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The high development of the offshore industry for supporting new marine and
renewable energy projects requires a constant improvement of methods for structure
designing. Because recent studies warned that maximum environmental loads occur
during low sea states and not during extreme sea states as recommend by the offshore
standards (e.g., RP 2AWSD-2014), this study used measured wave and current data for
analyzing that warning. The Colombian Caribbean coast was selected as the study area,
and in situ ADCP data combined with Reanalysis and numerical data was used for
identifying proper sea states for the analysis. Then, two low and one extreme sea states
were selected and their associated current profiles were extracted, for providing input
data for Computational Fluid Dynamics (CFD) and Finite Element Method (FEM)
simulations to evaluate the effect of the hydrodynamic forces over a floating structure.
The results showed that low sea states generated maximum loads and rotations in the
floating structure, and the extreme sea states caused high-frequency vibrations that
could provoke structural dynamics problems such as failures due to fatigue or sudden

collapse by resonance and amplification.

1. INTRODUCTION

The increasing interest in non-conventional renewable
energies worldwide motivated several countries to develop
technologies such as the offshore wind turbines [1]. These
offshore projects require rigorous engineering designing
because of the complex fluid-structure interactions
(environmental loads) that face the wind turbine foundations,
in this sense, subjective designs may put at risk their stability
that would generate environmental and operational problems.
The traditional designing guidelines for marine structures
recommend characterizing the wave climate to identify the
designing load from the extreme sea states [2-12].

The increasing interest in developing offshore wind turbines
is evidenced in recent studies [13-18] validated the numerical
modeling of a 1:40 scale model under different environmental
loads in a wave flume, and Li et al. [19] studied the transient
responses of a SPAR-type turbine when one of the mooring
lines suddenly fractures under extreme sea states. Tian et al.
[20] studied the optimization of offshore wind turbine anchors
considering specific wave parameters for the environmental
loads. Chuang et al. [21] investigated how the mean drift force
of the wave and the slow drift load of the platform influenced
the movements of a platform, and concluded that the average
drift force and slow drift force moved the structure away along
the direction of wave propagation.

The complex fluid-structure interactions of offshore
foundations have been studied through numerical approaches
(physical modeling), to understand how the hydrodynamic
forces affect the dynamic and mechanical properties of diverse

888

marine structures. Bruinsma et al. [22] analyzed the vertical
movements of a moored floating structure through numerical
modeling and compared the complex fluid-structure
interactions against measured experimental results. Ishihara
and Ishihara and Zhang [23] developed a non-linear simulation
tool coupled to the Morrison equation to determine the
dynamic response of a floating structure and concluded that
the quasi-static model successfully reproduced the first three
main displacements. Cheng et al. [24] performed CFD
modeling of a floating offshore wind turbine through the
OpenFOAM model, to analyze the fluid-structure interactions
under several sea state conditions. Yue et al. [25] analyzed the
hydromechanics of a Spar floating platform through the
numerical model ANSYS-Aqwa, and Barooni et al. [26] and
Sant et al. [27] used the same software to analyze the
hydromechanics of an offshore wind turbine under different
environmental loads.

However, Rueda-Bayona, J.G. et al. revised these
guidelines and warned that extreme hydrodynamic forces did
not occur during extreme sea states (high surface waves), but
these extreme forces appeared during low sea states with wave
height less than 1 m [28, 29]. The authors recommended
inspecting low sea states for identifying extreme
hydrodynamic forces when the offshore foundation is under an
inertia regime [30], which is the most common regime for
offshore wind turbine: water depth > 30 m, wave heights > 1
m, and wave period higher than 4 s. Also, the literature review
performed by Rueda-Bayona, J.G. et al. [28, 29] showed that
several studies considered the standard guidelines for
analyzing the structural dynamics of offshore structures, then,
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those studies omitted that during low sea-states a non-uniform
current profile may generate higher hydrodynamic forces than
can produce high waves during extreme sea-states such as
hurricanes or cold fronts.

The revised literature showed that offshore designing may
be excluding extreme hydrodynamic forces during low sea-
states because of the standards recommendation of selecting
environmental design loads from extreme sea-states. Hence,
this study used measured current profiles during low and
extreme sea-states to verify if maximum hydrodynamic forces
may occur under low sea-states as warned [28, 29], and
analyze the effect of the hydrodynamic forces over the
mechanical and dynamic properties of a Tension-leg Platform
(TLP). The CFD-FEM modeling of this study provides more
evidence that low-sea states may generate critical structural
responses, because current profiles may generate higher
hydrodynamic forces than extreme waves if the offshore
structure is in an inertia regime.

2. METHODOLOGY

This research comprises 3 main sections: 1- hydrodynamics,
2-Structural mechanics, and 3-hydromechanics. After defining
the study area, was necessary in situ ocean data to identify low
and extreme sea states for the current profile selection. The
study case was performed in the Colombian Caribbean coast
where the in-situ data was retrieved from the study of Rueda
Bayona [31, 32], who used measured data from an Acoustic

Doppler Current Profiler (ADCP) located in 11.038 °N 74.943<

W (Figure 1). The ADCP measured at 8 m water-depth and
recorded wave and current data from June 3rd to December
11th of 2015 with 10 minutes of interval.
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Figure 1. Study area and location of the in situ current
profiles measured by ADCP. Coordinates in Magna Sirgas
(Bogotazone)

The surface wind data was downloaded and processed from
the NARR-NOAA database [33] which has a 3-hourly time
interval of frequency. The water level data was generated
through the hydrodynamic Delft3D model which was
previously implemented and calibrated by Rueda-Bayona et al.
[34].

The characteristics of the control volume, the foundation
location, and the selected layers (planes) for the CFD analysis
are depicted in Figure 2a. The TLP (Figure 2b) was perfectly
fixed into the seafloor to analyze the effect of currents over the
near hydrodynamic field of a non-mobile solid, and how the
hydrodynamic forces affect the main mechanical properties of
the foundation such as the Von Misses stress.

The CFD (Computational Fluid Dynamics) and FEM
(Finite Element Method) were performed through the ANSYS
software V.2019 R2 (www.ansys.com), which is a
multiphysics numerical model able to simulate complex fluid-
structure interactions and other physical problems [35-37].

The numerical strategy to simulate the effects of the extreme
current profiles (Figure 6) over the TLP (Figure 2) is shown in
Figure 3, where the CFD analysis will be done by the Fluent
model (Fluid Flow) known as Ansys-Fluent, and the FEM
through the structural model (Static structural) known as
Ansys-Mechanical. The Ansys-Fluent solves the Reynold
Averaged Navier-Stokes (RANS) equations for computing
properties of the hydrodynamic field (velocities, pressures,
forces, and turbulent parameters), and the Ansys-Mechanical
uses the hydrodynamic data generated by Ansys-Fluent to
calculate deformations and mechanical parameters of the solid
body.
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Figure 2. (a) Numerical control volume and plane views of
TLP for the CFD modeling, (b) main dimensions of TLP
foundation; units in millimeters
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Figure 3. Structure of the numerical approach and data
pathlines for the CFD-FEM simulations in the ANSYS
Workbench

The properties and boundary conditions of the CFD model
are seen in Table 1, such as the fluid control volume
characteristics and the applied numerical methods. The fluid
properties listed in Table 1 were taken from the seawater
characteristics reported for the study area [31, 34] and the Steel
density was selected considering common mechanical



parameters for offshore structures used by Rueda-Bayona et al.
[28]. The Boundary conditions considered an upstream
magnitude field normal to the boundary which generated a
resultant hydrodynamic field according to the expected fluid-
structure interaction [29].

The solution methods, spatial discretization and turbulence
parameters were tuned considering the convergence of the
numerical solution, the expected behavior of the
hydrodynamic field perturbed by a monopile [38, 39] and by
the shape of the current field nearby to the study area [28, 31,
32, 40]. The pressure-based solver was selected to perform a
pressure correction that enhanced the numerical stability, and
the model was run in stationary mode because it showed better
stability than transient mode.

The mechanical properties of the TLP foundation such as
the Isotropic Elasticity derived from Young's Modulus and

Poisson's Ratio are listed in Table 2.

Table 1. Fluid properties, boundary conditions, and
numerical approach of the CFD model (ANSY S-Fluent)

Parameter Value
Seawater density (kg/m?3) 1020
Viscosity (kg/m*s) 0.0002
Solver pressure based
Velocity formulation absolute
Time steady
Z gravity (m/s?) -9.81
Steel density (kg/m?q) - solid 7850
Boundary conditions upstream
Velocity specification magnitude, normal to the
method boundary
Reference frame absolute
Turbulence - method Intensity and viscosity ratio
Turbulent intensity (%) 5
Turbulent viscosity ratio 10
Solution methods
Pressure-velocity coupling Yes
Scheme coupled
Spatial discretization
Gradient Least Squares Cell-based
Pressure Second-order
Momentum Second-order Upwind

Turbulent Kinetic Energy
Specific dissipation rate

1st order upwind
1st order upwind

Pseudo transient yes
Pressure 0.5
Momentum 0.5
Density 1
Body forces 1
Turbulent Kinetic Energy 0.75
Specific dissipation rate 0.75
Turbulent viscosity 1

Table 2. Mechanical properties of the TLP foundation for the
FEM through ANSY S-Mechanical

Parameters value
Young's modulus (MPa) 200000
Poisson's ratio 0.3
Bulk modulus (MPa) 167000
Shear modulus (MPa) 76900
Isotropic Secant Co_eff|0|ent of Thermal 0.000012
Expansion 1/<C
Compressive Ultimate Strength (MPa) 0
Compressive Yield Strength (MPa) 250
Tensile Ultimate Strength (MPa) 460
Tensile Yield Strength (MPa) 250

Figure 4 depicts the applied scheme for modeling the
hydromechanics parameters of the TLP such as rotation,
displacements, and acceleration, through the Aqwa module of
ANSYS; The Agwa module is a 3D diffraction/radiation
model to analyze the effect of waves, wind, and currents over
marine structures [41]. It was necessary to calculate the
Gamma parameter to define the JONSWAP spectrum required
by the Agwa module, hence, it was applied a Genetic
Algorithm model (GA) developed by the Ref. [40] for finding
a proper Gamma value; details of the GA model fundamentals
and its applications may be found in the work of [32, 40, 42];
the boundary conditions and configuration of the Aqwa
module are described in Table 3.
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Figure 4. Structure of the numerical approach and data
pathlines in the ANSYS Workbench for the Aqwa module

Table 3. Fluid properties, boundary conditions, and
numerical approach of the CFD model (ANSY S-Aqwa)

Parameter value
Seawater density (kg/m?) 1020
Water depth (m) 8
Water size x, y (m) 16, 16
Total mass (kg) 2169
CG (m) -2.014
Momment of inertia Ixx, lyy, lzz
(kg*m™2) 740, 740, 395.5
Z gravity -9.81
Connection point for riser 4
Analysis setting Time Response Analysis
Analysis type Irregular wave response
Time step () 0.0005
Time interval (s) 120
Wave type JONSWAP
Gamma 3.5,8.53,1.75
Current profile type Varies with depth
Use cable dynamics yes

Note: CG is the gravity center, the Gamma values correspond to the three
analyzed sea states.

Table 4. Mechanical properties of riser for TLP foundation

ANSYS-Agwa
Parameters Value
Material type HMPE

Riser density (kg/m”3) 865
Young's Modulus (MPa) 140000
Diameter (mm) 120
Length (m) 55
Axial stiffness (N/mm) 287884

The selected material for the mooring lines of TLP was the
high modulus polyethylene (HMPE), which is commonly used
for permanent mooring lines; the polyester and aramid
materials were previously evaluated but they were discarded
because HMPE outperformed them when restricting TLP
movements. The HMPE is considered a promising synthetic
fiber for future applications in the offshore industry due to its
high rigidity [43], also, Ikhennicheu et al. [44] mentioned that



HMPE has a high resistance against abrasion and tension
compared to other synthetic fibers. The properties of the
HMPE mooring lines are described in Table 4.

The identification of the low and extreme sea states of the
study area considered the climate analysis performed by
previous studies, which pointed to a low sea state when
significant wave heights (Hs) are below 1.28 m, and an
extreme sea state occurs when Hs is higher than 2.87 m [40].
In this sense, the evolution of significant wave heights (Hs)
allowed identifying 3 sea states (Figure 5), pointed as run 1, 2,
and 3, which 2 of them (run 1 and 3) occurred during a low sea
state, and run 2 showed an extreme sea state. Considering that
winds and water level induce the generation of extreme
hydrodynamic forces [28], the evolution of these parameters
were plotted together with the Hs and wave direction (Figure
5); waves and winds have an oceanographic convention, winds
come from and waves go to.

From the 3 sea states were selected 3 current profiles, each
of them associated with an extreme and low sea state (Table
5). The measured current profiles have 0.4 m of cell size with
0.4 m of blanking, what represent 20 measurement points
alongside the 8 m of water column (Figure 6).
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Figure 5. Oceanographic data from June 3rd to December
12th of 2015. The ADCP wave time series and 10-m wind
data of the study area were edited from the Ref. [31]

Table 5. Oceanographic parameters of the 3 selected ADCP current profiles

Wave direction

Wind speed

Wind direction Tide

Date - time Hs(m) Tp(s) 9 (m/s) 9 Sea-state condition Run
June  3/06/2015-10:00 0.44  7.76 56 2.40 50 low Ebb 1
July  4/07/2015-2:00 3.06 10.78 60 11 33 extreme Ebb 2
October 15/10/2015-3:00 0.3413 6.92 30 5.82 31 low Ebb 3
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Figure 6. ADCP current velocity profile

3. RESULTS AND DISCUSSION

The CFD analysis of the TLP foundations considered the
effect of the nearby hydrodynamic field over the structure and
the structural-hydromechanic responses. Accordingly, in the
next sections, were evaluated the hydrodynamics around the
TLP and the effect of hydrodynamic forces over the
mechanical and hydromechanics properties.

3.1 Hydrodynamics

The hydrodynamic analysis required a previous inspection
of numerical residuals to guarantee the quality of the CFD
modeling. As a result, the residuals were close to 0 and kept
stable evidencing that the model generated good results
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because it reached the numerical convergence (Figure 7).

The Figure 8 shows that the maximum velocity field
occurred during the low sea states (Hs < 0.5 m) of June and
October, then, the maximum hydrodynamic forces were
generated during these events. The maximum current
velocities were observed in June (Figure 8a, d, g) with values
about 1 m/s nearby to the TLP legs, followed by the results of
October which not exceeded the 0.9 m/s in the upper planes of
the hydrodynamic fields (Figure 8f, i).

The results of July showed that current velocities were not
higher than 0.7 m/s (Figure 8b, e, h), evidencing that the
maximum velocities did not occur during the extreme sea state
of this month (Table 5). The current velocities in Figure 8 were
similar to the measured in Ref. [31], where low sea states
showed maximum current profiles. The streamlines generated
by the CFD modeling showed the hydrodynamic behavior for
the 3 sea states (Figure 9), which showed the stagnation zones
and the maximum velocities reported in the low sea states of
June and October (Figure 8). According to the subcritical
regime of Reynolds number (Re=2500), the Keulegan-
Carpenter number (KC = 9), and the behavior of streamlines,
there were not evidenced of vortex around the TLP.

3.2 Structural mechanics

To identify the effect of the measured current profiles over
the TLP during the low and extreme sea states of the study area
(Table 5), the hydrodynamic results of the Ansys-Fluent model
were transferred to the Ansys-Mechanical model (Figure 3) in
terms of hydrodynamic loads. The FEM performed by the
Mechanical-Ansys module pointed that the maximum stress
occurred during June with a value of 8.3969 x 10° Pa (Figure
10 a, d), where the maximum stresses appeared at the top of
the cylinder section (600 m of diameter) (Figure 2b) and at the



4 TLP legs; the minimum Von Mises stress was 0.1868 Pa
occurred in October (Figure 10 c, f, i).
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Figure 10. Von Mises stress (Pa) generated by the current
velocity profiles during extreme and low sea states occurred
in June, July, and October of 2015; the black arrow
represents the upstream flow

The maximum stress of the TLP foundation generated by
the current profiles of June, July, and October showed similar
values (0.84 MPa) to the Ref. [28] (1.95 MPa). That study
evaluated an offshore monopile located in the same region
(Colombian Caribbean coast) and considered similar
environmental loads, sea states, and materials. Also, similar to
our research that study reported that the maximum
hydrodynamic force occurred during a low sea state with a
wave height < 0.7 m and a wind speed <4 m/s.

The isobaths and coastline orientation of this study were
also similar to the study [28], as well as the wind
characteristics, however, the wave direction of this study was
different because the waves propagated to the east due to the
wave-refraction generated by the water depth reduction nearby
to the shore. Due to the waves of that study propagated to the
south-east and the flood tide was starting, those forcers eased
the water flux development provoking the maximum
hydrodynamic forces. In this study, the ebb tide was at the half
period where the maximum accelerations occurred. As a result,
the maximum currents of the ebb tide combined with a low sea
state and winds blowing from the east (30250, eased the
increment of current velocities in the profiles of June and
October (run 1 and 3) (Figure 6). The current profile of July
showed the lowest magnitudes because the potential energy of
its high waves reduced the kinetic energy at the surface. The
study area of this research is influenced by the surface river
plume of Magdalena River [31, 34, 45], then, the plume effect
over the currents field, combined with the ebb tide, winds from
the northeast, and low wave heights, generated the maximum
hydrodynamic forces.

3.3 Hydromechanics
The dynamic behavior of the TLP was analyzed through the

hydromechanic module of ANSYS (Agwa). The numerical
results of Aqwa pointed that the maximum displacements (2.8



m, sway) occurred in July, higher than observed in June and
October which reported displacements (sway) of 1.2 m and 0.8
m respectively Figure 11. The extreme sea state of July was
characterized by Hs = 3.06 m and Tp = 10.78 s (Table 5),
which excited the TLP with high energy and provoked the high
sway and surge movements.

Displacement (m)

2 a0 ) 30
Time (s)

Figure 11. TLP Displacements during extreme and low sea
states occurred in June, July, and October of 2015

The TLP displacement from the initial center of gravity (CG)
was simulated by the Aqwa module for all the three sea states
(Table 5). The initial position started at the beginning of the
simulation of each run (t= 0 s), then, after several time steps
the TLP was excited due to the effect of ocean waves and
current profile defined in the boundary conditions of each run

(Table 5, Figure 6)

The numerical results retrieved from Agqwa pointed that July
showed the maximum 3D resultant displacement of CG (3.762
m), what means the final position of the CG in the 3-
dimensional space. In addition, July reported a maximum
downward displacement of -1.29 m (z, vertical) and the
maximum horizontal displacement (x,y) of -2.152 m and -
2.805 m respectively, which correspond to the surge and sway
TLP movements. The Figure 12 shows the 3D resultant
displacement of CG, where the run of July evidenced the TLP
movement and mooring lines inclination because of the effect
of the extreme sea state (Figure 12).

The structural dynamic response of the TLP was analyzed
using the acceleration results of the TLP. As a result, the
structure presented maximum accelerations of 2.5 m/s2 in July,
higher compared to the results of June and October with
maximum accelerations of 0.5 m/s? (Figure 13); the highest
accelerations of July occurred at the time step of 90 s, the same
instant when a maximum surge and sway displacement were
reported (Figure 11).

The rotational displacements of TLP during the low and
extreme sea states are plotted in Figure 14. The maximum
rotations for all the 3 runs were yaw, due to the loads impact
over the TLP surface area provoked rotational movements
around the z vertical axis in the structure. The structure
presents rotations not greater than 4 degrees approximately for
each of the sea states. The greatest rotations occurred in the
time instant of 40 s belonging to July. The maximum gyre in
yaw occurred in October (3.639, followed by June (3.09) and
July (1.759.

Table 6. Maximum displacement of the center of gravity (CG) of TLP

Horizontal axis Vertical axis

CG Location Modeling time (s) x (M)

y (m)

2 (m) 3D Resultant displacement (m)

Initial 0 0
June (Final) 38.75 0.183
July (Final) 355 -2.152

October (Final) 6.5 -0.438

0

1.451
-2.
0.687

805

-2.014 0

-2.212 1.476
-3.301 3.762
-2.075 0.817

June July

October

— —
Figure 12. 3D Resultant displacement of TLP during each
sea state

According to the results of TLP displacements, was
observed that low sea states of June and October caused more
horizontal displacement than July’s extreme sea state. The
sway displacement kept positive (0.5 m to 1 m) for June and
October, hence, the high surface current velocities (0.7 m/s to
0.9 m/s) seen in Figure 6 provoked a net thrust over the TLP
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what generated the permanent positive sway. During July, the
lateral movements of surge and sway were controlled by the
predominant waves which moved the CG to a 3D resultant
displacement of 3.762 m (Table 6).

The CFD-FEM results of the TLP in this study revealed that
low sea states comprise high current velocities and extreme
hydrodynamic forces that affect the stability and stress of the
structure. When low Hs < 0.5 m and Peak period (Tp) < 8s
combined with high surface currents (velocity > 0.7 m/s), high
extreme hydrodynamic forces were generated, similar to the
findings [28]. As a result, maximum Von Mises stress and the
highest rotational movements around the vertical axis occurred
in June and October. During the extreme sea state of July,
characterized by a high Hs > 3 m and Peak period (Tp) > 10 s
combined with low surface currents (velocity < 0.3 m/s)
caused the highest sway and heave displacements as well as
the highest accelerations in the TLP.

The comparison of CFD-FEA results between low and
extreme sea states revealed that in low sea states predominated
the inertia forces that provoked higher loads over the TLP and
high rotation around the vertical axis, and during extreme sea
states caused the highest vibrations because the accelerations
exceeded the 2 mi/s?. Accordingly, during the offshore
structure design, not only the low sea states must be considered
for identifying maximum loads and rotations of floating



structures, but also the extreme sea states because they will
provide information of vibrations with high frequency that
could provoke structural problems related to resonance,
fatigue, and structural amplifications. There exist several
studies which analyzed numerically [46-48] and
experimentally [49] the effect of extreme sea states over the
hydromechanics of offshore structures (e.g floating wind
turbines), but the important effect of low sea states over the
structural behaviour warned by Rueda-Bayona et al. [28] have
not been wide documented.
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Figure 13. Accelerations components (x,y,z) of the structure
during extreme and low sea states occurred in June, July, and
October of 2015
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Figure 14. Rotations of the structure during extreme and low
sea states occurred in June, July, and October of 2015

4. CONCLUSIONS

The offshore structure design considers that maximum
hydrodynamic forces appear during extreme sea states (highest
wave height), in this sense, the standards and guidelines
suggest selecting the wave parameters of these extreme events
for estimating the environmental loads. Considering that
recent studies that utilized numerical modeling reported that
maximum hydrodynamic forces occurred during low sea states,
this study used measured wave and current data for validating
if maximum hydrodynamic forces may occur during low sea
states.

As a result, 3 sea states were analyzed in the Colombian
Caribbean Coast, and their associated current profiles were
extracted for the analysis. The current profiles of June, July,
and October of 2015 were used to perform CFD-FEM
simulations of a TLP. The results evidenced that maximum
Von Misses stress appeared in June during a low sea state, and
not during July, where the maximum wave heights were 3 m.
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Then, the results of [28] reporting that low sea states
generate higher hydrodynamic forces than extreme sea states
were confirmed by this study. Also, this study agreed with [28]
which suggested that the increment of hydrodynamic forces
depends on the wind-wave-tides interactions and by the
geomorphological and bathymetry characteristics. Then, this
research evidenced that Ebb tides during a low sea state (Hs <
0.5 m), wind speed less than 4 m/s blowing from the northeast,
generated maximum hydrodynamic forces at the study area.

As future research it is recommended to analyze low sea
states in different regions with higher latitudes, to confirm the
applicability of selecting low sea states for identifying extreme
hydrodynamic forces.
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