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Abstract: We experimentally investigated the forces induced by monochromatic and solitary waves
on a submerged horizontal plate in a wave flume. The experimental results of two-dimensional
wave forces on the plate over a 1:10 simple slope and a flat bottom are presented. The effects of the
uneven bottom on wave loads are discussed by comparing the results with those in a constant water
depth. The measured nonlinear wave forces exhibited considerable discrepancies with the theoretical
results from the linear wave theory. The wave forces on the plate induced by monochromatic waves
over the simple slope in intermediate water showed no appreciable difference with the flat-bottom
results. The solitary wave forces in terms of the downward vertical force and overturning moment
significantly decreased in the existence of the simple slope. Furthermore, the dependency of the wave
length, wave height and the submergence depth on the wave loads is also discussed.
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1. Introduction

A fully submerged horizontal plate is a common simplified type of many coastal and ocean
engineering structures and is often suggested as a plate-type breakwater [1,2], semi-submersible very
large floating structure (VLFS) [3], or plate-type wave energy converter (WEC) [4–6]. These plates
can provide an economical solution for coastal areas with a minimum effect on nearshore current,
sediment transport and so on. The wave reflection and transmission characteristics of a monochromatic
wave on such a submerged breakwater have been widely investigated over recent decades [7–11].
The wave-induced load on a submerged plate due to the pressure differential is also an important
subject for a number of scientific and engineering problems [12–14].

Linear wave theory has been applied to analyze the wave scattering by a submerged horizontal
plate since the 1950s [1,2]. The reflection and transmission characteristics of monochromatic waves were
obtained through analytical methods and numerical approaches. Siew and Hurley [7] presented an
asymptotic solution of the reflection and transmission coefficients for long waves on an infinitesimally
thin plate in a constant water depth. However, the nonlinear features associated with wave breaking,
higher harmonics and vortexes are critical issues in the wave-plate problem. Yu et al. [15] proposed
an inceptive condition for wave breaking over a submerged horizontal plate, which was based on
an empirical formula for partial standing wave breaking in a uniform water depth. Linear and
nonlinear wave forces exerted on a submerged horizontal plate were studied using an eigenfunction
expansion (EFE) method, together with the perturbation technique up to the second order [16].
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Liu et al. [17] discussed the main features of the generation and transmission of higher harmonics
based on a desingularized boundary integral equation method and compared the numerical results
with their experimental measurements. Poupardin et al. [18] showed detailed information of the flow
and vortex field near the plate with particle image velocimetry (PIV) measurements. Yu et al. [19]
reviewed the functional performance of a submerged horizontal plate and the effects of the plate width,
the submergence depth, the porosity and the inclination of the plate. Other interesting subjects related
to wave interactions with underwater structures similar to a plate have been discussed in previous
studies [20–22].

Recently, adjective investigations used analytical, computational, empirical and experimental
approaches to thoroughly understand the mechanisms of the wave transformation and the
hydrodynamic loads on a submerged plate. Hayatdavoodi et al. [23,24] presented the results of
solitary and cnoidal wave loads on a submerged deck in a constant water depth based on the level I
Green–Naghdi (GN) equations and suggested two empirical equations for the design of a submerged
deck. Dong et al. [25] proposed an approximate solution of linear wave loads on a submerged plate
based on the linear potential flow theory and compared the theoretical results for different bottom
types. A computational fluid dynamics (CFD) approach was also used to obtain the wave loads on
a submerged plate [26,27]. Laboratory experiments of wave loads on a submerged, horizontal plate
were conducted by, e.g., Wang et al. [28] and Jones et al. [29], who mainly focused on the behavior of a
submerged plate under some specific conditions.

Although the scattering of regular waves on a submerged plate is widely studied, research on
wave–plate interactions for other waveforms, such as solitary waves, is limited. Lo and Liu [30]
investigated the interactions between a solitary wave and a submerged horizontal plate in shallow
water. They presented the theoretical, experimental and numerical results of hydrodynamic loads on
the plate for incident solitary waves on a flat bottom. Seiffert et al. [31] presented the results of the
horizontal and vertical forces acting on a two-dimensional horizontal plate due to solitary waves by
conducting a series of laboratory experiments, as well as CFD calculations. Hayatdavoodi et al. [32]
studied solitary and cnoidal wave transformation over a submerged, fixed, horizontal rigid plate by
using nonlinear GN equations in shallow water. A smoothed particle hydrodynamics (SPH) method
was applied to evaluate the wave-induced loads on a submerged plate [33–35]. Ning et al. [36]
investigated wave-induced loads on a submerged plate in uniform currents and discussed the coupling
effect of waves and currents.

Much effort has been devoted to investigating the interaction of waves and a submerged
horizontal plate for the conditions of uniform water depth. However, the hydrodynamic behaviors of
the submerged plate in non-uniform water depth with an uneven bottom is of scientific significance, as
well as of engineering importance. The pioneering work of investigating the behavior of water wave
propagation over uneven bottoms was carried out by Madsen and Mei [37] and Dingemans [38]. Yet,
the behavior of waves on a submerged horizontal plate over an uneven bottom remained an interesting
issue. In most cases, these types of submerged structures were constructed in coastal zones, where
the water depth is not constant but variable. For example, for a very large submerged plate-type
breakwater or WEC device in the water of a coral reef region with variable bottom topography, the effect
of varied water depth on the hydrodynamic loads should be taken into account. The wave-plate
interaction problems with serval typical bottom types, e.g., step bottom [39,40], sinusoidal ripples or
Gauss-type curves [41], were studied using a simplified perturbation method.

In this paper, we present an experimental comparative study on wave scattering by a submerged
horizontal plate over a 1:10 simple slope to evaluate the effects of an uneven bottom on the wave-induced
forces. Both monochromatic and solitary waves were considered in the experiments. The effects of the
uneven bottom on wave loads are discussed by comparing the results with those in constant water
depth. The dependency of wave length, wave height and submergence depth on the wave loads is
also discussed. The paper is organized as follows: The experimental set-up and the methodology for
wave-induced force measurements are detailed in Section 2. In Section 3, the incoming wave conditions
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of the monochromatic and solitary waves and wave generation are described and documented.
The experimental data of the surface elevations and wave loads on a submerged plate over a flat and
sloped bottom topography are presented in Section 4. The behavior of wave-induced forces with a
simple slope are discussed for both the monochromatic and solitary waves and compared with linear
solutions of the problem.

2. Experimental Set-Up

The experiments were carried out in a wave flume at the key laboratory of hydrodynamics in
Shanghai Jiaotong University with a length of 60 m, a width of 0.8 m and a depth of 1.2 m. The water
depth was set to be constant at 0.5 m. At one end of the flume, there was a piston-type wavemaker
(Figure 1), and at the other end, a 1:10 porous slope was set up for wave absorbing, which reflected less
than 3% of the incoming waves. The plate-type structure was made of organic glass with a length of
2 m, a width of 0.78 m and a thickness of 0.1 m. This structure was fixed by four aluminum struts
attached to a rigid steel frame at the top of the flume, as shown in Figure 2. The aluminum struts
were a V shape to minimize their influence on wave propagation on the plate. The steel frame was
constructed from two parts, one was the part attached to the strut and the structure, and the other part
was two beams that traversed the sidewall to support the frame in the wave flume. Four Karan pliers
were used to fix the two parts, thus the submerged depth of the structure relative to the water surface
could be adjusted freely by the steel frame. The gap between the plate and the sidewall of the wave
flume was 1 cm. Therefore, wave forces exerted on the plate were assumed to be uniform along the
width of the structure in the wave flume.
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Figure 1. The sketch of the experimental set-up for a submerged horizontal plate of 2 m long and 10
cm thick over a simple 1:10 slope. Not to scale.
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Figure 2. The model attached to the V-shape struts and connected to force sensors installed on a steel
frame. The width of the leading edge of the model was 78 cm with a 1 cm gap at the sidewalls.
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The force sensors were installed to connect the steel frame and each aluminum bar. Four K3D120
force sensors (ME-Measurement Systems GmbH) were used to measure the wave forces in the three
directions of space and up to a 1 kN limit. The experimental data were processed by a computer with
a National Instruments data acquisition card with a 1000 Hz sampling rate of data acquisition from
the force sensors. The surface of the steel frame where the force sensors were affixed was specially
smoothed in the workshop, to ensure that the four attached surfaces were in the same horizontal
plane. The plate was carefully adjusted by an electronic gradienter before the experiments to ensure
the plate was horizontal and in the centerline of the wave flume. After adjustments, the system was
calibrated statically at an accuracy of 1% by given loads in the horizontal and vertical direction at
different locations. The horizontal and vertical forces exerted on the structure were obtained by the
sum of the recorded force component of each sensor. The center of the overturning moment was set at
the center of the plate. Thus, the moment could be calculated by multiplying the force from each sensor
with the corresponding distances. Hence, a dynamometric system was set up using the four force
sensors and was able to measure the horizontal force, the vertical force and the overturning moment.

Resistance-type wire probes with amplifiers were installed in the front and in the rear of the
structure, to record the water surface elevation. The wire probes had a nonlinearity of less than 1% and
were carefully calibrated at an accuracy of 0.25%. There were two probes in the reflection region and
two probes in the transmission region. The locations of the four wave gauges are listed in Table 1.

Table 1. The distances of wave gauges (WG) from the center of the model.

Wave Gauge WG1 WG2 WG3 WG4

Coordinate on x-axis 1 −240 cm −210 cm 170 cm 270 cm
1 The definition of x-axis is illustrated in the following Figure 1.

A simple slope with a ratio of 1:10 was placed under the model in the slope cases, as shown in
Figure 1. The length of the slope was equal to the length of the model along the flume and connected
with a 2-m horizontal part in the transmission region. The frame of the slope bottom was made of
Bakelite and was supported by the steel frame. To assure the impenetrability of the slope, the cavities
at the tow of the slope and the joint of two Bakelite plates were filled with silica gel, and the gaps
between the Bakelite plates and the sidewall of the wave flume were sealed with chemical foam.

3. Wave Conditions

3.1. Regular Waves

Regular waves were generated by a sinusoidal motion of the piston-type wavemaker. A series of
wave periods from 1.00 s to 2.20 s were chosen in the 0.50 m water depth. Thus, the wave length L
ranged from 1.51 m to 4.53 m, which indicates these tests were in the intermediate water. The ratio
L/B of wave length L to the plate length B is another important parameter, which was varied from
0.76 to 2.27. We observed that the amplitude of the waves decreased as a result of the viscosity and
friction against the sidewall and bottom, by about 0.6% per wavelength. For example, for the case of
(H = 0.10 m, T = 1.2 s), the input wave height for the wavemaker signal was 0.139 m, and so a regular
wave with 0.10 m height was obtained at the plate location. The same tests of wave generation were
conducted for each wave condition without the plate, and the target wave conditions were reproduced
well in the wave flume. After several trials, three relative wave heights H/h = 0.10, 0.20 and 0.30 were
selected for the cases of regular waves.

The distance from the wavemaker to the model was 41 m. There were at least nine wave crests for
the longest wave, i.e., T = 2.20 s and L = 4.53 m. There was a time window when the leading part of
the reflected wave train from the wavemaker had not yet reached the structure, and the measured
surface elevations and forces were reasonably periodic. We used 7–10 wave periods in this window as
the final time history of the surface elevation and forces. An illustration of the time histories of the
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wave elevation and the corresponding force on the structure is provided in Figure 3. The actual time
window we used was 35 s < t < 45 s, i.e., about seven wave periods. The test cases of regular waves are
shown in Table 2.

J. Mar. Sci. Eng. 2020, 6, x FOR PEER REVIEW 5 of 16 

 

surface elevations and forces were reasonably periodic. We used 7–10 wave periods in this window 
as the final time history of the surface elevation and forces. An illustration of the time histories of the 
wave elevation and the corresponding force on the structure is provided in Figure 3. The actual time 
window we used was 35 s < t < 45 s, i.e., about seven wave periods. The test cases of regular waves 
are shown in Table 2.  

(a) (b)

(c) (d)

 
Figure 3. Samples of time series of (a) the surface elevation at WG1, (b) wave forces in the horizontal 
direction, (c) wave forces in the vertical direction and (d) overturning moments due to regular 
waves. (d = 0.14 m, h = 0.50 m, H = 0.05 m and T = 1.2 s.). 

Table 2. Details of test cases of regular waves. 

Case 1 
(Flat vs. 
Slope) 

Submergence Depth 
d (m) 

Wave Height 
H (m) 

Wave Periods 
T (s) 

BF1 vs. BS1 0.140 0.05 1.20, 1.40, 1.60, 1.80, 2.00 
BF2 vs. BS2 0.140 0.10 1.20,1.40,1.60,1.80 
BF3 vs. BS3 0.140 0.15 1.20,1.40,1.60,1.80 
BF4 vs. BS4 0.103 0.05 1.00,1.20,1.40,1.60,1.80,2.00,2.20 
BF5 vs. BS5 0.103 0.10 1.00,1.20,1.40,1.60,1.80,2.00,2.20 
BF6 vs. BS6 0.103 0.15 1.20,1.40,1.60,1.80,2.00 

BF7 vs. BS7 0.076 0.05 1.00,1.10,1.20,1.30,1.40,1.50,1.60, 
1.70,1.80,1.90, 2.00, 2.10,2.20 

BF8 vs. BS8 0.076 0.10 1.00,1.10,1.20,1.30,1.40,1.50,1.60, 
1.70,1.80,1.90, 2.00,2.20 

BF9 vs. BS9 0.076 0.15 
1.00,1.10,1.20,1.30,1.40,1.50,1.60, 
1.70,1.80 

1 BF indicates regular wave cases on a flat bottom and BS indicates cases on a sloped bottom. 

3.2. Solitary Waves 

An improved Goring wave generation methodology, as proposed by Malek-Mohammadi and 
Testik [42], was used to generate solitary waves in the wave flume. The new methodology is capable 
of generating more accurate solitary waves with less attenuation by taking the non-steady-state 
characteristics of piston-type wavemakers into account. Assuming that the horizontal water particle 
velocity adjacent to the wave paddle, u, is equal to the wave-paddle velocity, 
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direction, (c) wave forces in the vertical direction and (d) overturning moments due to regular waves.
(d = 0.14 m, h = 0.50 m, H = 0.05 m and T = 1.2 s.).

Table 2. Details of test cases of regular waves.

Case 1

(Flat vs. Slope)
Submergence Depth

d (m)
Wave Height

H (m)
Wave Periods

T (s)

BF1 vs. BS1 0.140 0.05 1.20, 1.40, 1.60, 1.80, 2.00
BF2 vs. BS2 0.140 0.10 1.20,1.40,1.60,1.80
BF3 vs. BS3 0.140 0.15 1.20,1.40,1.60,1.80
BF4 vs. BS4 0.103 0.05 1.00,1.20,1.40,1.60,1.80,2.00,2.20
BF5 vs. BS5 0.103 0.10 1.00,1.20,1.40,1.60,1.80,2.00,2.20
BF6 vs. BS6 0.103 0.15 1.20,1.40,1.60,1.80,2.00

BF7 vs. BS7 0.076 0.05 1.00,1.10,1.20,1.30,1.40,1.50,1.60,
1.70,1.80,1.90, 2.00, 2.10,2.20

BF8 vs. BS8 0.076 0.10 1.00,1.10,1.20,1.30,1.40,1.50,1.60,
1.70,1.80,1.90, 2.00,2.20

BF9 vs. BS9 0.076 0.15 1.00,1.10,1.20,1.30,1.40,1.50,1.60,
1.70,1.80

1 BF indicates regular wave cases on a flat bottom and BS indicates cases on a sloped bottom.

3.2. Solitary Waves

An improved Goring wave generation methodology, as proposed by Malek-Mohammadi and
Testik [42], was used to generate solitary waves in the wave flume. The new methodology is capable
of generating more accurate solitary waves with less attenuation by taking the non-steady-state
characteristics of piston-type wavemakers into account. Assuming that the horizontal water particle
velocity adjacent to the wave paddle, u, is equal to the wave-paddle velocity,

dx
dt

= u(x, t) (1)
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where x is the position of the wave paddle and t is the elapsed time since the start of the motion. Herein,
u(x,t) is assumed to be constant throughout the water depth. Hence, the depth-averaged velocity u(x,t)
is derived based on the conservation of mass and expressed for long waves of permanent form as

u(x, t) =
cη(x, t)

h + η(x, t)
(2)

where η(x,t) is the free surface elevation above the still water level, h is the still water depth and c is the
wave celerity.

In order to improve the accuracy of solitary waves with large amplitudes, the third-order solution
proposed by Grimshaw [43] was implemented as the target profile of solitary waves in our experiments:

η(x, t) = Hsh2
[
1−

3
4
αth2 +α2(

5
8

th2
−

101
80

sh2th2)
]

(3)

sh = sec h[k(ct− x)], th = tan h[k(ct− x)] (4)

k =

√
3H
4h3 (1−

5
8
α+

71
128
α2), c =

√
gh

(
1 +

1
2
α−

3
20
α2 +

3
56
α3

)
(5)

where H is the solitary wave height, α is the relative wave height H/h, g is the acceleration of gravity
and k is the wavenumber.

The motion of the wavemaker was calculated from Equation (3) using the Newton–Raphson
method. As mentioned above, there was a decrease in the solitary wave height; therefore, the actual
solitary wave heights at the target location were measured in the wave flume without the structure.
Figure 4 shows the measured time series of the surface elevation at the location of the probe WG1. This
shows a good agreement between the measured surface elevation profile and the theoretical results.
The relative solitary wave height we used in the following section was from 0.120 to 0.382, as shown in
Table 3.
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Table 3. Details of the test cases of solitary wave conditions.

Case 1

(Flat vs. Slope)
Submergence Depth

d (m)
Wave Height

H (m)

AF1 vs. AS1 0.140 0.060, 0.085, 0.110, 0.136, 0.163, 0.191
AF2 vs. AS2 0.103 0.060, 0.085, 0.110, 0.136, 0.163, 0.191
AF3 vs. AS3 0.076 0.060, 0.085, 0.110, 0.136, 0.163, 0.191

1 AF indicates solitary wave cases on a flat bottom and AS indicates cases on a sloped bottom.
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4. Results and Discussion

In this section, we discuss regular waves and solitary waves. For each part, we first present the
experimental results from a flat bottom in terms of the surface elevation and the wave forces. Then,
the wave forces measured on a simple slope are compared with the results from a flat bottom so that
the effects of the bottom topography on the wave forces are clearly illustrated.

4.1. Regular Waves

The time series of surface elevation in the reflected and transmitted regions are plotted in Figure 5.
The submergence depth was 14 cm, thus, the regular waves at a water depth of 50 cm were significantly
deformed on the structure. We found that the higher harmonic components at the leading edge
were much larger than those at the trailing edge of the plate. Higher harmonics were generated and
propagated into the transmitted region. Wave components with high frequencies were observed at the
rear of the model, as shown in Figure 5c,d.
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Figure 5. The time series of surface elevations in the front (a) WG1 and (b) WG2 and in the rear (c) 
WG3 and (d) WG4 of the plate under regular waves over a flat bottom. (d = 0.14 m, T = 1.4 s and H/h = 
0.1.). 

The corresponding wave forces and overturning moment are presented in Figure 6. The 
variations of the horizontal force, the vertical force and the overturning moment in the time window 
were basically static with the time. We found that variations of the wave force were nearly 
sinusoidal with relatively small wave lengths, e.g., T = 1.2 s; however, higher harmonic components 
became significant with increasing wave periods or wave length. In Figure 6b, significant 
higher-order components of the vertical force were observed. The amplitude of the horizontal force 
was far less than the vertical force, as the thickness of the plate is an important factor for horizontal 
force, while the length of the plate is important for vertical force.  

Previous studies [10,24] showed that wave-induced loads on the plate were affected by water 
depth conditions and plate characteristics, including the wave height H, water depth h, plate length 
B, plate width W, plate thickness δ and the submergence depth d. Specifically, the horizontal wave 
forces on the submerged plate were due to the pressure difference at the leading and trailing edges, 

Figure 5. The time series of surface elevations in the front (a) WG1 and (b) WG2 and in the rear (c) WG3
and (d) WG4 of the plate under regular waves over a flat bottom. (d = 0.14 m, T = 1.4 s and H/h = 0.1.).

The corresponding wave forces and overturning moment are presented in Figure 6. The variations
of the horizontal force, the vertical force and the overturning moment in the time window were
basically static with the time. We found that variations of the wave force were nearly sinusoidal with
relatively small wave lengths, e.g., T = 1.2 s; however, higher harmonic components became significant
with increasing wave periods or wave length. In Figure 6b, significant higher-order components of the
vertical force were observed. The amplitude of the horizontal force was far less than the vertical force,
as the thickness of the plate is an important factor for horizontal force, while the length of the plate is
important for vertical force.

Previous studies [10,24] showed that wave-induced loads on the plate were affected by water
depth conditions and plate characteristics, including the wave height H, water depth h, plate length B,
plate width W, plate thickness δ and the submergence depth d. Specifically, the horizontal wave forces
on the submerged plate were due to the pressure difference at the leading and trailing edges, while the
vertical forces and consequent overturning moments mainly depended on the pressure difference on
the upper and lower surfaces of the plate. The wave-induced pressure on the plate was consistent with
the wave height H and was assumed as ρgH, where ρ is the water density. Therefore, dimensionless
wave-induced forces for regular waves are defined by the wave pressure and the contact area, i.e., δ·W
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for the horizontal forces, B·W for the vertical forces and B/2 used as torque with respect to the middle
of the plate for the overturning moment,

Fx∗ =
Fx

ρgHδW
, Fz∗ =

Fz
ρgHBW

, My∗ =
My

0.5ρgHB2W
(6)

where Fx, Fz and My are dimensional amplitudes of the horizontal forces, vertical forces and overturning
moments, respectively. The amplitude of wave forces in each direction was calculated by an average of
the results of 7–10 wave periods in the chosen time window, as noted in Section 3.1.

J. Mar. Sci. Eng. 2020, 6, x FOR PEER REVIEW 8 of 16 

 

while the vertical forces and consequent overturning moments mainly depended on the pressure 
difference on the upper and lower surfaces of the plate. The wave-induced pressure on the plate was 
consistent with the wave height H and was assumed as ρgH, where ρ is the water density. 
Therefore, dimensionless wave-induced forces for regular waves are defined by the wave pressure 
and the contact area, i.e., δ·W for the horizontal forces, B·W for the vertical forces and B/2 used as 
torque with respect to the middle of the plate for the overturning moment, 

* FxFx
gH Wρ δ

= , * FzFz
gHBWρ

= , *
20.5

MyMy
gHB Wρ

=  (6) 

where Fx, Fz and My are dimensional amplitudes of the horizontal forces, vertical forces and 
overturning moments, respectively. The amplitude of wave forces in each direction was calculated 
by an average of the results of 7–10 wave periods in the chosen time window, as noted in Section 3.1. 

34 36 38 40 42 44
t(s)

-20

0

20

40 (a)

 

(b)

 

(c)

 
Figure 6. The time series of regular wave forces on a submerged horizontal plate over a flat bottom. 
(d = 0.14 m, T = 1.40 s and H/h = 0.10.). (a) Horizontal forces; (b) Vertical forces; (c) Overturning 
moments. 

Variations of the dimensionless wave forces to the relative wavelength under regular waves on 
a flat bottom and a slope are shown in Figures 7–9. Herein, we define the relative wave length L/B as 
the regular wave length L ratio to the plate length B. From the experimental data, the wave forces in 
terms of the horizontal force, the vertical force and the overturning moment generally increased 
with the relative wave length, i.e., longer waves led to larger wave loads. However, there were slight 
decreases in specific cases; for example, the horizontal force in the range of 1.0 < L/B < 1.8 with H/h = 
0.10, as Figure 7a shows. The wave forces increased gradually to a maximum value and no longer 
increased with the relative wave length. The overturning moment reached a maximum when L/B > 
1.5 with H/h = 0.10. The critical wave length appeared to be related to the relative wave height for the 
overturning moment. The overturning moment remained stable when L/B > 1.25 for H/h = 0.20 and 
L/B > 1.0 for H/h = 0.30. The submerged depth had a weak influence on the horizontal force, which 
slightly decreased with the increasing submergence depth. The vertical forces and the overturning 
moment saw hardly any shift with the submergence depth, especially in the cases of relatively larger 
wave heights. 

We found that the linear theory provided reasonable predictions when the relative wave height 
was 0.10 and the relative wave length was less than 1.5, as Figure 7a shows. For the incident wave 
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Figure 6. The time series of regular wave forces on a submerged horizontal plate over a flat bottom. (d
= 0.14 m, T = 1.40 s and H/h = 0.10.). (a) Horizontal forces; (b) Vertical forces; (c) Overturning moments.

Variations of the dimensionless wave forces to the relative wavelength under regular waves on
a flat bottom and a slope are shown in Figures 7–9. Herein, we define the relative wave length L/B
as the regular wave length L ratio to the plate length B. From the experimental data, the wave forces
in terms of the horizontal force, the vertical force and the overturning moment generally increased
with the relative wave length, i.e., longer waves led to larger wave loads. However, there were slight
decreases in specific cases; for example, the horizontal force in the range of 1.0 < L/B < 1.8 with
H/h = 0.10, as Figure 7a shows. The wave forces increased gradually to a maximum value and no
longer increased with the relative wave length. The overturning moment reached a maximum when
L/B > 1.5 with H/h = 0.10. The critical wave length appeared to be related to the relative wave height
for the overturning moment. The overturning moment remained stable when L/B > 1.25 for H/h = 0.20
and L/B > 1.0 for H/h = 0.30. The submerged depth had a weak influence on the horizontal force, which
slightly decreased with the increasing submergence depth. The vertical forces and the overturning
moment saw hardly any shift with the submergence depth, especially in the cases of relatively larger
wave heights.

We found that the linear theory provided reasonable predictions when the relative wave height
was 0.10 and the relative wave length was less than 1.5, as Figure 7a shows. For the incident wave with
L/B > 1.5, a zero horizontal force was predicted by the linear theory, but the experimental data showed
a slight decrease and then a gradual increase. The linear theory also overestimated the vertical forces
and the overturning moment when L/B > 1.5. Patarapanich [12] stated the critical conditions for either
zero horizontal or zero vertical forces, which were in fact identical to the conditions for no reflection.
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The variation of pressure on the upper surface is sinusoidal in time and space, while the dynamic
pressure distribution beneath the plate at any instant in a wave cycle was linear, as presented in [12,25].

When the wave length L was some particular ratio to the plate length B, the dynamic pressure on
the upper and lower surfaces of the plate were able to cancel each other out, which led to zero forces.
However, these conditions were strictly subjected to the linear long wave assumption. Wave breaking
is an important phenomenon related to the nonlinearity and dissipation. In our experiments of regular
waves, only in the case of H/h = 0.10 and d/h = 0.280, did the wave not break when it propagated across
the plate. For other cases of larger wave heights or shallower submergence depths, we observed that
wave breaking occurred above the plate. For this reason, the effect of the submergence depth on wave
forces was not obvious. The measured wave loads with different submergence depths were essentially
consistent with different wave heights. For the cases where the relative wave heights were 0.20 and
0.30, the linear theory failed to predict the wave forces well due to the strong nonlinearity effects.

The experimental results for the wave forces over a simple slope are also presented with different
submergence depths and relative wave heights for comparative study. The results of the wave forces
on the two types of bottom topography showed that there were no significant shifts of the wave forces
over a simple slope. The wave forces over a slope were slightly affected by the submergence depth,
similar to the results over a flat bottom with a relatively weak nonlinearity, i.e., H/h = 0.10. However,
the nonlinear wave evolutions above the plate, such as wave deformation, breaking and vortex
generation at the leading or trailing edge of the plate, became dominant. As a result, the submergence
depth and the bottom topography had no important influence on the nonlinear wave forces exerted on
the plate.
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Figure 7. The horizontal wave forces due to regular waves in terms of the different relative wave
heights (a) H/h = 0.10, (b) H/h = 0.20 and (c) H/h = 0.30. The theoretical results from linear theory for
flat bottoms are compared with the experimental data for both flat bottoms and slopes in the figure, as
well as in Figures 8 and 9.
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4.2. Solitary Waves

The wave scattering on a submerged horizontal plate due to a solitary wave had not been
investigated by analytical methods until Lo and Liu [30] developed the solution for linear long waves.
For solitary waves, the analytical solutions for a wave-scattering problem are formulated and obtained
based on linear shallow-water wave theory as small-amplitude solitary waves can be theoretically
generalized to long waves. Previous studies [10,30] showed that the theoretical solutions compared
well with both the experimental and numerical data for small incident solitary waves in terms of
the surface elevation, pressure along the plate and induced forces acting on the plate, and large
discrepancies were observed for larger solitary wave heights, which is an expected limitation of the
linear theory. In this paper, the analytical solutions were compared and examined against experimental
data. In general, we found that the approximate solutions were essentially consistent in the leading
edge, where the nonlinearity was not significant.

For the representative case, (H/h = 0.326, d/h = 0.280), the experimental and theoretical surface
elevations are compared in Figure 10. In general, the measured surface elevations in the reflected region
(WG1 and WG2) were basically consistent with the theoretical solutions, even though the incoming
waves were of significant nonlinearity. Small oscillations in the tails of the waves were observed both
in the experimental data and the linear theory. The oscillations may result from evanescent modes
and nonlinearity, which are not accounted for in the linear theory. Significant discrepancies exist
between the experimental data and linear solutions in the transmitted region (WG3 and WG4). We
observed that wave breaking occurred in the transmitted region, which indicated higher nonlinearity
caused by the submerged plate. The linear theory tended to underestimate the wave heights in the
transmitted region.
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Figure 10. The time series of surface elevations in the front (a) WG1 and (b) WG2 and in the rear (c)
WG3 and (d) WG4 of the plate over a flat bottom due to a solitary wave. (H/h = 0.326, d/h = 0.280).

Figure 11 illustrates the time series of exciting wave forces and overturning moments with
the analytical results of the linear theory. This shows that the first peak of the vertical force and
overturning moment were well predicted by the linear theory because the free surface had not yet
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violently deformed before the wave front arrived at the leading edge of the plate. However, the linear
theory overestimated the vertical forces and overturning moment after the first peak as a result of
the nonlinearity and dissipation not accounted for in the linear theory. We found that the positive
horizontal force was well predicted by the linear theory, while the negative horizontal forces showed
a significant discrepancy between the experimental data and the theoretical results, as shown in
Figure 11a.
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Under the linear long wave assumption, the pressure on the leading and trailing edges of the
submerged plate were both uniform along the spanwise direction. However, in reality, the leading
wave was significantly deformed at the trailing edge and a vortex with strong intensity was observed
in the experiments, which indicates that the pressure at the trailing edge may be not described exactly
by the linear theory. There were two crests and one trough in the curve of the overturning moment
in the present experimental setup, and the second positive overturning moments were larger than
the first ones. Dimensionless wave forces for solitary waves were deduced, which involved the water
depth h, instead of the wave heights H, in Equation (6), as the solitary wave heights were considered
as independent variables. For the dimensionless wave forces due to solitary waves, the positive
overturning moments were distinguished as the first My1

+ and the second My2
+, as shown in Figure 11c.

The effects of the relative wave heights are shown in Figure 12, in which solitary wave forces with
different wave heights are plotted together. The wave forces clearly increased with larger incident
wave heights. The positive horizontal forces were larger than the negative forces, while the positive
vertical forces were slightly smaller than the negative forces on a flat bottom. The absolute values of the
force maxima and minima are plotted in the figure with the relative solitary wave heights. In general,
the wave forces of the three components increased with larger incident wave heights. The forward
horizontal forces were larger than the backward forces, while the upward vertical forces were slightly
smaller than the downward forces. We found that the horizontal forces increased linearly with the
relative wave heights.
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Figure 12. The horizontal wave forces due to solitary waves in terms of the different wave force
components (a) positive horizontal wave force and (b) negative horizontal wave force. The theoretical
results from linear theory for flat bottoms are compared with the experimental data for both flat bottoms
and slope in the figure, as well as in Figures 13 and 14.
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For the effect of submergence depth, we found that the horizontal forces were not influenced by
the submergence depth, while the vertical forces and overturning moment were slightly affected by the
submergence depth. Specifically, the vertical forces and overturning moments were larger when the
submergence depth decreased. The peak values of the negative vertical force and the second positive
overturning moment did not increase with the relative wave height because the wave height was so
large (e.g., H/h = 0.382, d/h = 0.152) that the wave had already broken after passing the plate.

Figures 13 and 14 shows comparisons of the solitary wave forces to the relative wave heights on a
flat bottom and a 1:10 slope with different submergence depths. The wave forces that were affected
by the sloped bottom were the negative vertical forces and the second positive overturning moment,
which also depended on the submergence depth. The positive horizontal force slightly increased on
a 1:10 slope, while no difference was observed for the negative horizontal force. The effects of the
slope on the positive and negative vertical forces and overturning moment were inversed, namely,
{|Fz

+|* and |My1
+|*} increased and {|Fz

−|*, |My
−|* and |My2

+|*} decreased. The wave forces on a 1:10
slope were closely related to the submergence depth, i.e., the wave forces decreased more with larger
submergence depths. For example, the negative vertical forces and the second positive overturning
moment decreased by 51% and 39% with H/h = 0.382 and d/h = 0.280, respectively. This may be due to
the different flow fields around the trailing edge on a simple slope. A higher velocity field and intense
vortex were observed in the experiments, which may lead to the changes of wave forces, as discussed
by others (e.g., Poupardin et al. [18]; Lo and Liu [30]).

5. Conclusions

A series of wave force experiments on a submerged horizontal plate with regular waves and
solitary waves were performed on a flat bottom and a 1:10 simple slope. A dynamometric system
in a wave flume was set up to measure the horizontal force, vertical force and overturning moment
exerted on the structures. The experimental results on a flat bottom were presented and compared
with the results based on the linear theory. The wave force dependences on the wave length, wave
height, submergence depth and sloped topography were discussed.

For regular waves, the wave forces on a flat bottom essentially increased with the relative wave
length until reaching a critical wave length where the wave forces no longer increased. The horizontal
forces slightly decreased with the increasing submergence depth, while the vertical forces and the
overturning moment were not changed with the submergence depth, especially with larger wave
heights. The analytical results from the linear theory showed an agreement for small wave height
(H/h = 0.10) and relatively short wave length (L/B < 1.5 in the present study). The wave forces
differ significantly from the linear theory for larger waves over a flat bottom and a 1:10 simple slope.
The influence of the bottom topography or the submergence depth was not important for the nonlinear
wave forces exerted on the plate, compared with the nonlinear wave evolutions above the plate, such
as the wave deformation, breaking and vortex generation at the leading and trailing edges of the plate.

For solitary waves, the linear long wave theory for a flat bottom provided reasonable predictions
of the surface elevation in the reflected region, as well as the first peak of the vertical force and the
overturning moment. The wave forces on a flat bottom increased distinctly with the relative wave
height. The vertical force and the overturning moment became larger when the submergence depth
decreased, while the horizontal force was not influenced by the submergence depth. The effects of a
simple slope on the wave forces for solitary waves were related to the submergence depth. The main
differences in the wave forces for the case of the 1:10 simple slope model were in terms of the negative
vertical forces and the second positive overturning moment. The magnitude of these two terms
decreased due to the existence of the slope.
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