202)
n=0,1,11 ~hy
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. d ; i ’
Tme_lﬂ3'mxﬂ3,mas,m + Z (Cl’nelqnx - CZ]ne—mnX ) qn JA 23 m Fndz (ZOb)
n=0,1,ll -

3.2.2. Semi-infinite plate

In the semi-infinite plate covered region, substitution of ¢, and ¢, from Egs. (14d) and (149) in Eq.

(13c) and applying orthogonal properties of eigenfunction Z, ,(z) near the interface x = x,, yields,

(Byne"" +B, 08" )y, Z T g o j Z,.F.dz= (21a)
n=0,1,ll —hy
(Blm g B, e )y&ma&m+ i T,q,e""" jzngndz 0. (22b)
n=0,1,ll ~hy

3.3. Undulated bed region

Now, the infinite series Eq. (14b) is substituted in Laplace equation after truncating N terms. The

following modified mild-slope equation (MMSE) (as in Zhu B4) for the region D,, is derived as

d? oa,, S, d . d
l//zm + 2, c l//m c Z W
dx oh, a,, dx a2m arc dx 23)
+_Z{ m ™ 4.2 nm (Sc)2 +a2,mﬂ22,n}l//n =0’
2m n=0
where the coefficients a_, b,,,, c,, and S are given by
¢ < 0z %oz, 0Z dh
a, = |22 dz, b =|Z 20dz, ¢ 20 2md and S, =—>=.
2,m _!:2 2,m nm {2 2,m 8h2 nm { c dX

By applying orthogonal properties of eigenfunctions, in Eq. (13a), the following equation can be

derived
oy, . N _
| 2| H B+ S D Dty = 20y ntnlo s at x=0, (24)
x=0 n=0

0
wherea, , = jmedz and o,,, being the Kronecker delta. Now, proceeding similarly, using interface

matching conditions in Eq. (13b), the following can be derived,
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0 i N H —ipty X
a3'm£ é/)/(mj s +Sczbﬂmwn :_Zla’a‘,mﬂa,mAz,me for® at x= X . (25)
X=X n=0

To solve the modified mild-slope equation Eq. (23), finite difference scheme is applied along with the
boundary conditions Egs. (24) - (25). The undulating domain [0, Xl] is divided into M number of equal

segments. Forward-difference formula is applied at left boundary nodex=0, while backward-
difference formula is applied at the right boundary node x = L,. The Central-difference formula is
applied to derivatives except derivatives at endpoints.

However, it is important to note that in the present work, the Eq. (14b) is slowly convergent and

MMSE is non- conservative with respect to wave energy (see Athanassoulis and Belibassakis 24), due

to the slope bottom boundary condition. However, to make conservative and accelerate the
convergences, an additional slopping-bottom mode 1,//_1(x)22,_l(h2 (x) z) can be added in Eq. (14b)
where sz_l(hz(x), z) being any smooth z - function in [—hz(x),oj satisfies the following conditions
(see Athanassoulis and Belibassakis 4)

oz, ,
0z

oz, ,
0z

-LZ,, =0,

z=0,x

-1, (26)

z=—hy(x),x

The following end conditions can be imposed due to the additional slopping-bottom amplitude y_, (x)

and the final system of equations can be solved by following present procedure.

v (0)=vw.,(%)=0, v, (0)=vy,(x)=0. 27)
Now, using prescribed finite difference scheme, in Egs. (23) - (25), and Eqgs. (9), (11)-(12), (15), (18)
with (19)-(20) for finite plate case, yield following system of (N +1)(M +7)+ 4+ 4 equations

XY =H (23)

where Y:{Rn’l//r:n'Ai,n'AZ,n’Bl,n’Bz,n'Cl,j’CZ,j’Vl’VZ’V3’V4’Tn} is unknown column vector

(m=423...(M+1); n=123.N+L j=11,11,2,3...N+1) is to be determined. Similarly, for
semi-infinite plate case, instead of Egs. (19)-(20), Eq. (21) is considered and system of
(N+D)(M +7)+4+2 equations, is obtained where in Eq. (23),

Y ={Rn,l//;nn°§,n,Az,n, B, Bz,n,Vl,Vz,Vg,VmTj}is unknown vector (m=1,2,3...(M +1);
n=123...N+1% j=11,11,2,3..N +1) is to be determined.
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3.4. Special Cases

In this subsection, several special cases of the formulated problem are derived for various structural

configurations.
3.4.1. Floating semi-infinite elastic plate in the presence of undulating bottom bed

In this case, the barrier is removed. Hence, the velocity and pressure will be continuous along the
interface of 3" and 4" region. Proceeding in a similar fashion as in previous section, the problem can

be solved considering the following interface condition instead of Eq. (10),

¢3 = ¢4- (24)
3.4.2. Floating semi-infinite elastic plate without the presence of undulating bottom bed

In this case, the undulating bottom and barrier are eliminated. Hence, the physical problem can be
formulated considering h, =h, =h, (see Sahoo et al. B¥!). Proceeding in a similar fashion as previous,

the problem can be solved using the following condition,

dh
= ¢, and — 2 =0. 25
#y = and —o (25)

3.4.3. Floating finite elastic plate without presence of undulating bottom bed

£ (0,0)

X

Fig 2: Schematic diagram of wave interaction with finite elastic plate
In this section, as a special case of the formulated problem for finite plate case, wave interaction with
a floating finite elastic plate without the presence of undulating bottom bed, which was previously
studied by Wu et al. [*l, can be derived. For clarity, schematic diagram of wave interaction with finite
elastic plate is shown in Fig. 2. Here, the fluid domain is divided into three regions where region 1 is

extended in the negative x-direction, region 2 namely plate covered region starts from origin and region

13



3 extends in the positive x-direction beyond x = L, . The plate is considered to be floating freely on the
water surface of uniform depthh =h, =h,. The linearized bottom, free surface boundary conditions of

the fluid domain and edge conditions of the plate are same as in previous section with @ = 0°. To avoid
repetition, detailed mathematical formulation is not provided here. However, to validate the theoretical
results of this special case, an experiment is carried out in a wave flume of size 40mx2mx2m ina

water depth of 1.4m at National Institute of Technology Calicut, India.

Experimental setup
Schematic diagram of the experimental setup is shown in Fig 3.

Mooring system to arrest drifting of

[~ the plate ]

each 2’"

— ]

PLAN

Wave maker

DS
—
ﬁ A P i
|

N7 T 2m

]

40m
ELEVATION

Fig 3: Schematic diagram of the experimental setup
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DSmountedto a

supporting rod

Needle fixed to the plate

(a) (b)

-
(©)

(d)

Fig 4: (a) Arrangement of the displacement sensor on the plate, (b) Top view of the floating plate, (c)

Side view of the floating plate and (d) Action of waves on the plate

Froude’s model law is used extensively in the problems associated with waves because inertia and

gravitation are the predominant forces in such systems. The wave height, wavelength and water depth

scale linearly (1/ 2 ) in a Froude model. The time and wave period scale are 1/ \/Z The model is made
to a scale of s=1/30 which is the ratio of wave height to the water depth. In the wave flume, water
depth and wave height are maintained at 1.40m and 40mm respectively. The wave generator is a
plunger type capable of producing regular waves of time period 0.65-0.8s with the input values of
plunger velocity 10 counts and stroke 1. White Polypropylene (PP) sheet is used to make floating plate
model of dimension 2mx0.5mx0.01m used for the experiment. The Polypropylene (PP) sheet has
density 0.91g/cc, Poisson’s ratio 0.42 and Elasticity 1.5GPa. The PP plate is placed at a 7m distant
from the wave generator. The plate is moored using thin ropes and zero tension in such a way that the
lateral motion or drifting is arrested without affecting waves. A displacement sensor (DS) is placed
just above the plate surface in order to capture wave induced deflection. When the waves pass beneath
the plate, the plate deflects vertically due to which the needle fixed to the plate displaces and the
displacement readings are recorded using Emcon wave recorder software. However, the displacement
sensor (DS) cable is not long enough to extend to the middle of the flume. Hence, the deflection of the
plate is found out by placing displacement sensor at different position on the plate for particular time

period. Waves of the 0.7s time period are produced using wave generator and the deflections are
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recorded using displacement sensor at every 200mm interval from the front edge of the plate. The

experimental results are plotted in the Sub-section 4.2.
4. Numerical computations

A numerical code has been developed in order to study the effect of different wave and structural
parameters on the wave reflection, wave force acting on the barrier, barrier and plate deflection for

various bottom profiles. The numerical computations are performed usingh, =10m,h, /h =0.75,
sloping parameter 6, =45°, incident angle @ =25°, time period T =8s, porous effect parameter
G =0.1+0.1i, the non-dimensional flexural rigidity of the barrier », :Elb/(pgh;‘):O.L non-
dimensional compressive force A, =Q/(pghf)=0.1 a, =M’ /(pghi)=0.1Plate’s Young’s
modulus El, =3Gpa, plate thickness t, =0.1h,, plate density p =917kgm*, water density
p =1025kg m® and acceleration due to gravity g =9.8ms™ are kept fixed in the whole computation
unless otherwise mentioned. The reflection coefficient K, surface deflection  for j™ region, non-

dimensional wave force acting on the flexible porous barrier F, at X=X,, are computed using the

following formulae.

09,

o 01

dz. (26)

X=X,

where K, =ipa>jl{¢4(x,z)—¢3(x,z)}

2

K
and Fb:‘ b
P

z=0

In the present study, various types of undulating bed profile function h,(X) as in Eq. (27) (see Porter

and Porter %) in the region 2 (0> x> x, =L, ), are considered.

h,(x)=h, —b 1—5(1—&] +(5—1)£1—é] . @7)

h,,(x)/l,

Protrusion, § > 1
— — Convex, 1< §>0 |1
"""" Slopping §=0
—-—-Concave 0 < ¢ > -1
— — Depression § < -1

15 1 I I 1 1
-1 -0.5 0 0.5 1 1.5 2

-10

Fig. 5. Variation of bottom bed profiles h,(x) for different values of & with h, =10m, h, =0.5h, and L, =10h,.
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where b=(h,—h;) and J being a real number. The values of & give different kind of bed profiles

as shown in Fig. 5. When ¢ =0, the function h,(X) gives a linear sloping bed profile, if J >1, the
same function produces protrusion profile above the depthh,. 0<& <1 and -1<6 <0 correspond to
convex and concave profile respectively whilst 6 < —1 produces depression in the bed profile as shown
in Fig. 5. In the present study, while analyzing the effect of various parameters on the wave reflection,
horizontal force on the barrier, free surface elevation and plate deflection, 0=1,0,-1,-2 were

considered. However, & =1is kept fixed in several cases unless mentioned otherwise. For clarity,
wave interaction with floating elastic plate under various cases are analyzed in the subsequent different
subsections.

1 T T T 1 T T T
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xx}()‘xxxxxxx 26365  obooon o oo . free edge, Present result
0.9 XXXX ooooo e e N 0.9 ¢ — — s-s edge, Present result
P Lo EEEE ——-" ---fixed edge, Present result
0.8 F x% oP=- 1 0.8 o free edge, Sahoo et al. (2001) | |
; - oS Fests 3 o s-s edge, Sahoo et al. (2001)
0.7r1 F B e ) 0.7 % fixed edge, Sahoo et al. (2001)
X <5600 ¢
0.6 % 0.6 3
w05 f “ 1 05 3
0.4 0.4
03} & —free edge, Present result 03
¥ — — s-s edge, Present result
02k -fixed edge, Present result i 02
o free edge, Sahoo et al. (2001) Soos
0.1 3 O s-s edge, Sahoo et al. (2001) 0.1 e ?Qf@mm;ij%ﬂﬂoe >
X fixed edge, Sahoo et al. (2001) XXXXXMXXWYW%E}-QQi;%
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kf\hl kf\hl
(a) (b)

Fig. 6. Variations of wave reflection and transmission coefficients for 6 =0, with h =h, and L, =0.
4.1. Floating semi-infinite elastic plate without presence of undulating bottom bed
In Fig. 6, the variations of wave reflection coefficients K_ and transmission coefficients

P, T, tanh pyh
koI, tanhk; h

. without the presence of flexible porous barrier and undulating bottom bed, are

plotted. As discussed in Sec. 3.4.2, L, L, and L, =0 with h=h =h,, are considered to eliminate the

undulating bottom and barrier from the present formulation. Hence, the plate covered region extends
from the origin to the positive x-direction. Fig. 6(a), reveals that the highest and lowest wave reflections
occur in the cases of fixed edge condition and free edge condition respectively. However, the reverse
pattern in the transmission coefficient is observed in Fig. 6(b), which may happen due to the
transmission of more wave energy in the case of free edge condition than fixed edge condition. The
results are also compared with Sahoo et al. B! in Fig. 6. In the present approach, the orthogonal
properties of vertical eigenfunctions in the open water region, is used to solve the system of algebraic
equations whilst Sahoo et al. ¥l used the inner product of vertical eigenfunctions of the plated covered

region to solve the problem. The good agreement of the present results with Sahoo et al. Bl implies the
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correctness of the present approach and numerical computation.
4.2. Floating finite elastic plate without the presence of undulating bottom bed

In this section, the numerical result computed from subsection 3.4.3, is compared with the experimental
result in the case of floating finite elastic plate considering h=30m, plate length L, =60m wave
height H, =1m and plate thickness t, =0.01h with the same engineering properties of the plate that

is used in the experiment. The plate deflection of the freely floating plate is measured in the wave tank

experiment using the method described in subsection 3.4.3.
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Fig 7: Variation of wave elevation recorded using wave probe (WP) and comparison of numerical and

experimental results of the dimensionless plate deflection (7/H,).

In Fig. 7(a), the wave elevation recorded using wave probe (WP) is plotted. After analyzing Fig. 7(a),
the average time period is considered as 0.7s and 40mm wave height is considered. Using the

dispersion relation o* = gk tanhkh, wave number is found out as 8.212864m™. The time period of the

model is converted to time period of prototype with the help of Froude’s model law for numerical
computations. Table 1 shows that wavelength is approximately same in both cases. Hence, both the
results can be comparable. In Fig. 7(b), the experimental and numerical results are compared. In spite
of the limitation of the wave maker, the figure reveals good agreement between the experimental result

and the numerical results after normalizing with wave height 0.04m.
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Experimental data

Numerical calculations

k =8.212864 = 27”

A
ﬂtheoretical = 2295125m

experimental = 0765 = ﬂtheoretical xS

k=0.2737 = 2z
A

ﬂtheoretical = 22956468m

Tab 1: Wavelength calculation in experimental model scale

4.3. Coupled finite floating elastic plate and Barrier system in the presence of undulating bottom bed

In this section, the system of equations Eq. (23), is solved for the finite elastic plate case in the presence

of flexible porous barrier and undulating bottom. The length of the elastic plate is given by L.

Sloping parameter &, is introduced to describe the undulating length L, = (h, —h, )/ tan (6, /180).
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Fig. 8. Variations of reflection coefficients versus (a) non-dimensional wavelength for different value

of porous effect parameter G with =1 and (b) non dimensional plate length L, /4 with 6, = 45°,
and G=0.1+0.1.

In Fig. 8(a), the variations of reflection coefficients versus non-dimensional wavelength for different
value of porous effect parameter G is plotted. In general, maxima and minima of the reflection
coefficients occur periodically. It can be observed that there is a right shift in the minima and maxima
of these curves, which is due to the phase shift of the reflected wave as the length and profiles of the
undulated region changes. Decrease in porous effect parameter, reduces the wave transmission due to
the increase in friction, which results increase in wave reflection. In Fig. 8(b), the variations of

reflection coefficients versus oblique incident angle for different values of non-dimensional plate

length L, / 4, is plotted. The number of maxima and minima increases with the increase of plate length.
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As the plate length increases, the maximum of these curves tends to attain full reflection around

0. = 65.7°, which is referred as critical angle in Fig. 11(a) for the semi-infinite plate case.

0.15 T T T

0.1

0.05

-0.05

-0.1

-0.15
-1.5 0 2 4 6 8 10 11

x/L0

Fig. 9. Surface elevation for different values of elastic plate length L, with the presence of porous
barrier with 6 =1, h, =0.5h, §=0°, 6, =5°, E, =3GPa, and L =100m.

The surface elevation for different values of elastic plate length L, with the presence of porous barrier

is shown in Fig. 9. It is observed that the amplitude of the transmitted wave decreases with the increase
of plate length due to the increase of wave energy dissipation by the elastic plate due to deformation

of the flexible structure.

4.4. Coupled semi-infinite floating elastic plate and Barrier system in the presence of undulating
bottom bed

In this section, the algebraic system Eq. (23) associated with wave interaction with coupled semi-
infinite floating elastic plate and flexible porous barrier system in the presence of undulating bed

profiles, is computed using finite difference scheme. In the subsequent figures L = ( L, - Ll), is used to

non-dimensionalize wavelength 4, .

In Figs. 10(a) and 10(b), the variation of wave reflection coefficients are plotted against non-
dimensional wavelength L/A, for different values of undulating bed sloping parameter &, and
undulation parameter o respectively. In both of the figures, right shift is observed in the minima and
maxima of these curves as in Fig. 10(a). On the other hand, with the increase in &, , the undulated
region length L, decreases. The increase in sloping angle leads to step type bed profile while small &,
leads to near flat type bottom. Fig. 10(a) reveals that maxima in wave reflection increase with the

increase in sloping angle due to increase in reflected wave. In Fig. 10(b), lowest wave reflection is
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observed for sloping bed profile (5:0) due to comparatively less damping, while highest wave

reflection is observed for depression bed profile (& =-2). The figure depicts that for|5|>1, wave

reflection and phase difference, increase significantly.
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Fig. 10. Variations of reflection coefficients versus non-dimensional wavelength for different value of

(a) sloping parameter 6, withd=1 and (b) undulation parameter & with 6, =45",0=25° and
G=0.1+0.1.
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Fig. 11. Variations of reflection coefficients versus non-dimensional wavelength for different value of
(a) flexural rigidity parameter 7, and (b) compressive force parameter £, with 6 =1, 6, = 45°, 9 = 25°
and G =0.1+0.1i.

In Figs. 11(a) and 11(b), the variation of wave reflection coefficients are plotted against non-
dimensional wavelength for different values of non-dimensional flexural rigidity parameter and
compressive force respectively. From Fig. 11(a), it is observed that the wave reflection increases with
the increase of flexural rigidity of barrier. This may happen due to the increase in momentum of the

fluid as it interacts with a stiffer structure, which results in less wave to pass through the barrier. Fig.
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11(b), reveals that the wave reflection decreses with the increase of compressive force acting on the
flexible porous barrier. From Figs. 11(a) and 11(b), it is clear that structural rigidity influences the

wave reflection significantly compared to the compressive force.

In Figs. 12(a) and 12(b), the variation of wave reflection coefficients are plotted against non-
dimensional wavelength for different values of incident angle and water depth ratio respectively. From
Fig. 12(a), it is observed that there is a right shifting of reflection minima. It also reveals that the
reflection minima and the number of occourances decrease with the increase of oblique incident angle.

On the other hand, wave reflection increases with the decrease of water depth ratio due to the decrease
in the length L, and increase in 6, with fixed 8. The number of occourance of maxima and minima,
increases with the decrease of depth ratio. It may be noted that the difference between maxima and
minima reflection, increase with the increase of depth ratio.

In Fig. 13(a) and 13(b), the variation of wave reflection coefficients are plotted against incident angles

for different values of L/ A and porous effect parameter G respectively. It is observed that full
reflection occours near @ =65.7°, irrespective of L/ A and porous effect parameter G . The incident

angle 6, = 65.7° is referred as critical angle. In general, the wave reflection initially decreases rapidly
with the decrease of incident angle up to certain extreme minimum value and then the wave reflection
increases and attains full reflection at 6,. From Fig. 13(a), it is observed that after attaining full

reflection, the wave reflection decreases further and maintains nearly
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Fig. 12. Variations of reflection coefficients versus non-dimensional wavelength for different value of
(a) obliquely incident wave angle 6 with h,/h =0.75 and (b) water depth ratio h,/h with 6 =1,

0, =45",6=25" and G =0.1+0.1i.

constant values for small incident angles. However, the oscillatory patterns of the wave reflection
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increase with the increase of L/ 4, . In Fig. 13(b), with an increase of absolute value of porous effect

parameter G , the wave reflection decreases due to the transmission of more wave energy through
the flexible porous barrier. However, comparison with Fig. 11(a), reveals that not only flexiblity but
also moderate choice of porosity affects the wave reflection by the flexible porous barrier. This may
be due to a part of the wave energy dissipates while passing through the barrier whilst another part

deforms

1

the flexible barrier.
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Fig. 13. Variations of reflection coefficients versus obliquely incident wave angle & for different value
of (a) undulation parameter & with h,/h =0.75, G=0.1+0.1i and (b) porous effect parameter G

with 6 =1, 6, =45, and L=10m.
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In Fig. 14(a), the variation of wave force acting on the flexible porous barrier is plotted against incident
angle for different values of depth ratio. It is observed that the wave force acting on the barrier increases

with the decrease of depth ratio. The wave force increases rapidly and then vanishes at the critical

angle 8, and full reflection occurs at that incident angle (see Fig. 13). However, for incident angle

0 < 6., the wave force increases gradually. The variation of wave force acting on the flexible porous

barrier against non-dimensional wave number, is shown in Fig. 14(b). It is observed that the wave
force increases with the decrease of absolute value of porous effect parameter. With a comparison with
Fig. 13(b), reveals that smaller absolute value of porous effect parameter produces higher reflection
by allowing less wave to pass through the barrier, which results higher wave force acting on the flexible
porous barrier. The maxima of wave force acting on the barrier, reduces exponentially with the increase
of incident wavenumber. Multiple occurrence of zero force are observed in Fig. 14(b). The maxima
and minima in wave force corresponds to the constructive interference and destructive interference
respectively between incident and reflected wave in the confined region between undulating region
and barrier. The shift in the maxima of the wave force corresponds to the phase shift of the wave as
the porosity of the barrier changes. It is observed that the gap between the two consecutive minima,

increases gradually as the wavelength decreases.
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Fig. 15. Variations of non-dimensional plate deflection for (a) for different values of porous effect
parameter G and (b) non-dimensional flexural rigidity 7, with 6 =1, 6, =45° and L =10m.
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(©)

Fig. 16. Surface elevation for (a) different values of undulation parameter ¢, (b) different values of
oblique angle @, (c) with and without presence of barrier with &=1,h,=0.5h, §=0°, 6, =5,

E, =3GPa, and L =100m.
Variation of dimensionless deflection of barrier (&/h;) is plotted in the Fig. 15 over dimensionless

barrier depth (L, /h,) for different values of (&) porous effect parameter and (b) flexural rigidity.
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Generally, barrier deflection is maximum at free surface since the barrier is kept free at the free surface
and fixed at the bottom. The barrier deflection increases rapidly near the free surface due to the highest
concentration of energy at free surface. It is observed from Fig. 15(a), that the deflection of barrier
reduces with the increase in the porosity parameter. High porous effect parameter leads to the passing
more wave energy through the pores of the barrier, which reduce the wave load on the structure (see
Fig. 14(b)) and less deflections occur. However, high porosity weakens the structure. In contrast to the
Fig. 15(a), barrier deflections can be reduced with the increase in flexural rigidity of the barrier which
is observed in Fig 15(b). In this case barrier is strengthened with increase in flexural rigidity, which
may result in increase of wave load on the barrier. The moderate choice of porosity and flexural rigidity

may lead to the effective design by avoiding both excess wave load and deflection of the barrier.

Fig.16 shows the variations of surface elevation with dimensionless length for different types of slopes,
oblique incidence angle. Surface elevation in plate covered region represents the transeverse deflection
of the plate. The discontinuity in the elvation is observed at the location of barrier and at the interface
of plate covered and free surface regions. It can be observed that the free surface elevation decreases

in the presence of flexible porous barrier. In Fig. 16(a), shifting of maxima and minima of the plate
deflections are observed with the change of undulating parameter ¢ . For |5| >1, the free surface

elevation increases, which leads to comparatively less damping and higher wave reflection by the
combine system. This phenomenon is shown in Fig. 10(b). In Fig. 16(b), the absolute value of free
surface elevation increases with the increase of incident wave angle due to the increase in reflected
wave. It is evident from the Fig. 16(b) that the plate deflection is reduced when the flexible porous
barrier is placed before the plate and the presence of bottom undulations lead to further reduction of

plate deflection.
5. Conclusions

In the present study, the surface gravity waves interaction with a floating elastic plate coupled with a
flexible porous barrier in the presence of undulating bottom, is investigated. Two types of plate
configurations are namely (a) finite plate and (b) semi-infinite plate studied. Eigenfunction expansion
method and modified mild-slope equation are used to handle the physical problem. Finite difference
scheme is used to solve modified mild-slope equation. The hydrodynamic forces acting on the barrier,
the effect of different wave and structural parameters on the wave reflection and plate deflection for
various bottom profiles, are evaluated in several cases. Periodic minima and maxima are observed in
reflection coefficients due to presence of barrier. It is found that less wave reflection occurs for sloping

bed profile compare to rest of the bed profile. It is observed that barrier deflection increases rapidly
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near the free surface due to the highest concentration of energy. Both porosity and flexibility of the
barrier significantly impact the wave reflection and reduce wave force by wave energy dissipation,
which is a major advantage for developing an effective wave reduction system. It is observed that full
wave reflection occurs for certain critical angle and wave force acting on the barrier vanishes for the
same critical angle for the semi-infinite plate case while the wave reflection tends to attain minimum
value for the finite case and these minimum value increases with the increase of plate length. The
present study on the plate deflection reveals that positioning a barrier between plate and undulated
region, indeed reduce the plate deflection and the presence of bottom undulations lead to further
reduction of plate deflection. As special case, wave interaction problem with a finite floating elastic
plate in the absence of barrier is studied experimentally and the experimental result has shown good
agreement with the numerical result despite the limitations of the apparatus. The present study will be

helpful in the design of marine structures to reduce wave impact on the very large floating structure.
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