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Abstract: Experimental measurement and numerical simulations were carried out for investigating
the impact loading behavior of platform decks under regular and irregular wave actions. In the
numerical simulation section, a full-scale numerical wave tank was established using STAR-CCM+
software. A decreased tendency can be observed for an increased relative length of platform when
the incident wave length is double the deck length. The increased deck height can also decrease
impact loading on the platform, which is due to the platform being far away from the incident wave.
Impact loading on the deck decreases with the increase in inclination angle, which can be explained
by the deck bottom being directly exposed to the incident wave at negative inclination angles. Finally,
the variation tendency of impact loading on platform decks under irregular wave actions is similar to
that under regular wave actions, including the averaged values and significant values.
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1. Introduction

The impact of waves is characterized by extremely short durations and complex
mechanisms, particularly when changes in structural inclination occur due to uneven
settlement of the construction platform, further complicating the study of wave impact
issues. Upon contact between wave crests and structures, there exists an intense, short-
duration force known as wave impact load. This force can result in localized structural
damage or even total overturning, underscoring the significant importance of investigating
wave impacts on construction platforms. With the development of offshore resources,
traditional construction platforms are no longer sufficient, necessitating the construction
of offshore platforms around foundations for construction purposes. These platforms
are often directly exposed to wave action, including wave impact, due to the absence of
harbors or breakwaters for protection. Research on wave impact issues can be classified
into algorithmic studies and model experimentation, based on research methodologies.

Algorithm research comprises theoretical formulation and numerical simulation. The-
oretical formulations represent the earliest approach to studying the impact of waves on
structures, predominantly focusing on model water entry problems. In 1932, Von Kar-
man [1], based on the principle of momentum conservation, simplified the landing of
seaplanes on water surfaces to the process of two-dimensional wedge-shaped structures
entering water, analyzing the vertical impact force on the float upon entry and proposing
the Von Karman impact theory. The primary drawback of this theory is the infinite impact
pressure on the lower plate. Subsequently, Wagner [2], building upon Von Karman’s theory
of water entry impact, considered the influence of water surface bulging when structures
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enter the water and approximated flat plates as small-angle wedge bodies using potential
flow theory, deriving an approximate impact theory for flat plates. Studies indicate that this
method can be extended to various geometric shapes and non-vertical velocity water entry
impact problems, providing estimates of the impact forces on damaged semi-submersible
platform pontoons. Riccardi [3], employing the method of conformal mapping, analyzed
the early-stage flow generated by the collision of asymmetric wedges. Due to the assump-
tion of inviscid flow, velocity (and pressure) singularities occur at the vertices of asymmetric
wedges. By reintroducing viscous effects and shedding vortices from the vertices, these sin-
gularities are eliminated. The study analyzed the influence of structure entry into viscous
fluids on the free surface and discussed the effects of vortices on the velocity field and pres-
sure distribution on the wedge blocks. Faltinsen [4] and others used potential flow theory
to investigate the slamming problem in ship and ocean engineering, demonstrating that the
maximum pressure cannot be used to estimate the maximum stress caused by slamming
when the maximum pressure is significant. The influence of water elasticity increases with
decreasing deadrise angle and increasing impact velocity, emphasizing the need for a fluid
dynamics study of slamming from a structural perspective. Sun et al. [5] established a finite
element dynamic analysis model of the motion of a three-dimensional elastic projectile in a
multi-material fluid medium using the finite element software LS-DYNA, and conducted
fluid—-structure coupling simulation of the projectile’s impact on water using the Arbitrary
Lagrangian-Eulerian (ALE) method. Yang et al. [6] performed numerical simulation and
analysis of the two-dimensional elastic flat-bottom structure’s constant-speed impact into
water using the ALE algorithm.

Numerical simulations primarily involve boundary element methods, the VOF method,
etc. Xinmeng et al. [7] focused on analyzing higher harmonic load, dynamic motion re-
sponse, and tension load of the mooring line of the DeepCwind semi-submersible FOWT.
The results show that the higher-harmonic wave load cannot be ignored in the extreme
marine environment, the second harmonic can be over 16% of the linear wave load, and
the third harmonic can be over 10% of the linear wave load with large wave steepness. The
duration of a focused wave crest interaction with the platform is a short process of only
1.4 s at the model scale, corresponding to about 10 s for the prototype.

Baarholm et al. [8] conducted numerical simulations of the impact of two-dimensional
horizontal plates under regular wave action using the boundary element method, comparing
the simulated impact loads with experimental values, which were found to be relatively close.
Du Yang et al. [9] studied the impact characteristics of two-dimensional plates entering water
using the VOF method, analyzing the relationship between impact loads and entry velocity,
transverse velocity, and entry angle. Greenhow and Moyo [10] identified the influence of
rising free surface and added mass on both local and overall structures. Chen et al. [11]
conducted numerical simulations of the two-dimensional wedge entry slamming problem
using the Smoothed Particle Hydrodynamics (SPH) method, analyzing the variations in
structure entry speed and slamming load. They derived the relationship between the entry
angle, speed of the wedge, and slamming pressure. Wang et al. [12] employed dynamic mesh
technology and the Volume of Fluid (VOF) method to simulate the free entry process of flat-
bottom structures and two-phase gas-liquid flow. They analyzed the motion characteristics
of the structure during free fall, the characteristics of slamming loads, and the evolution
of air bubbles during entry into water. Du et al. [13] sloshing coupled ship motions are
solved numerically in a time domain approach, in which the external flow and sloshing are
computed respectively with linear diffraction-radiation theory and the Arbitrary Lagrangian-
Eulerian method. In this numerical method, the structure flexibility of the tank wall could
be included without additional computational effort.

Due to the complexity of the phenomena and mechanisms involved in wave impact,
the study of wave impact in marine environments can be approached through physical
model experiments. Nagi et al. [14] conducted model tests to investigate the global response
of a conventional tension leg platform (TLP) due to wave-in-deck loads associated with
extreme wave events in irregular long-crested waves of a cyclonic sea state. The experi-



J. Mar. Sci. Eng. 2024, 12, 899

30f15

mental setup was designed to allow for the simultaneous measurement of wave surface
elevations, rigid body motions, tendon tensions, as well as the pressure distribution at the
model’s deck underside. Min et al. [15,16] conducted an experimental campaign focusing
on two air-gap conditions (i.e., 0.35 Hc and 0.2 Hc, where Hc is the height of the platform
column) and various wave impact patterns. Multiple quantities have been measured for
each experimental test, including platform motions, tension forces in tethers, and the wave
impact pressure at numerous locations within the structure. Within the experimental cases
tested, it is found that (i) with the reduction in the air gap, the impact pressure at the bottom
wall of the upper deck increases while that at the vertical front wall reduces; (ii) the air gap
of 0.55 Hc registers larger surge motions as compared to other air-gap conditions due to the
combined effect of larger horizontal loads applied on the platform and the small resistance
force of the system.

Cuomo et al. [17] conducted physical model experiments to study the slamming
effects of wave breaking on offshore bridges. They elucidated the slamming response
process between waves and structures, proposing an “ad-hoc” predictive method for pulse
pressure and quasi-static pressure tailored for large-scale structures. Ren and Wang [18],
employing physical model experimental methods, investigated the impact on the upper
part of perforated structures under irregular wave action. They discussed the influence
of various wave parameters and structural porosity on the peak impact pressure and
provided the distribution characteristics of the peak impact pressure on the structure’s
bottom surface. Zhou et al. [19] conducted a series of model experiments to study the uplift
force acting on perforated plates under regular wave action. They analyzed the mechanism
of the wave uplift force on the bottom of the plate and discussed the relationship between
the maximum uplift force and wave parameters, impact angles, and the air cushion layer,
providing a formula for calculating the maximum total uplift force on perforated horizontal
plates under waves. Paulsen et al. [20] investigated the slamming effects of wind and
waves on offshore wind turbine pile foundations through physical model experiments.
They analyzed the wave impact effects on pile foundations under irregular wave action,
revealing a higher frequency of wave slamming in the transition zone near the free surface.

In summary, theoretical analyses are mostly based on various ideal assumptions that
do not align with actual fluid behavior. Model experiments are often conducted using
scaled-down models, but despite significant effort, it is challenging to achieve complete
similarity between the model and the real structure, and many detailed issues cannot be
thoroughly investigated. Therefore, we employ a combined approach of algorithms and
experiments to explore the impact of waves on platforms. Most numerical simulations focus
on the slamming problems of two-dimensional structures and predominantly consider
regular waves without incorporating irregular wave analysis. This study establishes and
validates a three-dimensional numerical model of a platform and water tank using CFD
software to investigate the slamming effects of waves on a deep-water rigid platform
under both regular and irregular wave conditions. For each wave type, the influence
of platform inclination and height, as well as the incident wave height and period on
slamming pressure, is discussed. The present study summarizes the effects of different
platform inclinations and heights, various wave heights, and different relative plate lengths
on the slamming behavior of the rigid platform.

In Section 2, the experimental setup and numerical wave flume is introduced. In
Section 3, numerical validations of the numerical model against experimental data are
conducted. The experimental and numerical results and discussions are presented in
Sections 4 and 5, where the behavior of impact loading under regular and irregular wave
actions is investigated, respectively. Finally, conclusions are drawn in Section 6.

2. Experimental Setup and Numerical Models
2.1. Experimental Setup

The experiments are conducted in a three-dimensional wave basin at Ho-Hai Univer-
sity, China. The wave basin is 42 m long and 12 m wide, and the water depth is 0.6 m in
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the tests. Regular and irregular waves are generated by paddles. The wave absorbers are
installed on the opposite side to minimize reflected waves. In the experiment, the scope of
regular wave height is H; = 0.04-0.08 m, with wave periods varying from 0.85 s to 1.98 s.
The length scaling with Froude similarity is 1:50.

The platform is located in the center of the wave basin, which is made of wood and
trusses. The platform deck is 1.0 m in length and 1.0 m wide, with a 0.1 m thickness. Five
deck angles, that is, « = —4°, —2°,0°, 2°, and 4°, are selected, as shown in Figure 1. In total,
32 probes are adopted for measuring the impact pressure of the platform deck, where the
sampling frequency is 50 Hz. The distribution of pressure probes is shown in Figure 2.

Platform
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Figure 1. Snapshots of model ship in waves and sloshing motion in tank. (a) Horizontal platform
(a = 0°). (b) Inclination « is less than zero (« < 0°). (c) Inclination « is greater than zero (« > 0°).
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Figure 2. Sketch of pressure transducers on subsurface (unit: cm).



J. Mar. Sci. Eng. 2024, 12, 899

50f 15

2.2. Numerical Approaches

The numerical wave flume is conducted by solving the Navier-Stokes equations; incom-
pressible two-phase turbulent flows with the RNG model is used in the simulation and the
Eulerian reference system is adopted. Thus, the governing equations are written as follows:

aapul -0

X;

E}pu' dpuju; uL; du; 1)
atl+ ox;  Poi +‘u€8x xl+7i

where u; = (1, v) and x; = (x, y) are the vector of fluid velocity and the Cartesian coordinate,
respectively. g; denotes the gravitational acceleration; p denotes the fluid density; p denotes
the pressure; and t denotes the time. In the equation, . presents the effective dynamic
viscosity and is composed of y and p;, u is the fluid viscosity, and y; is the turbulent
viscosity. For closing the governing equations, the RNG k-¢ two-equation formulations are

employed, with
k2
e = Cy? )

where C,, = 0.0845. The time-dependent advection-diffusion equations for the turbulent
kinematic energy k and its dissipation rate ¢ are described as follows:

ook 0 0 [ ok ou;  Ouj \ du;
at+axj[p”fk}_ax,<akax]>+”*<a +ax1 dx; pe ®)

dpe 0 o [ u oe € E)ul ou; \ Ju; €2
L T ouel = — 4
ar + i, lPwiel ox; (ae ax; ) T Ok ax, T TP E @)
where Cy, = 1.42, Cy. = 1.68, 0 = 0.71942, and o, = 0.71942, which are theoretical constants.
For long-time simulations in the present numerical wave flume, reflection waves
should be eliminated. The toolbox “waves2Foam” proposed by Jacobsen et al. [21] is
utilized; relaxation zones are placed at both inlet and outlet boundaries to generate the

incident waves and eliminate reflected waves. The exponential relaxation function is
applied within the relaxation zones as follows:

Cep(xy®) -1
exp(1) =1 XRe[0,1] ®)

U = @rOc + (1 — QDR)19T (6)

where @ represents both the fluid velocity #; and the water fraction indicator «, the subscript
C denotes the computed value, and the subscript T denotes the target value.

To capture the free surface motion in the present wave flume, the volume of fluid
(VOF) method is used. For computational cells, a fractional function of the VOF, denoted
as ¢, is defined as

PrR(XR) =

¢ = 0 inair
0 < ¢ < 1 on the free surface (7)
¢ = 1in water

The VOF function is governed by the advection equation:

W4V () + V(1

¢)u] =0 (®)
where u, is the relative velocity between the water and air. In Equation (8), the last term of
the left hand is for compression, which is used to limit the smearing of the interface. In the
present work, the interface of the two different phases is identified when ¢ = 0.5. In the
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computational cells, the fluid density and the effective viscosity are weighed by using the
VOF function as follows:
p=dpow+(1—¢)pa ©)
pe = Ppew + (1 — P)pea

where the subscript W represents the water phase and A is the air phase.

The governing equations and the advection transport equation are solved by using
the Finite Volume Method (FVM) based on the multi-phase solver of “interFoam” in
OpenFOAM® package. The pressure and velocity decoupling is solved by using the PISO
(Pressure Implicit with Splitting of Operators) algorithm (Issa [22]). The convection term
and diffusion term are discretized by the Gauss limited linear method and the Gauss linear
corrected method, respectively.

Courant-Friedrichs-Lewy (CFL) condition is adopted in all of the numerical simula-
tion solving processes, the largest Courant number is set as C, = 0.25, and the time step
adjusts automatically:

At =C, x Min{ ‘/ST’} (10)

|tte|

where S, and |u, | are the area and absolute velocity in a computational cell, respectively.

3. Numerical Validation

Numerical validations are carried out according to the comparison with the exper-
imental data of regular wave actions, with T = 1.70 s and H = 0.08 m, where a platform
deck height above the still water level Al = 0 m and inclination angles « = —4°, —2°, and
0° are considered. As shown in Figure 3, good agreement between the numerical results
and experimental results can be observed, implying that the present numerical model can
work well in predicting impact loading under regular wave actions.

35 35

30 Simulation Pressure 30 F S!mulzlitlon Pressure
— — —Experimental Pressure 25l — — —Experimental Pressure

25
20 20 F

P(kPa)
P(kPa)

30 F Simulation Pressure

25 — — —Experimental Pressure

P(kPa)

Figure 3. Comparison of slamming pressure time history curves at 2—4# measuring points of platforms
with different inclination angles under regular wave action. (a) & = —4°. (b) & = —2°. (¢) « = 0°.

As shown in Figure 4, further validations are conducted by the comparison of irregular
wave actions, where the incident wave conditions are T, = 1.70 s and H; = 0.08 m. The
geometry of the platform deck is still A# = 0 m with inclination angles « = —4°, —2°, and 0°.
Compared with the accuracy of regular wave actions in Figure 3, the discrepancy between
the numerical and experimental results is a little increased. This is mainly due to the
random characteristics of irregular waves. Generally speaking, acceptable accuracy can be
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obtained by using the present viscous fluid flow model. According to the comparisons, it
can be confirmed that the present numerical wave flume can work well in predicting the
behavior of impact loading on the platform deck under regular and irregular wave actions.

3.0

Simulation Pressure
— — —Experimental Pressure

Simulation Pressure
— — —Experimental Pressure

25
2.0
~ 15

<10

0.5
0.0
-0.5

Simulation Pressure
— — — Experimental Pressure

P(kPa)

1.0 - '

Figure 4. Comparison of slamming pressure time history curves at 2-4# measuring points of platforms
with different inclination angles under irregular wave action. (a) & = —4°. (b) & = —2°. (¢) « = 0°.

4. Impact Loading of Regular Waves

Both laboratory tests and numerical simulations are carried out for measuring impact
loading on the platform deck under regular waves. Note that the impact forces of the exper-
imental measurement are obtained by the pressure probes multiplied by the corresponding
area; meanwhile, the impact forces of the numerical model are calculated according to the
integral and the body surface. This is also the major reason for the discrepancy between
the experimental and numerical results. Figure 5 shows the variation in the impact loading
forces with the relative length of platform Lp /L, where Lg and L are the platform length and
wave length, respectively. Again, good agreement between the experimental and numerical
results can be observed, implying acceptable accuracy of the present simulating method.
When the relative length of the platform Lp/L is larger than 0.4, the impact loading forces
show a decreased tendency with the relative platform length Lg/L. It can be understood
that the long wave has more energy and generates increased impact loading on a small
relative platform length Lg /L. In the region of Lg/L = 0.2-0.4, the variation in the impact
loading forces has different behavior patterns at different inclination angles «, different
heights of the platform deck Ah, and different incident wave heights H;.
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Figure 5. Relationship between slamming pressure force and relative wavelength of platforms with
different inclination angles under action of regular waves. (a) « = —4°; Ah =0 m. (b) a = —2°;
Ah=0m. (c)a=0%Ah=0m. (d)a=2°%Ah=0m. (e)a =4°, Ah=0m. (f) a = —4°;, Ah=0.02 m.
(ga=—-2°%Arh=002m. (h)ya =0% Ah=0.02m. i) a =2° Ah=0.02m. (j) «a =4°, Ah =0.02 m.
(k)a=—4°%Ah=0.04m. () a = —2° Ah=0.04 m. (m) « = 0°;, Ah=0.04 m. (n) & =2°; Ah =0.04 m.
(0) « =4°; Ah =0.04 m.

The influence of the geometries of the platform deck, that is, inclination angles « and
the height Ah, can also be observed according to the comparison between the subfigures
in Figure 5. The impact loading on the deck decreases with the increase in inclination
angle, that is, the « range from —4° to 4°. It can be explained that the deck bottom is
directly exposed to the incident wave when the inclination angle is « = —4°; meanwhile, it
is the opposite case when the inclination angle is « = 4°. The increased deck height, that is,
following the sequence of Ak =0, 0.02 and 0.04 m, can also decrease the impact loading on
the platform. The increased deck height is able to make the platform far away from the
incident wave, leading to the decrease in impact loading.

For the purpose of comparison, the influence of incident wave height on impact
loading is also considered. As shown in Figure 5c, the insignificant effect of incident wave
height on the normalized impact loading force can be observed for the case of an inclination
angle « = 0° and a deck height Ah = 0 m. In Figure 5h, the impact force of an incident wave
height H; = 0.04 m approaches zero, which is due to the fact that small wave heights cannot
reach the platform deck with Ak = 0.02 m. Meanwhile, the normalized impact loading
forces have a small increase for incident wave heights from H; = 0.08 m to 0.12 m. When the
platform deck height is Ah = 0.04 m, only the case with H; = 0.12 m has an impact loading
force, as shown in Figure 5m. The above phenomena are also suitable for the cases in
Figure 5d,g—j,1-o0. That is, the variation in Figure 5a,b,e,f k has different behavior patterns,
where the decreased normalized impact loading forces in relation to the increases in wave
height can be observed. This demonstrates the complex influence of large inclination angles,
« = —4° and 4°, at which part of the platform deck is submerged in water.

5. Impact Loading of Irregular Waves

The behavior of impact loading on the platform deck under irregular wave actions is consid-
ered in this section. The region of significant wave heights of irregular waves is Hs = 0.04-0.08 m,
and the peak frequency of the JONSWAP spectrum is 0.85 s—2.26 s. Figure 6 shows the
variation in impact loading with the relative length of the platform Lgp/Ls, where L; is the
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corresponding wave length of significant wave heights of irregular waves. The results of
the impact loading forces in the figure are also the significant wave height values. For the
purpose of comparison, the numerical results under regular wave actions are also included.
It can be observed that the general variation tendency under irregular wave actions is
similar with that under regular wave actions. That is, the impact loading forces decrease
when the relative length of the platform Lg/L; is larger than 0.4. The variations in the
region of Lg/Ls = 0.2-0.4 have different behavior patterns at different inclination angles
«, different heights of the platform deck Ah, and different incident wave heights Hs. The
increased impact loading force with the decrease in inclination angle and decrease in deck
height can be obtained. Finally, the values between regular wave actions and irregular
wave actions in Figure 6 are in fact quite close to each other.

Furthermore, the results of the impact loading forces under irregular wave actions
between different statistical samplings are compared in Figure 7. Note that the normalized
amplitudes are illustrated in this figures, where the normalization is conducted by using the
corresponding statistical data, such as Fs/ ngBzHs and Fpe/ ngBZH,m. In Figure 7a—f, the
normalized amplitudes of the impact loading forces computed from the samples with large
amplitudes are always smaller than those of the samples with small amplitudes. That is,
the values of Fs/ ngBZHS are smaller than F,./ ngBZHm;g. It can be understood that larger
wave amplitudes may generate more dissipation when the platform deck is submerged
in water. In contrast, as shown in Figure 7g—o, the normalized amplitudes of the impact
loading forces computed from the samples with large amplitudes are always larger than
those of the samples with small amplitudes. This is due to the increased nonlinear effect of
impact behavior when the platform deck is above the still water level.
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Figure 6. Relationship between slamming pressure force and relative wavelength of platforms with
different inclination angles under action of irregular waves. (a) « = —4°; Ah=0m. (b) « = —2°;
Ah=0m. (c)a=0°%Ah=0m. (d)a=2°% Ah=0m. (e) « =4°; Ah=0m. (f) a = —4°; Ah = 0.02
m. (g)x=—-2°%Ah=0.02m. (h)a =0° Ah=0.02m. (i) « =2° Ah =0.02 m. (j) « =4°; Ah =0.02 m.
(k)a=—4°,Ah=0.0dm. 1) a =—-2° Ah=0.04dm. (m) x =0° Ah=0.0d m. (n) « =2°, Ah=0.04 m.
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Figure 7. Relationship between slamming pressure force and relative wavelength of platforms with
different inclination angles under action of irregular waves. (a) « = —4°; Ah =0 m. (b) a = —2°;
Ah=0m. (c)a=0%Ah=0m. (d)a=2°Ah=0m. (e) a =4°, Ah=0m. (f) a = —4°;, Ah=0.02 m.
(g)a=—-2°%Ah=002m. (h)a =0% Ah=0.02m. (i) a =2° Ah=0.02m. (j) « =4°;, Ah =0.02 m.
(k)a=—4°%Ah=004m. () a =—2° Ah=0.04 m. (m) x =0°, Ah=0.04 m. (n) « =2°; Ah =0.04 m.
(0) « =4°;, Ah=0.04 m.

6. Conclusions

Experimental and numerical simulations have been carried out for impact loading
behavior on platform decks under regular and irregular wave actions. The behavior
of impact loading forces has different characteristics for different relative lengths of the
platform deck. A decreased tendency can be observed when the relative length of the
platform L /L is larger than 0.4. In the region of Lg /L = 0.2-0.4, the variation in the impact
loading forces has different behavior patterns at different inclination angles, different
heights of the platform deck, and different incident wave heights. The impact loading on
the deck decreases with the increase in inclination angle, which can be explained by the fact
that the deck bottom is directly exposed to the incident wave at negative inclination angles.
The increased deck height can also decrease impact loading on the platform, which is due
to the platform being far away from the incident wave. Finally, the variation tendency of
impact loading on the platform deck under irregular wave actions is similar to that under
regular wave actions, including the averaged values and significant values.

To simplify the slamming problem, we assumed the offshore platform to be rigid.
In reality, the platform would deform under wave-induced slamming forces. Therefore,
further research is needed to address the issue of structural deformation under complex
wave conditions. The numerical wave tank simulation was conducted with a flat seabed and
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a fixed water depth, whereas actual marine environments are more complex, with uneven
seabeds and submerged reefs that can cause unpredictable changes in wave height and
wavelength. The impact of slamming forces on the platform varies under different wave
conditions, necessitating additional research to understand these effects comprehensively.
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