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Abstract: Submerged horizontal plates are widely employed in research of wave structure interaction
as a simplification of coastal and ocean engineering structures. The hydrodynamic performance of
submerged horizontal plates under focused waves has been seldom reported. Based on potential
flow theory, this paper presents a general solution of the hydrodynamic pressure and wave forces
exerted on submerged plates by a focused wave group. An existing experiment and two limiting
cases are used to validate the accuracy of the present analytical model. With the validated model, the
effect of wave properties and the configuration of the wave structure system on the hydrodynamic
performance of submerged plates are investigated. It is found that the hydrodynamic performance of
submerged horizontal plates varies with incident focused wave with different peak frequencies. The
structural breadth significantly changes the hydrodynamic performance while the structural height
has little influence. This paper shows the usefulness of potential flow theory for the preliminary
calculation of wave loads on coastal and ocean engineering structures generated by focused waves.

Keywords: Submerged horizontal plates; analytical solution; focused wave; wave reflection;
wave forces

1. Introduction

During the service period of offshore and coastal structures, freak waves, alternatively named
rogue waves or extreme waves, which have been observed in the ocean [1] and coastal zones [2] are
great threats to structural safety. It is essential to have enough knowledge about the action of freak
waves on structures to design reliable and economical offshore and coastal structures. Several studies
were carried out by researchers and engineers to obtain insight into the freak wave structure interaction.

In the study of the freak wave-structure interaction, an important problem is how to reproduce
freak waves in the laboratory or as a numerical model. As there is no well-rounded theoretical model
for freak waves [3], different methods [4] to generate freak waves in wave flumes or basins were
developed and implemented [5], and subsequently extended into numerical simulations [6]. The
most frequently used approach is the dispersive focusing method, which employs the dispersion
characteristics of water waves at different periods travelling at different speeds to gather the crest of all
wave components at the target location at the same time.

With successfully generated focused waves, various studies were conducted to investigate freak
wave action on structures experimentally and numerically. General structural members, such as vertical
and horizontal cylinders, were examined by researchers. Wave forces generated by nonbreaking
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focused waves acting on a single vertical cylinder were firstly studied with incident focused waves [7].
Different orders of wave force acting on the surface-piercing column were recognized from the measured
forces under different phase focused wave groups [8], and were estimated based on linear theoretical
calculation [9]. Deng, et al. [10] studied freak wave forces acting on vertical cylinders by generating
freak waves in a numerical wave flume based on dispersive focusing and amplitude-phase iteration.
Moreover, breaking wave forces on vertical cylinders were investigated [11] by means of deterministic
breaking focused waves [12]. Similar to vertical cylinders, focused wave action on horizontal cylinders
was investigated with a similar approach [13–15].

Different from single structural members, focused wave action on fixed or movable floating
structures is much more complex. The motion of a floating body during a focused wave group was
experimentally measured in a 15 m long and 5 m wide wave flume by Weller, et al. [16]. The effect of
water-on-deck during the focused wave acting on a floating body was also discussed [17]. Moreover,
the response of a semi-submersible under a freak wave was investigated, taking an experimental [18]
and numerical [19] approach. It was concluded that a focused wave can serve as a suitable incident
wave to study the behavior of a floating body during a freak wave. By specifying complex structures
such as plate breakwaters, jetties, and platforms as horizontal plates, Suchithra and Koola [20] found
that the impact force generated by focused waves was larger than that of regular waves. The effect of
beams under plates on wave impact was numerically addressed in another study [21]. Furthermore,
the influence of structural stiffness [22], green water [23], and accompanying current [24] on freak wave
action was investigated.

Submerged plates make an ideal breakwater because of their environmentally friendly features.
Scientific exploration is ongoing to obtain better hydrodynamic performance of this type of
structure. With the assumption of a flat seabed, wave interaction with submerged single-layer [25],
double-layers [26] and multilayers [27] horizontal plates were studied experimentally and theoretically.
Furthermore, the effects of wave angle, current, topography, porosity, and neighboring boundary on
the wave-structure interaction were investigated [28].

Although several studies have been carried out, there are few reports about freak wave action on
submerged plates. Most of the existing studies look at the hydrodynamic performance of submerged
plates under regular waves; even focused waves were validated as feasible to study freak wave action
on structures. The focusing method was widely adopted to generate extreme waves based on linear
wavemaker theory in the scope of potential flow theory. The analytical method based on potential
flow theory was successfully applied to investigate wave action on submerged plates with different
layouts [28] and caissons [29] as validated by experimental results [30]. Therefore, it is reasonable to
use the potential method to gain basic insights into the interaction mechanism of freak wave action on
submerged plates.

In this paper, an analytical model of focused wave action on submerged plates was setup based
on potential flow theory. The boundary value problem of this physical process was solved with a
matching eigenfunction method. The analytical model was validated effective to investigate wave
action on submerged plates by the results of three different experiments. Considering convenience
and efficiency, the analytical model was employed to study the effects of wave properties and the
configuration of the wave structure system on the hydrodynamic performance of submerged plates in
this paper. This paper contains five parts. Section 2 reports the detailed analytical formula for the
boundary value problem of focused waves acting on submerged plates. In the following section, the
effect of truncation order of evanescent modes is checked, and an existing experiment and two limiting
cases are presented to validate the accuracy of the present analytical model. In Section 4, the effects of
wave properties and the configuration of the wave structure system on the hydrodynamic performance
are discussed. Concluding remarks are provided in the conclusion.
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2. Mathematical Formulations

2.1. Boundary Value Problem

A schematic of the wave structure system is shown in Figure 1. For convenience in the following
analysis, a two-dimensional Cartesian coordinate system is defined with the origin on the undisturbed
free surface. The z-axis of the coordinate system is assumed to be upward and the x-axis overlaps with
the still water level (SWL) coinciding with the propagation of waves. A rigid plate is fixed below the
free surface with submergence d1 in the water with constant depth d. The breadth and height of the
submerged plate are B and h, respectively.

The surface elevation η(x, t) of a 2-dimensional focused wave can be expressed by a series of
monochromatic waves

η(x, t) =
N f∑

n=1

ancos(knx−ωnt + φn) =

N f∑
n=1

ancosθn (1)

where an, kn, ωn and φn are amplitude, wave number, angular frequency, and initial phase of the n-th
wave component, respectively; θn = knx−ωnt + φn is the phase; and N f is the total number of wave
components in the focused wave group. The angular frequency and wave number satisfy the water
wave dispersion relation. The φn can be by determined by cos(knx−ωnt + φn) = 1 with specified
focusing time tb and focusing location xb.
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The elevation of the focused wave with focusing time tb and focusing location xb is

η(x, t) =
N f∑

n=1

an cos(kn(x− xb) −ωn(t− tb)) (2)

The NewWave [31,32] type focused wave is employed in this study to assign the amplitude of
each wave component:

an = AmaxSn(ω)∆ω/
N f∑
l=1

Sl(ω)∆ω (3)

where Sl(ω) is the discretized energy spectrum, which is the JONSWAP spectrum [33] in the present
study, ∆ω is the frequency resolution and Amax is the maximum crest amplitude equal to the summation
of an.
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Treating the water as an inviscid potential flow, the velocity potential of the incident focused wave
can be obtained by summing the velocity potential of each wave component:

Φ(x, z, t) = Re


N f∑

n=1

ψn(x, z)e−iθn

 (4)

where ψn(x, z) is the velocity potential of the n-th wave component, i is the imaginary number and
Re{} represents taking the real part of the complex equation.

The velocity potential ψn(x, z) of each wave component satisfies the governing Laplace equation:

∂2ψn(x, z)
∂x2 +

∂2ψn(x, z)
∂z2 = 0 (5)

and corresponding free surface, impermeable seabed, structural surface and far field conditions:

∂ψn
∂z −

ωn
2

g ψn = 0 (z = 0)
∂ψn
∂z = 0 (z = −d)
∂ψn
∂nS

= 0 (on ΓB)
∂ψn
∂x ∓ iknψn = 0 (x→ ±∞)

(6)

where g is gravitational acceleration and nS is the outward normal vectors of the outward normal
vector ΓB.

2.2. Analytical Solutions

As shown in Figure 1, the entire fluid domain consists of four subregions with different boundary
conditions: Region 1: Ω1 (−∞ < x < −b, −d < z < 0); Region 2: Ω2 (−b < x < b, −d1 < z < 0); Region 3:
Ω3 (−b < x < b, −d < z < −d1 − h); and Region 4 Ω4 (b < x < ∞, −d < z < 0). The velocity potential for
those four subregions are [34,35]:

ψ1
n =

(
eik1

0(x+b) + A1
0e−ik1

0(x+b)
)
Z1

0 +
∞∑

m=1

A1
mek1

m(x+b)Z1
m, (−∞ < x < −b, −d < z < 0) (7)

ψ2
n =

(
A2

0cosk2
0x + B2

0sink2
0x

)
Z2

0 +
∞∑

m=1

A2
m

coshk2
mx

coshk2
mb

+ B2
m

sinhk2
0x

coshk2
mb

Z2
m, (−b < x < b,−d1 < z < 0) (8)

ψ3
n =

(
A3

0 + B3
0

x
b

)
Z3

0 +
∞∑

m=1

A3
m

coshk3
mx

coshk3
mb

+ B3
m

sinhk3
0x

coshk3
mb

Z3
m, (−b < x < b,−d < z < −d1 − h) (9)

ψ4
n = A4

0eik4
0(x−b)Z4

0 +
∞∑

m=1

A4
me−k4

m(x−b)Z4
m, (−b < x < ∞,−d < z < 0) (10)

where Ψ1
n, Ψ2

n, Ψ3
n, and Ψ4

n are the velocity potential of the n-th wave component for subregion Ω1,
Ω2, Ω3, and Ω4, respectively (superscripts denote the number of subregions; A and B are unknown
coefficients); and k1,2,3,4 and Z1,2,3,4 are the corresponding wave numbers and eigenfunctions for each
subdomain, respectively.

It should be noted that the items in Equations (7) and (10) represent different modes of velocity
potential. The first and second items in Equation (7) are the velocity potential of incident and reflected
waves, respectively, while the infinite series are the evanescent modes existing only in the local
zone near the structure. For the velocity potential of Ω4 shown in Equation (10), the first item is
the transmitted waves; while the infinite series are the evanescent modes, which attenuate quickly
following the propagation of transmitted waves.
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The eigenfunctions are the same for subregions Ω1 and Ω4:

Z1,4
nm =


√

2coshk1,4
n0 (z + d)/

(
d + σ−1sinh2k1,4

n0 d
)1/2

m = 0
√

2cosk1,4
nm(z + d)/

(
d− σ−1sin2k1,4

nmd
)1/2

m = 1, 2, · · ·
(11)

and wave numbers can obtained from the dispersion relation:

σ = (ωn)
2/g =

k1,4
n0 tanhk1,4

n0 d n = 0

−k1,4
nmtank1,4

nmd n = 1, 2, · · ·
(12)

Similarly, the eigenfunctions and wave numbers for subregion Ω2 are:

Z2
nm =


√

2coshk2
n0(z + d1)/

(
d1 + σ−1sinh2k2

n0d1
)1/2

m = 0
√

2cosk2
nm(z + d1)/

(
d1 − σ−1sin2k2

nmd1
)1/2

m = 1, 2, · · ·
(13)

σ = (ωn)
2/g =

k2
n0tanhk2

n0d1 n = 0

−k2
nmtank2

nmd1 n = 1, 2, · · ·
(14)

and for subregion Ω3 are:

Z3
nm =

1/(d− d1 − h)1/2 m = 0
√

2cosk3
nm(z + d)/(d− d1 − h)1/2 m = 1, 2, · · ·

(15)

k3
nm= mπ/(d− d1 − h) m = 0, 1, 2 · · · (16)

The eigenfunctions shown in Equations (11), (13) and (15) are orthogonal to others in the z-axis
direction in the corresponding water depths.

2.3. Matching Conditions

The velocity potential and horizontal velocity should be continuous at the interface x = ±b with:

ψn
1 =

{
ψn

2

ψn
3 , ∂ψn

1

∂x =

 ∂ψn
2

∂x
∂ψn

3

∂x

,
(
x = −b,

−d1 ≤ z ≤ 0
−d ≤ z ≤ −d1 − h

)
ψn

4 =

{
ψn

2

ψn
3 , ∂ψn

4

∂x =

 ∂ψn
2

∂x
∂ψn

3

∂x

,
(
x = b,

−d1 ≤ z ≤ 0
−d ≤ z ≤ −d1 − h

) (17)

Substituting Equations (7)-(10) into Equation (17) and applying the orthogonality of the
eigenfunctions, a series of integral equations can be obtained as:∫ 0

−d1
ψn

1Z2
ndz =

∫ 0
−d1

ψn
2Z2

ndz, (x = −b)∫
−d1−h
−d ψn

1Z3
ndz =

∫
−d1−h
−d ψn

3Z3
ndz, (x = −b)∫ 0

−d1
ψn

2Z2
ndz =

∫ 0
−d1

ψn
4Z2

ndz, (x = b)∫
−d1−h
−d ψn

3Z3
ndz =

∫
−d1−h
−d ψn

4Z3
ndz, (x = b)∫ 0

−d ψn
1Z1

ndz =
∫
−d1−h
−d ψn

3Z1
ndz +

∫ 0
−d1

ψn
2Z1

ndz, (x = −b)∫
−d1−h
−d ψn

3Z4
ndz +

∫ 0
−d1

ψn
2Z4

ndz =
∫ 0
−d ψn

4Z4
ndz, (x = b)

(18)
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Finally, the unknown coefficients A1, A2, B2, A3, B3, and A4 can be solved out from the 6M+6
dimensional algebraic equation series with truncating number M of the evanescent modes in the
velocity potential.

2.4. Hydrodynamic Characteristics

The final complex velocity potential in each subregion can be expressed as:

Φ j(x, z, t) = −
ig
ωZ00

N f∑
n=1

anψ
j
ne−iθn , Z00 = Z1

0

∣∣∣
z=0, j = 1, 2, 3, (19)

The reflection and transmission coefficients of the n-th wave frequency component are the
coefficients Rn =

∣∣∣A1
n0

∣∣∣ and Tn =
∣∣∣A4

n0

∣∣∣, satisfying

Rn
2 + Tn

2 = 1 (20)

to meet the conservation of wave energy in the entire fluid domain. The reflection coefficient of a
focused wave group is calculated by

KR =
√

ER/EI (21)

where ER and EI are reflected and incident wave energy, respectively.
The pressure can be obtained from the velocity potential by Bernoulli’s principle

p j(x, z, t) = Re

−ρ
N f∑

n=1

∂Φ j

∂t

 = Re


N f∑

n=1

ρgan

Z00
ψ

j
ne−iθn

 (22)

where ρ is the wave water density. The wave loads acting on a submerged plate can be calculated by
integrating the pressure over the structural surface

FX = Re
∫ −d1

−d1−h

(
p1

∣∣∣
x=−b − p4

∣∣∣
x=b

)
dz

 (23)

FZ = Re
∫ b

−b

(
−p2

∣∣∣
z=−d1

+ p3
∣∣∣
z=−d1−h

)
dx

 (24)

M = Re
∫ b

−b

(
p2

∣∣∣
z=−d1

− p3
∣∣∣
z=−d1−h

)
xdx +

∫
−d1

−d1−h

(
p1

∣∣∣
x=−b − p4

∣∣∣
x=b

)
(z + d1 + h)dz

 (25)

where FX and FZ are the wave forces in the horizontal and vertical direction, while M is the overturning
moment about the centroid of the plate.

Without loss of generality, the pressure and forces generated by a focused wave group with Amax

are nondimensionalized as

p∗ =
p

ρgAmax
, FX

∗ =
FX

ρgAmaxh
, FZ

∗ =
FZ

ρgAmaxB
, M∗ =

M
0.5ρgAmaxB2 (26)
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3. Truncation and Validation

3.1. Truncating Effect

There are evanescent modes in the velocity potential of each subregion as shown in Equations
(7)–(10). The accuracy and convergence of the analytical solution would be influenced by the truncation
of the infinite series as only limited evanescent modes can be considered during implementation of
the present model. The convergence of the analytical solution was checked by truncating the infinite
series at m = M. Figure 2 shows the calculation results of the reflection coefficient, wave pressure at
points P1, P2, P3, P4 as shown in Figure 1. and wave forces with different order of M for two cases
with different configurations of wave structure system and incident focused wave. It can be observed
that the results of both cases converge to a stable value with fluctuation less than 0.5% with 7 orders of
evanescent modes. The truncating order is set as 11 in the following study with a balance between
accuracy and efficiency.
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kPd = 1.12, Amax/d = 0.14, d1/d = 0.25, h/d = 0.1, B/d = 2; (b) Case 2: kPd = 0.79, Amax/d = 0.1,
d1/d = 0.16, h/d = 0.03, B/d = 1.5.

3.2. Comparison with Existing Results

Following the analytical formulation presented in Section 2, the solution of focused wave actions
is based on the results of monochronic wave action. The results of monochronic wave action from
the present model can be validated by existing studies. Figure 3 shows a comparison of reflection
coefficient and, horizontal and vertical wave forces between the present model and the model in
reference [36]. Kojima, et al. [36] setup an analytical model of wave action on a submerged horizontal
plate above flat seabed using the eigenfunction expansion method and conducted a series of wave
flume tests to validate it. It can be seen from Figure 3 that the present model is in good agreement with
the solution of Kojima, et al. [36], except for a slight difference in horizontal wave force around d/LW

ranging from 0.15 to 0.35. Moreover, wave forces calculated by the present model are quite consistent
with test data. Due to the nonlinear factors of water overtopping and wave breaking, which cannot
be considered in the present model, differences can be observed for vertical wave forces around 0.15
and 0.3.
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Figure 3. Comparison of (a) reflection and (b,c) wave loads on submerged plate between present study
and result of Kojima, et al. [36].

3.3. Limiting Cases

With the validated analytical model, two limiting cases are considered. The first one is wave
motion over submerged thin plates. When the structural height of the submerged plate is set as a small
value, it transforms into a thin plate. Patarapanich and Cheong [25] conducted an experiment in the
wave flume to check the reflection of a submerged thin plate. This limiting case was also employed to
validate their analytical solution of wave action on a submerged breakwater formed by an upper porous
plate and a lower solid plate [37]. The configurations of the limiting case are d1/d = 0.3 and d/L = 0.2.
In the present model of this case, the relative plate thickness is set as a small value, h/d = 0.01, to
meet the assumption of thin plate. The results of reflection and transmission coefficients of present
model, Liu, et al. [37], and an experiment [25] are compared in Figure 4. The present model can
reasonably converge to the limiting case without obvious difference and give a reasonable prediction
about the reflection and transmission coefficients, similar to the theoretical results of Liu, et al. [37].
The overall difference between the analytical solution and the experimental data can be attributed to
wave energy dissipation during wave interaction with the submerged plate, which is not included in
the analytical model.
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When the submerged plate is located on the seabed, it transforms into a bottom obstacle. The
bottom obstacle, which is a simplification of various bottom topographies, plays an important role in
determination of wave climate [38]. Cho, et al. [38] conducted an experiment to study the reflection of
bottom obstacles and compared the test data with theoretical results. By setting the gap under the
plate as a small value, S/d = 0.01, the present model can investigate the wave action on a bottom
obstacle. The configurations of the limiting case are d1/d = 0.5, h/d = 0.49, and B/d = 0.5. Figure 5
shows a comparison of reflection coefficients obtained by the present model and Cho, et al. [38]. It can
be observed from Figure 5 that both the present model and the analytical model built by Cho, et al. [38]
can give a reasonable estimation of wave reflection led by a bottom obstacle for small k0d. However,
the present model underestimates the reflection coefficient for k0d in the range of 2.5 to 4.0, which
means the bottom obstacle could lead to more sever reflection than predicted for short waves. It should
be noted that the present model gives a better prediction around k0d = 1.0 than Cho, et al. [38], because
there is a tiny gap between the submerged obstacle and the seabed that would transmit wave energy.
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4. Results and Discussion

With specific focusing on time and location, the initial phase of every wave component can be
determined and the time series of pressure and forces acting on a plate during a focused wave can be
obtained. Figure 6 shows the calculated time series of pressure and forces acting on a submerged plate
during a focused wave with the focusing point at the center of the plate (xb = 0.0 m) and focusing time
tb = 5.0 s. The pressure at four locations shown in Figure 1 are plotted in Figure 6. It can be seen from
Figure 6. that the maximum pressure acting on the offshore side surface is about two times that on
the onshore side surface. The maximum pressure on the offshore and onshore side surfaces occurs at
almost same time. The pressure acting on the top is larger and earlier than on the bottom of the plate
as shown in Figure 6.

It is well known that wave loads acting on structures are influenced by the wave property of
incident waves and the configuration of the wave structure system. It can be expressed as:

F = f
(
ρ, g, Amax, Lp, d, d1, h, B

)
(27)

where F can be forces FX, FZ and MY or pressure P(x, z). Following Equation (26), the dimensionless
forces depend on a set of variables:

(p∗, FX
∗, FZ

∗, M∗) = f
(

d
LP

,
d1

d
,

h
d

, kPB
)

(28)
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To check the influence of the configuration of wave-structure, parametric analysis is carried out
based on the present model in this section. The maximum of wave forces in both positive and negative
during a focused wave with the focusing location at the center of plate (xb = 0.0 m) is discussed in
the following.

4.1. Effect of Peak Frequency

As indicated in Equation (3), wave spectrum is employed to determine the amplitude of wave
components of the focused wave group, which means the elevation of the focused wave group would
be influenced by the parameters of the wave spectrum. The peak frequency of the wave spectrum
changes with different zones. Figure 7 shows the influence of peak frequency on the reflection
coefficients and wave forces during the focused wave group. The ratio of water depth to wave length
LP corresponding to the peak frequency in the offshore subregion is used to evaluate the influence of
the peak frequency. The other parameters are d1/d = 0.25 and h/d = 0.25. Figure 7 shows the results
of reflection coefficients and wave forces about the ratio of water depth to wave length d/LP. It can
be seen from Figure 7 that the reflection coefficient first increases and then decreases gradually with
d/LP for short plate B/d = 1.5. For long plates, there are some fluctuations after decreasing. The
maximum reflection occurs at different ratios of water depth to wave length for different wave forces
sharing a similar tendency about d/LP with the reflection coefficient. It can be seen that the submerged
plate experiences larger downward vertical forces during focused wave action rather than upward
forces. The focused wave group with low peak frequency can generate larger wave forces on long
submerged plates.



J. Mar. Sci. Eng. 2019, 7, 389 11 of 16

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW  10  of  15 

 

where  𝐹   can  be  forces  𝐹 ,  𝐹   and  𝑀   or  pressure  𝑃 𝑥, 𝑧 .  Following  Equation  (26),  the 

dimensionless forces depend on a set of variables: 

𝑝∗, 𝐹 ∗, 𝐹 ∗, 𝑀∗ 𝑓
𝑑
𝐿

,
𝑑
𝑑

,
ℎ
𝑑

, 𝑘 𝐵   (28)

To check the influence of the configuration of wave‐structure, parametric analysis is carried out 

based on the present model in this section. The maximum of wave forces in both positive and negative 

during a focused wave with the focusing location at the center of plate (𝑥 0.0 m  ) is discussed in 
the following. 

4.1. Effect of Peak Frequency 

As indicated in Equation (3), wave spectrum is employed to determine the amplitude of wave 

components of the focused wave group, which means the elevation of the focused wave group would 

be influenced by the parameters of the wave spectrum. The peak frequency of the wave spectrum 

changes with  different  zones.  Figure  7  shows  the  influence  of  peak  frequency  on  the  reflection 

coefficients and wave forces during the focused wave group. The ratio of water depth to wave length 

𝐿   corresponding to the peak frequency in the offshore subregion is used to evaluate the influence 

of the peak frequency. The other parameters are  𝑑 /𝑑 0.25  and  ℎ/𝑑 0.25  . Figure 7 shows the 

results of reflection coefficients and wave forces about the ratio of water depth to wave length  𝑑/𝐿 . 

It can be seen from Figure 7 that the reflection coefficient first increases and then decreases gradually 

with  𝑑/𝐿   for short plate 𝐵/𝑑 1.5. For long plates, there are some fluctuations after decreasing. 

The maximum reflection occurs at different ratios of water depth to wave length for different wave 

forces sharing a similar tendency about  𝑑/𝐿  with the reflection coefficient. It can be seen that the 

submerged plate experiences  larger downward vertical  forces during  focused wave action  rather 

than upward  forces. The  focused wave group with  low peak  frequency can generate  larger wave 

forces on long submerged plates. 

 

(a) 

 

(b) 

 

(c) 

Figure 7. Variations of reflection coefficients and wave forces about the ratio of water depth to wave 

length  𝑑/𝐿  with different  relative  breadth:  (a)  reflection  coefficient,  (b) horizontal  force  and  (c) 

vertical force. 

Figure 7. Variations of reflection coefficients and wave forces about the ratio of water depth to
wave length d/LP with different relative breadth: (a) reflection coefficient, (b) horizontal force and
(c) vertical force.

4.2. Effect of Submergence

For surface gravity wave action, submergence would be an important factor for submerged
structures. The change of reflection coefficient about relative submergence d1/d is plotted in Figure 8.
The parameter W/d was taken as 1.5 and h/d as 2.5. The reflection coefficient and wave forces show
different tendencies about d1/d under focused wave with different peak frequencies. For the focused
wave with low peak difference, the reflection coefficient first decreases, then increases with a peak
around d1/d = 0.18, followed by gradual decrease. However, the reflection coefficient drops quickly
and remains quite small with the change of relative submergence. The horizontal wave force is closely
related to wave reflection. Strong reflection leads to a large horizontal force acting on submerged
plates. It is obvious that the horizontal force almost keeps stable when the plate is submerged deeply
enough, e.g., d1/d = 0.3 for a focused wave with d/LP = 0.338.
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4.3. Effect of Structural Configuration

Figure 9 shows the results of reflection coefficients and wave forces about dimensionless structural
breadth kPB. Focusing on the influence of breadth, the other parameters are kept constant as d1/d = 0.25
and h/d = 0.25. With the increase of kPB, the reflection coefficient increases gradually and peaks
around kPB = 2.0, then drops to near 0.05 around 3.0. A similar tendency can be found for horizontal
and vertical wave forces but with a peak in the range of kPB = 1.5 to 2.0. It can be observed that the
amplitude of negative horizontal wave forces is larger than the maximum positive horizontal wave
force for kPB > 2.0. A focused wave with high peak frequency can generates more vertical wave force
on short plates with kPB < 0.7 in comparison with a focused wave with low peak frequency, while it is
the opposite for longer plates.

Figure 10 shows the reflection coefficients and wave forces for submerged plates with different
structural height h/d but constant width W/d = 1.5 under submergence d1/d = 0.15. It can be
observed from Figure 10. that the reflection coefficient decreases steadily with the increased structural
height for a focused wave with low peak frequency. When d/LP changes to 0.338, the reflection
coefficient almost remains constant at a small value and is not influenced by structural height. The
horizontal wave force in the negative and positive directions, generated by a focused wave with
d/LP = 0.125, shows different tendencies about d/LP. The maximum negative horizontal wave force
increases slightly but declines steadily with d/LP increasing from 0.01 to 0.71. Vertical force is seldom
influenced by a change of structural height, especially for focused wave with high peak frequency.
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5. Conclusions

In this paper, a general solution of focused wave action on a submerged plate was obtained
based on potential flow theory and matching eigenfunction methods. The validated analytical model
can estimate the wave forces acting on a submerged plate in comparison with existing experimental
studies. By setting the structural height of the plate and the gap under the plate as small values, the
present model turned it into a thin plate and bottom obstacle, and it was checked with hydrodynamic
experiments. With the validated analytical model, a detailed parametric study was conducted to
investigate the effects of wave properties and the configuration of the wave structure system on the
hydrodynamic performance of submerged plates. The result shows that the reflection coefficients
and wave forces are sensitive to the peak frequency of focused wave and structural breadth. The
submergence of the plate significantly influences its hydrodynamic performance in a relatively small
range of d1/d < 0.2. However, the wave forces acting on plates are seldom changed by structural height.

In this paper, the accuracy and convenience of the analytical model was confirmed for investigating
wave forces generated by focused waves, and it could be employed as a preliminary tool in engineering
design. However, nonlinear factors, such as high-order harmonics and wave breaking, cannot be
considered by the present model. The former could be treated in a full nonlinear analytical model, but
wave breaking needs Navier–Stokes equations solver to take viscosity into consideration. Furthermore,
specific physical model tests with focused wave generation should be conducted in the future to
validate the analytical or numerical model.
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