
����������
�������

Citation: Huo, F.; Wei, C.; Zhu, C.;

Yuan, Z.; Xu, S. Research on the

Water Ridge and Slamming

Characteristics of a Semisubmersible

Platform under Towing Conditions. J.

Mar. Sci. Eng. 2022, 10, 116. https://

doi.org/10.3390/jmse10010116

Academic Editor: Christian Kharif

Received: 2 December 2021

Accepted: 6 January 2022

Published: 15 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Research on the Water Ridge and Slamming Characteristics of a
Semisubmersible Platform under Towing Conditions
Fali Huo, Changdong Wei, Chenyang Zhu, Zhaojun Yuan and Sheng Xu *

School of Naval Architecture and Ocean Engineering, Jiangsu University of Science and Technology,
Zhenjiang 212028, China; huofali@just.edu.cn (F.H.); changdongwei@just.edu.cn (C.W.);
chenyangzhu@just.edu.cn (C.Z.); zhaojunyuan@just.edu.cn (Z.Y.)
* Correspondence: shengtrue@gmail.com

Abstract: During the towing of semisubmersible platforms, waves impact and superpose in front
of the platform to form a ridge shaped “water ridge”, which protrudes near the platform and
produces a large slamming pressure. The water ridges occur frequently in the towing conditions
of semisubmersible platforms. The wave–slamming on the braces and columns of platform is
aggravated due to the water ridges, particularly in rough sea conditions. The effect of water ridges
is usually ignored in slamming pressure analysis, which is used to check the structural strengths
of the braces and columns. In this paper, the characteristics of the water ridge at the braces of a
semisubmersible platform are studied by experimental tests and numerical simulations. In addition,
the sensitivity of the water ridge to the wave height and period is studied. The numerical simulations
are conducted by a Computational Fluid Dynamics (CFD) method, and their accuracy is validated
based on experimental tests. The characteristics of the water ridge and slamming pressure on the
braces and columns are studied in different wave conditions based on the validated numerical model.
It is found that the wave extrusion is the main reason of water ridge. The wave–slamming pressure
caused by the water ridge has an approximately linear increase with the wave height and is sensitive
to the wave period. With the increase of the wave period, the wave–slamming pressure on the
brace and column of the platform increases first and then decreases. The maximum wave–slamming
pressure is found when the wave period is 10 s and the slamming pressure reduces rapidly with an
increase of wave period.

Keywords: water ridge; CFD method; wave–slamming; semisubmersible platform; towing condition

1. Introduction

With the rapid exploitation of marine resources, semisubmersible platforms have
attracted more and more attention in the past decades. Semisubmersible platforms are
vulnerable to damage under extreme ocean conditions during the towing process, especially
when the platform is towed in the deep sea. The waves run–up to the braces and columns,
and these structures collide violently with the wave surface instantly, which give rise to a
very large wave–slamming pressure. Wave–slamming has extremely significant nonlinear
characteristics. Therefore, it is very important to analyze wave–slamming created by wave
climbing under the towing condition of semisubmersible platforms in order to improve the
safety and stability of the platforms.

With the development of a numerical computation methods and computer tech-
nology, many scholars have used numerical methods to study the wave run–up and
wave–slamming load suffered by marine structures. Based on the finite volume method,
Pakozdi et al. [1] used the commercial CFD tool Star–CCM+ to simulate a long crested
breaking wave and its impact on an idealised model test setup of a rectangular cylinder and
deck structure in order to test the feasibility of a numerical reconstruction of such events.
Spatially averaged slamming pressures were similar to the model test observations, but
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further work is needed for a more detailed comparison. Xiang et al. [2] used an arbitrary
Lagrangian–Eulerian (ALE) numerical method with a multiphase compressible formulation
to study the assessment of solitary wave impact on open–girder decks that allow the air
to escape from the sides. A new equation, Ng function and finite wavelength ratio deck
width, provided more accurate predictions than existing empirical methods, and is ex-
pected to help engineers and researchers in the development of elastic coastal infrastructure.
Pan et al. [3] investigated the interaction between large waves and floating offshore struc-
tures, the fluid–structure interaction is considered using the weakly compressible smoothed
particle hydrodynamics (SPH) method. Result show that the platform may be pulled into
the water by stretched tension legs, and the extension of the tension legs also governs the
rotational behavior of the platform. A tension–leg platform is very unlikely to topple over
during the arrival of an extreme wave. Based on SPH and Discrete Element Method (DEM)
studies, Canelas et al. [4] resolved solid–solid and solid–fluid interactions in a broad range
of scales. The results show that the model was accurate and capable of treating highly
complex interactions, such as the transport of debris or hydrodynamic actions on structures.
Hasanpour et al. [5] presented a coupled SPH FEM modeling approach that simulates fluid
with particles, a flume, debris and a structure with mesh–based finite elements. While the
exact level of debris pitching is highly dependent on tsunami characteristics and initial
water depth, these could potentially result in a nonlinear force velocity trend that has
not been considered to date, highlighting the need for further investigations, preferably
with three–dimensional models. The aforementioned studies are among the most pop-
ular and promising numerical methods in marine engineering. Moreover, other studies,
e.g., Tang et al. [6], investigated the influence of wave steepness parameters on the wave
run–up effect around the column and wave loads. The results showed that a numerical
wave flume could be used to analyze wave run–up on a vertical column. Gao et al. [7]
analyzed wave run–up on vertical columns under freak wave conditions with different
directions. Zhang [8] used the CFD method to simulate wave run–up and wave interaction
between multiple columns. The results showed that wave steepness parameters have
significant effects on wave run–up on the front surface of the column. Wan [9] proposed an
approach to dissipate and obstruct uprush and improve air gap performance by installing
a multi–layer porous barrier on the column surface. Zhao et al. [10] predicted the wave
surface magnitude, horizontal and vertical wave forces in the process of wave run–up by
applying a potential and viscous flow single–direction coupling technique. The results
showed that the maximum amplitude of wave surface can reach 2 times under strong
off-line condition with wave steepness of 1/10. Under short waves, a second–order effect
of the wave elevation around the cylinder was obvious, while the second–order quantity
was close to zero under long waves. Liu [11] carried out numerical simulations to predict
wave run–up, near–field interference and column slamming on semisubmersible platforms
in two modes (fixed mode and mooring mode) using the CFD software FINE/Marine. The
results showed that the shape of the column shows significant influenced the wave–front
surface of the column and the wave–climbing in one period, and the spacing between the
columns affected the wave distribution between two columns dramatically. The shape and
spacing of the column had a great influence on the peak value of the wave surface and the
variation of the wave surface in the internal field. Wang et al. [12] studied wave run–up
phenomena on different columns by applying numerical simulations, and the influence of
column cross–section shape on column wave run–up was investigated. The results showed
that the cross–section shape of the column has a significant influence on the wave run–up
of the column, and the shielding effect of a square column is more obvious than that of the
chamfered and circular column. Abdussamie et al. [13–15] investigated the effect of wave
loads on the inner deck on the motion response of the platform and slamming pressure,
and found that these parameters are highly correlated. It was seen that the global load
on the deck of the platform increased significantly with decrease of the magnitude of the
hydrostatic air gap; however, this rule does not apply for wave loads on the deck.
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Yang et al. [16] investigated wave run–up on a fixed semisubmersible platform under
regular waves. The wave run–up caused by the interaction between the incident wave
and the platform, and the nonlinear disturbance characteristics of the wave surface caused
by the superposition of the incident wave and the reflected wave, were studied, as well
as the effect of the distance between the platform columns and the wave direction on the
wave run–up. When the wave direction is 90◦, the wave run–up on the front column of
the platform is weaker than that when the wave direction is 0◦, whereas when the wave
direction is 90◦, the wave climb on the rear column of the platform is weaker than that when
the wave direction is 0◦. Van der Meer et al. [17] analyzed the reflection of a Low–Crested
Structures (LCS)–derived formula, which take into account the fact that wave overtopping
or transmission reduces reflection, and is dependent on the crest height of the structure.
Istrati et al. [18] presented the results of a numerical investigation into tsunami–induced
loads on bridges. They found that when a bore impacts a straight bridge, large impulsive
horizontal (Fx) and uplift (Fy) loads, together with an overturning moment about the
longitudinal axis of the bridge (Mz), are simultaneously applied to the bridge, increasing
the likelihood for severe damage. As the angle of skew increases, the magnitude of the
impulsive component of these loads decreases, leading to a decreasing trend in Fx, Fy
and Mz. These studies show the importance of studying the relative angle between the
structure and the wave.

Based on the volume of fluid method (VOF), Bozorgnia et al. [19] investigated the role
of entrapped air and hydrodynamic forces exerted on a bridge superstructure. The results
indicated that air entrapment can significantly amplify uplift forces applied to the bridge
superstructure. To mitigate hydrodynamic forces, effectiveness of air vents was investigated.
Anagnostopoulos. [20] demonstrated that the effect of the air is dependent on the wave
type, but with major differences between unbroken waves and bores. Istrati et al. [21]
constructed and tested large–scale (1:5) physical models with realistic structural members
and elastomeric bearings under a range of unbroken solitary waves and more realistic
tsunami–like transient bores. The results showed that the air has a complex effect on the
uplift demand in offshore bearings and columns, which can decrease or increase even more
than the total deck uplift, and an inconsistent effect on the uplift force of different structural
components introduced by the same wave. Iwanowski et al. [22] used Com Flow software
to analyze the air gap of a platform and compared numerical results with experimental
ones. Bredmose et al. [23] and Ma et al. [24] found that the slamming load significantly
increased when air–entrained breaking waves slam the structure, but did not mention the
aleatory uncertainty associated with such phenomena. Peregrine et al. [25] showed that
wave height and air bubbles entrained inside in a breaker, which is a random process,
significantly affect the variability of forces. Ghosh et al. [26] demonstrated that after a
plunging type of breaking wave, multiple chaotic splash–ups occur creating turbulence and
vorticity. Istrati [27] showed large aleatory variability in bore–induced horizontal force and
pressures on an elevated deck with the variability being 30%, attributed to the variability of
the slamming component. Simos et al. [28] carried out model tests to study hydrodynamic
responses of a semisubmersible platform and found that previous studies often neglected
the problem of wave run–up near the column. Fan et al. [29] investigated steep regular wave
run–up on a single vertical cylinder by solving the Navier–Stokes equations and established
a numerical wave tank to simulate wave scattering induced by a vertical cylinder. It was
found that the relative run–ups on the front face and the back face of the cylinder depend
mainly on the wave steepness and the relative diameter of the cylinder, while dependence
on the relative water depth is weak. An empirical formula was proposed to calculate
the relative run–ups in terms of the wave steepness of incident regular waves and the
relative diameter of a cylinder. Lu et al. [30,31] conducted experimental tests to investigate
the hydrodynamic responses of a three–column semisubmersible platform, including 6–
DOF motion, wave run–up and the air–gap. It was found that large slow drift surge
motions occur under irregular waves, while the low–frequency pitch motion is relatively
small. Istrati et al. [32] conducted Equivalent 2–D analyses with LS–DYNA, considering
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the flexibility of both the superstructure and the connections. Both superstructure and
substructure flexibility were found to significantly influence the external tsunami loads on
a bridge and connection forces. In addition, these affected the distribution of the forces
in the connections. Choi et al. [33], used the Duhamel integral to reproduce dynamic
breaking wave forces based on the breaking wave forces calculated by the CFD model. The
reproduced results were compared with unfiltered experimental data for the verification of
the method.

Chen et al. [34] investigated the influence of spacing ratio and wave steepness on wave
forces on four columns of a semisubmersible. The results showed that the spacing ratio
has a significant effect on the horizontal wave force of columns. However, there was no
significant relationship between the position of maximum wave force and the position of
maximum run–up ratio. Cong et al. [35] established a numerical model based on the high–
order boundary element method to simulate wave diffraction caused by arbitrary shape
structure in the presence of bidirectional incident waves. The numerical results showed
that the presence of vertical walls interfered with the diffraction process of cylindrical
waves and magnified the elevation of second–order waves between the cylindrical wave
and wall wave. Most of the above studies on wave–slamming and wave run–up of offshore
platforms are based on self-survival conditions. However, the effect of water ridges is
usually ignored in slamming pressure analysis under the towing condition.

In this study, a three–dimensional viscous numerical wave tank was built based on the
CFD method. The accuracy of numerical simulations was checked by experimental tests.
The water ridge phenomenon and wave–slamming pressure distribution characteristics of
a semisubmersible offshore platform under towing conditions were studied by combining
numerical simulation with experimental tests. This study is organized as followings:
theoretical study on numerical wave tanks in Section 2; establishment and verification of
the numerical model in Section 3; study of load distribution of the platform under towing
conditions in numerical simulations and experimental tests in Sections 4 and 5.

2. Numerical Wave Pool
2.1. Governing Equations and Turbulence Model

Our numerical simulation used the CFD software STARCCM+ to study wave–slamming
between a Stokes fifth order wave and a semisubmersible platform. This model uses a math-
ematical model that consists of the Navier–Stokes equations and the continuity equation.
This section mainly introduces theoretical knowledge and numerical calculation principles.

The mathematical model of numerical wave tank consists of a continuity equation and
N–S equation:

∂Ui
∂xi

= 0 (1)

ρ

[
∂Ui
∂t

+
∂(UiUj)

∂xi

]
= − ∂P

∂xi
+ ρ

∂

∂xj
[ν(

∂Ui
∂xj

+
∂Uj

∂xi
)− u′iu

′
j] + ρgi, (2)

where, ρ is the density of the fluid, the velocity component is Ui in the xi direction, P
is the pressure of the fluid, gi is the mass force, and ν is the coefficient of dynamic vis-
cosity. Equation (2) uses the Reynolds average method to obtain the N–S equation in
the relative average time, and u′iu

′
j presents the Reynolds stress. The Reynolds stress

equation in the Reynolds–Averaged Navier–Stokes (RANS) equation is not closed. The
time–homogenization process results in the loss of partial flow details. Therefore, the
turbulence model must be added to close the RANS equation.

The SST model has the advantages of the k− ε model’s turbulence simulation in the far
field and the k−ω model’s turbulence simulation in the near wall [36]. Therefore, it is more
applicable for a wide range of flow fields and provides more accurate and reliable results.
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The transport equations k and the specific dissipation rate ω from the SST turbulence
model can be expressed as:

∂(ρk)
∂t

+∇·(ρkν) = ∇·[(µ + σkµt)∇k] + Pk−]ρβ∗ fβ∗(ωk−ω0k0) + Sk (3)

∂(ρω)

∂t
+∇·(ρων) = ∇·[(µ + σωµt)∇ω] + Pω − ρβ fβ

(
ω2 −ω0

2
)
+ Sω (4)

where, ν is the mean velocity. µ is the dynamic viscosity. σK,σω,Cε1 and Cε2 are the model
coefficients. Pk and Pω are the final term. k0 and ω0 are the environmental turbulence values
proposed by Spalart et al. [37] to prevent turbulence attenuation. fβ is the vortex–stretching
modification factor. fβ∗ is the free–shear modification factor, as shown in Equation (5). The
high turbulence of the fluid is corrected by fβ∗ to ensure the correctness of ω.

fβ∗ =


1 f or∇k·∇ω

ω3 ≤ 0
1+680

(
∇k·∇ω

ω3

)2

1+400
(
∇k·∇ω

ω3

)2 f or∇k·∇ω
ω3 >0

(5)

2.2. Free Surface Tracking Method

The basic principle of the VOF method is to define a function in the whole flow field
whose value is equal to the ratio of the fluid volume to the element volume and satisfies
the fluid volume function. At any time, the distribution of the fluid volume function can be
obtained by solving the transport equation. Then, the moving interface is constructed. The
αq is defined as the volume fraction of the fluid, where q denotes the grid unit:

1. When there is no qth fluid in the grid unit, αq = 0.
2. When the grid cell contains the qth fluid and other fluid, 0 < aq < 1.0.
3. When the grid cell only contains the qth fluid, αq = 1.

The volume fraction of each fluid satisfies Equation (6):

n

∑
q=1

aq = 1 (6)

For the interface of various fluids, the continuity equation of volume fraction can be
solved. The continuity equation is:

∂aq

∂t
+

∂
(
aqui

)
∂xi

= 0 (7)

3. Establishment of Numerical Models
3.1. Description of the Platform Model

Experimental tests were conducted in a towing tank at Jiangsu University of Science
and Technology (100 m long, 6 m wide and 2 m deep). The maximum speed of the trailer is
6 m/s and the minimum speed is 0.01 m/s. The wave generator is able to make waves with
frequency between 0.2 and 2.0 Hz, and the maximum wave height is 0.3 m. The duration
of each test is about 150 s. A rope holds the platform attached to the bottom trailer. In the
numerical simulation, towing speed was replaced by setting flow velocity, since this is a
major assumption of the current study. The numerical and experimental semisubmersible
platform models are shown in Figure 1. The origin of the coordinate system was defined
at the center of the platform model. The main dimensions and hydrostatic parameters
of the platform are shown in Tables 1 and 2, respectively. The main instruments of the
experimental tests and their range and error range are shown in Table 3.
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Figure 1. Semisubmersible platform. (a) Numerical platform configuration. (b) Test platform model.

Table 1. Dimensions of platform body and model.

Structure Name Full Scale Numerical Model Experimental Model Unit

Buoyancy tank (L × w × h) 104.5 × 3.9 × 10.05 5.225 × 0.195 × 0.5 1.045 × 0.039 × 0.1005 m
Main deck height 37.55 1.8775 0.3755 m

Bottom of the deck height 29.55 1.4775 0.2955 m
Center spacing of buoyancy tanks 37.5 1.875 0.375 m

Longitudinal column spacing 55.0 2.7515 0.55 m
Working draft/Volume of displacement 9.5/30800 0.475/3.85 0.095/0.0308 m/m3

Distance from the sea level to the bottom of the deck 20.05 1.0025 0.2005 m

Table 2. Hydrostatic parameters of the full–scale model.

Center of Gravity (m) Center of Buoyancy (m) Radius of Gyration (m)

Longitudinal
center of gravity

(LCG)

Transverse
center of gravity

(TCG)

Vertical center
of gravity

(VCG)

Longitudinal center
of buoyance

(LCB)

Transverse center
of buoyance

(TCB)

Vertical center
of buoyance

(VCB)
Rx Ry Rz

0.05 0.0 23.4 0.1 0.0 6.5 29.9 31.6 34.5

Table 3. Main instruments and gauges of the test and their ranges and errors.

Instrument Name Quantity Measuring Range Error

Wave height gauge 2 ±250 mm 0.5%
Pressure sensor 5 1 MPa 0.1%

Six degree of freedom motion measurement system 1

Yaw: ±180◦ Yaw: ±0.1◦

Pitch: ±90◦ Pitch: ±0.1◦

Roll: ±90◦ Roll: ±0.1◦

Surge: ±10 m Surge: ±2 mm
Sway: ±10 m Sway: ±2 mm
Heave: ±1 m Heave: ±2 mm

Computer data acquisition and analysis system 3 - -

In the numerical simulation, the smaller primary mesh size presents more accurate
estimations of the flow field and the motion responses of the floating body. A large–scale
ratio affects the size of grid, which gives rise to wave attenuation, motion distortion, and so
on. However, the number of grids increases significantly with decrease of the scale ratio,
which results in redundant computing costs. Considering the conditions of the numerical
simulation, a ratio of 1:20 is used in the numerical simulation.

It is necessary to determine the size of the model structure before model tests. To
simulate the physical mechanisms and hydrodynamic properties of fluids, the model test
and the prototype must follow three principles, including geometric similarity, kinematic
similarity and dynamic similarity. Considering the cost of computation time, the capacity
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of the wave maker, and the size of towing tank, the model scale of the experimental tests
was determined as 1:100 in this study.

3.2. Platform Monitoring Point Location

Under towing conditions, the front surface of the platform is vulnerable to wave–
slamming. Figure 2 shows the distribution of monitoring points and wave height gauges
on the semisubmersible platform. The wave pressure monitoring points on the brace and
column of the semisubmersible platform are marked as A1–A5 and B1–B10, in order to
measure the wave climbing height under the cross brace and in front of the column. To
measure run–up height of the wave under the brace and in front of the column, four wave
height, D1–D4, were set under the brace and four wave height meters, E1–E4, were set in
front of the column at the computational domain in numerical simulation.
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3.3. Design Calculation Working Conditions

The wave pressure and water ridge on the platform under different wave conditions
was studied. The wave period, wave height and towing speed of these 20 cases are shown in
Table 4, where H is the wave height, T denotes the wave period and V is the towing speed.
The wave height, wave period and towing speed are full–scale dimensions/velocities.
For each wave, about 100–150 wavelengths were run in the experiment, and about 20–30
wavelengths were run in the numerical simulation. Regular wave pressure curves could
be obtained. According to the Marine Towing Guide published by China Classification
Society, the towing speed of the tug in still water must not be less than 5 kn/s, considering
the towing safety under wave conditions, a towing speed of 2 m/s was selected. Future
studies should investigate more towing speeds.

Table 4. Studied cases.

Case H (m) T (s) V (m/s) Case H (m) T (s) V (m/s)

C1 5 13 2 C11 15 13 2
C2 6 13 2 C12 20 13 2
C3 7 13 2 C13 10 6 2
C4 8 13 2 C14 10 8 2
C5 9 13 2 C15 10 10 2
C6 10 13 2 C16 10 12 2
C7 11 13 2 C17 10 14 2
C8 12 13 2 C18 10 16 2
C9 13 13 2 C19 10 18 2

C10 14 13 2 C20 10 20 2
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3.4. Computational Domain and Grid Generation

In this study, a rectangular parallelepiped calculation domain of 39.75 m× 22.00 m× 12.00 m
was adopted. The free liquid surface acted as the dividing line in the numerical wave tank with
gas on the top and liquid on the bottom. The distance of the entrance and exit of the calculation
domain to the center of mass of the platform was 13.1 m (about 1.0λ–1.5λ) and 26.5 (about 2λ–3λ) m,
respectively, where λ is the wavelength. Figure 3 shows the 3–D numerical wave tank.
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Figure 3. Numerical wave tank.

The overlapping grid technology in CFD software STARCCM+ was used to mesh the
semisubmersible platform. The free surface part adopted a prismatic grid, and the cut
volume grid was used for the rest part. The computational domain grid and the overlapping
area grid are shown in Figure 4. The basic size of the overlapping grid was about 1/50
of the total length of the platform, i.e., 1 m. The minimum relative size of the platform
surface grid was 0.1 m. The basic size of the overlapping grid is consistent with the basic
size of the computational domain. The mesh sizes of focused areas, including free surface,
brace, column and buoyancy tank surface were refined. Since the exit of the computational
domain is the dissipation region, the grid of the water surface in the dissipation region
was not encrypted to minimize the number of grids and reduce the computation time. To
accurately capture the nonlinear characteristics of waves and verify the accuracy of the
numerical tank, a fifth–order Stokes regular wave was adopted. There were 10–20 grids in
a wave height range and 60–100 grids in a wavelength range.
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4. Validation of Numerical Models
4.1. Attenuation Test with Experimental Results

In the experimental tests, when the platform model is in the static floating state,
a certain torque is applied by external force, and then the force is released to make the
platform move freely. The pitch, roll and heave motions of the platform are measured by the
six degrees of freedom motion measurement system, which can obtain the natural period
and other parameters of the model under this draft condition. The specific measurement
method is a coordinate system determined by a calibration rod. A measurement plane is
determined by three fluorescent balls on the surface of the platform. The motion data of
the fluorescent ball in the determined coordinate system is captured through a high–speed
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camera when the platform moves, and the data is processed after measurement. One of the
fluorescent balls is used as the base point, and the relative coordinates of the base point ball
with respect to the platform center of gravity are input. Finally, the six degree of freedom
motion responses of the platform are calculated and output.

In the numerical simulations, the numerical model at rest (zero displacements) is gen-
erated and then the numerical simulation is initialized by assigning a load. The numerical
model is rotated to a certain level and then it is released so that it decays freely.

Free–decay tests in heave, roll and pitch were conducted to get natural periods of
the semisubmersible; the pitch decay curves are compared in Figure 5. The numerical
and experimental natural periods are shown in Table 5, where the differences between the
experimental and numerical heave, roll and pitch natural periods are 2.6%, 0.32% and 3.2%,
respectively. The results are relatively close, and the difference is under 5%, which verifies
that the numerical model is accurate enough.
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Figure 6. Comparison between theoretical numerical and waveform. (a) 4 m from the calculation 
domain entrance. (b) 12 m from the calculation domain entrance. 

Figure 5. Pitch decay cures of the platform under 2 degrees of inclination.

Table 5. Natural period of platform at full–scale.

Degrees of Freedom Model Period (s) Numerical Simulation Period (s) Error Percentage

Heave 19.2 19.7 2.6%
Roll 61.6 61.9 0.32%
Pitch 50.3 51.9 3.2%

4.2. Simulation and Theoretical Comparison of Numerical Wave Generation

The CFD software STARCCM+ was used in this study, the monitoring points were
set in the numerical wave tank to obtain the wave elevation time series. Two monitoring
points were placed at the inlet (4 m) and middle (12 m) to track wave elevations, and the
numerical results were compared with the analytical tests, as seen in Figure 6, where good
agreements between them can be found. This shows the accuracy of the numerical wave
tank in simulating a fifth–order regular wave.
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Figure 6. Comparison between theoretical numerical and waveform. (a) 4 m from the calculation 
domain entrance. (b) 12 m from the calculation domain entrance. Figure 6. Comparison between theoretical numerical and waveform. (a) 4 m from the calculation
domain entrance. (b) 12 m from the calculation domain entrance.

4.3. Verification of Convergence of the Numerical Tank Grid

A change of mesh size has a significant influence on the attenuation of waves. Among
them, the foundation size has the greatest influence on the accuracy of wave simulation.
In the numerical simulation, the mesh size of the overlapping area was closely associated
with the foundation size. The arrangement of the wave gauge in the numerical wave tank
is shown in Figure 7. This was used to calculate the influence of the following different
mesh sizes on the results.
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2 m. (c) Foundation size: 3 m. 

4.4. Comparison of Wave Pressure 
Two typical working conditions were tested, and the experimental results were used 

to validate the accuracy and feasibility of the numerical model. The measured and simu-
lated wave pressure time series were compared and the occurrence time, peak value and 
error range of slamming were investigated extensively. Generally, the calculated iteration 
time step in STARCCM+ was between 1/500 and 1/300 of the wave period, so the iteration 
time step was defined as 0.005 s. 

Figure 7. Installation position of the wave gauge.

In this study, a typical case (T = 10 s and H = 8 m) was chosen to verify the grid
setup of the numerical simulation. As shown in Figure 8, for the wave parameters after
reduced transformation in the numerical simulation process (T ≈ 2.23 s, H = 0.4 m), the
calculated wavelength was obtained as 7.76 m according to the wavelength λ (=1.56 T2).
Three foundation sizes—1, 2, and 3 m—were used to study the influence of mesh size on
the generated waves. As shown in Figure 8a,b, good agreement between the numerical
solutions and theoretical ones for various mesh size values over the overall tested region are
shown. With the increase of foundation sizes, a sizeable discrepancy between the numerical
and theoretical results was seen. As shown in Figure 8c, there is apparent wave attenuation
after the calculation time exceeds 15 s. By considering the accuracy of wave simulation and
wave attenuation, a more stable mesh size setting with a foundation size of 1 m was used.
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4.4. Comparison of Wave Pressure

Two typical working conditions were tested, and the experimental results were used to
validate the accuracy and feasibility of the numerical model. The measured and simulated
wave pressure time series were compared and the occurrence time, peak value and error
range of slamming were investigated extensively. Generally, the calculated iteration time
step in STARCCM+ was between 1/500 and 1/300 of the wave period, so the iteration time
step was defined as 0.005 s.

A head sea wave condition with H (wave height) of 8 m, T (wave period) of 10 s and
V (towing speed) of 2 m/s was studied, which correspond to H of 0.08 m, T of 1.0 s and V
of 2 m/s in model tests. The working conditions selected to verify the wave pressure on
the brace were H = 8 m, T = 10 s and V = 2 m/s.

The numerical and experimental wave pressure time series at the points A4 A7 and
B3 (as shown in Figure 2) are shown in Figure 9, where four stable periods are used for
comparison. The error analysis is shown in Table 5. In Figure 9 and Table 6, both the
numerical and experimental results show that the wave pressure period is about 10 s, and
the simulated wave pressure time series are similar to experimental ones. The difference
between test and numerical simulation is greatest at monitoring point A7, where the
average maximum wave pressure error is 4.9% and the average period error is 6%. This
indicates that the numerical simulations are accurate enough and the model tests were
well conducted.

4.5. Comparison of Wave Pressure Caused by the Water Ridge

To verify the accuracy of the simulated wave pressure caused by the water ridge, the
results of wave pressure on the brace under the C12 working condition (H = 20 m, T = 13 s
and V = 2 m/s) were selected for comparative analysis. Figure 10 shows the comparison of
wave pressure between the numerical simulation and the model test at monitoring point
A7 and B3 of the brace under the C12 working condition. The error analysis is shown in
Table 6. Figure 10 and Table 7 show that:

(1) The period and time series of the numerical and experimental wave pressure load are
in good agreement, and the average period maximum error is 1.6% at point B3.

(2) The difference between the results of numerical simulation and the model test is
mainly on the wave pressure value, and the average maximum wave pressure error is
about 14.7% at A7 point. Double peaks can be found in the measured wave pressures
during each period, while only a single peak is seen for the numerical data. During
the model test, the rope used to tow the platform is flexible, and the platform moves
under the action of waves during the towing test, resulting in uneven rope tension,
which makes the platform sway back and forth and affecting the peak pressure.
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Figure 9. Comparison of points A4 A7 and B3 wave pressure under the same wave conditions. (a) 
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Figure 9. Comparison of points A4 A7 and B3 wave pressure under the same wave conditions.
(a) The monitoring points of A4. (b) The monitoring points of A7. (c) The monitoring points of B3.

Table 6. Error analysis.

Monitoring Point Mean of Maximum
Wave Pressure (kPa) Average Period (s)

Numerical simulation
A4 42.54 9.49
A7 52.57 9.99
B3 162.16 9.97

Experimental test
A4 41.80 9.53
A7 50.1 9.42
B3 159.64 9.89

Error percentage
A4 1.8% 0.4%
A7 4.9% 6.0%
B3 1.6% 0.8%
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Figure 10. Comparison of points A7 wave pressure under the C12 working condition. (a) Monitoring 
points of A7. (b) Monitoring points of B3. 

  

Figure 10. Comparison of points A7 wave pressure under the C12 working condition. (a) Monitoring
points of A7. (b) Monitoring points of B3.

Table 7. Error analysis.

Monitoring Point Mean of Maximum
Wave Pressure (kPa) Average Period (s)

Numerical simulation
A7 87.9 13.21
B3 170.5 13.22

Experimental test A7 76.6 13.28
B3 155.5 13.04

Error percentage A7 14.7% 0.5%
B3 9.6% 1.4%

The above analysis indicates that the numerical simulations are accurate and model
tests were well conducted.

4.6. Water Ridge Phenomenon during the Towing Test

An obvious water ridge phenomenon was found during the towing test. Figure 11a
shows the water ridge phenomenon when the platform enters the water, and Figure 11b
shows the water ridge phenomenon when the platform exits the water. Figure 11 shows
that the brace generates a strong water ridge when it exits the water. As shown in
Figures 12 and 13 in Section 5.1, this phenomenon is found in the numerical simulation,
which shows that the results of the numerical simulation are accurate.
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Figure 11. Water ridge phenomenon of the wave during the towing test. (a) Entering the water.
(b) Exiting the water.
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5. Study of Wave Pressure Characteristics and the Water Ridge on a Platform under
Towing Conditions in a Numerical Simulation
5.1. Study on Formation Mechanism of Water Ridge Phenomenon
5.1.1. Analysis of Water Ridge in front of the Column

When a water ridge in front of the column occurs, the instantaneous motion of the
water particles is as shown in Figure 12, which shows that when the buoyancy tanks of
the platform enter the water, the water on both sides of the buoyancy tanks crash into
each other forming a water ridge. The waves gather when they form a ridge, and the
wave–slamming pressure reaches a peak value when it impacts the column. Then a part
of the water flows away from both sides of the column, a part of the water continues to
run–up on the surface of the column, and the kinetic energy of the water is transformed into
potential energy, which reduces the wave–slamming pressure on the column and rapidly
increases the wave run–up height.

5.1.2. Analysis of Water Ridge under the Brace

The movement of water particles under the brace is shown in Figure 13, where
Figure 13a shows the first water ridge and Figure 13b shows the second water ridge.
In Figure 13, the water on both sides of the platform brace is squeezed due to the buoyancy
tanks entering the water during towing. The waves gather under the brace and slam the
lower surface of the brace, which generates the first water ridge.

Under the brace, the columns on both sides are slammed by the waves from the water
ridge, part of the water flows away from the sides of the column, and part of water gathers
in the middle. Water on both sides squeezes against each other, which causes a second
water ridge, which is more severe than the first water ridge.
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5.2. Study on Water Ridge Phenomenon under Different Wave Heights
5.2.1. Analysis of Water Ridge on the Brace under Different Wave Heights

There was no water ridge under the brace in the C1 case, but it appeared once in the
C2–C6 cases and twice in C7–C11 cases. Figure 14a shows wave pressure time histories
of point A7 under different wave heights. Figure 14b shows the time history curves of
the wave pressure of point A7 and the height of the wave run–up in the C5 case (H = 9 m,
T = 13 s and V = 2 m/s). Figure 14c shows the time history curves of the wave pressure of
point A7 and the height of wave run–up in the C11 case (H = 15 m, T = 13 s and V = 2 m/s).
Figure 14 shows that:

(1) When the wave height is 9 m, a relatively small wave pressure occurs near the time
when the water ridge appears, and there are two water ridges when the wave height
is greater than 10 m; Obvious wave pressure occurs under wave conditions with a
wave height equal to 15 m, and the wave pressure is about 27% of the maximum
water pressure.

(2) A small wave pressure is generated when the first water ridge phenomenon appears,
and the second water ridge mainly produces a large wave pressure.

(3) The wave run–up and wave pressure under the brace are periodic, and the periods
are roughly equal, with a phase difference. With a water ridge at a wave height of 9 m,
the maximum value of wave pressure occurs near the time when the wave runs up to
the top.
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Through studying the numerical simulation, point B1 on the column always suffers 
the maximum wave pressure, and point A7 on the brace always suffers the maximum 
pressure. Therefore, this section studies the wave pressure at points B1 and A7. The wave 
pressure on B1 and on A7 varies with the wave height as shown in Figure 15a,b respec-
tively, where it can be found that: 

Figure 14. Wave pressure and wave run–up under the brace. (a) Time history curves of the wave
pressure at different wave heights. (b) Time history curves of the wave pressure and wave run–up in
the C5 case. (c) Time history curves of the wave pressure and wave run–up in the C11 case.
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5.2.2. Analysis of Wave Pressure on the Brace and Column under Different Wave Heights

Through studying the numerical simulation, point B1 on the column always suffers
the maximum wave pressure, and point A7 on the brace always suffers the maximum
pressure. Therefore, this section studies the wave pressure at points B1 and A7. The wave
pressure on B1 and on A7 varies with the wave height as shown in Figure 15a,b respectively,
where it can be found that:

(1) The maximum wave pressure on the column almost linearly increases with the in-
crease of wave height when H < 13 m, and wave pressure increases dramatically with
increasing of wave height when H > 13 m.

(2) Maximum wave pressure of the first water ridge under the brace occurs if the wave
height is greater than 11 m and increases with increasing of wave height. After the
wave height increases to 13 m, the speed of the wave pressure slows down. The water
pressure caused by the second water ridge increases with the increasing wave height,
and the increasing speed of water pressure increases when the wave height exceeds
13 m.
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at A7.

5.3. Study of the Water Ridge Phenomenon under Different Wave Periods
5.3.1. Analysis of the Water Ridge on the Brace under Different Wave Periods

No water ridge appeared under case C13 and C14, while it appeared once under
cases C19–C20 and twice under C15–C18. Figure 16a shows the time history curves of the
wave pressure at different wave periods. Figure 16b shows the time history curves of the
wave pressure and the height of wave run–up under the C13 case (H = 10 m, T = 6 s and
V = 2 m/s). Figure 16 shows that:

(1) The wave pressure caused by the water ridge under the brace is very sensitive to the
wave period. The wave–slamming pressure caused by the first water ridge under the
brace occurs under wave conditions with wave periods of 10 s and 12 s. At a wave
period of 10 s, the wave–slamming pressure caused by the first water ridge is 80% to
100% of the wave pressure caused by the second water ridge. With a wave period
of 12 s, the wave–slamming pressure caused by the first water ridge is 25% of the
water pressure caused by the second water ridge. The first water ridge does not cause
the slamming pressure when the wave period is14 s. However, a double peak value
of water pressure is generated. The variation of water pressure caused by the water
ridge is very small, and a negative pressure phenomenon occurs when T = 16 s.

(2) At a wave period of 6 s, the wave pressure in front of the brace is negative, with a
value around −20 kPa. The time when the negative pressure occurs follows the wave
run–up peak, mainly because that the wave period is too small, and the waves quickly
slam on the brace and separate from it, and the surrounding air has no time to enter,
forming a local vacuum state and a reverse tension on the surface of the brace.
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Figure 16. Wave pressure and wave run–up under the brace. (a)Time history curves of the wave 
pressure at different wave periods. (b) Time history curves of the wave pressure and wave run–up. 
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Figure 17. Variation of wave pressure with wave period. (a) Wave pressure on the column. (b) Wave 
pressure on the brace. 

Figure 16. Wave pressure and wave run–up under the brace. (a)Time history curves of the wave
pressure at different wave periods. (b) Time history curves of the wave pressure and wave run–up.

5.3.2. Analysis of Wave Pressure on the Brace and the Column under Different
Wave Periods

The periodic variation of wave pressure in front of the column is shown in Figure 17a,
and the periodic variation of water pressure caused by the water ridge phenomenon in
front of the brace is shown in Figure 17b. Figure 17 shows that:

(1) The wave pressure in front of the column is very sensitive to the wave period. The
maximum wave pressure occurs when the wave period is 10 s and the wave pressure
reduces rapidly with increasing wave period up to 18 s. After that, the wave pressure
is stable at about 30 kPa.

(2) The peak value of wave pressure on the brace occurs at a wave period of 8 s, but there
is no water ridge in this condition due to the negative pressure caused by the short
wave period. The influence of wave period on wave pressure is limited once the wave
period is greater than 16 s, and the wave pressure is close to zero under these wave
conditions. This may be because the platform moves smoothly under the large period
wave conditions, and the motions of the brace in the water is not as serious as under
other conditions.
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6. Conclusions

In this study the water ridge phenomenon and wave–slamming characteristics of
an offshore platform under towing working conditions were studied numerically and
experimentally. The difference between experimental and the numerical natural periods of
the platform was less than 5%.

The characteristics of the water ridge phenomenon and its influence on wave–slamming
pressure of the platform at different wave heights and wave periods were studied, and the
main conclusions are as follows:

(1) Under working towing conditions, the phenomenon of a water ridge appears in
front of the column and the brace of the platform. The reason for the water ridge
is the accumulation and superposition of seawater caused by the heaving motion
of the platform during towing conditions. The energy of the superimposed wave
is much greater than that of a normal wave. As a result, the column and brace of
the platform are subjected to large wave–slamming pressures. The water ridge is
a common phenomenon when towing the platform and results in a threat to the
structural safety of the platform.

(2) When the wave height is small, there is no water ridge on the brace. With increasing
wave height, the water ridge becomes more and more obvious, and the height of
wave run–up becomes greater and greater. Two water ridges occur when the wave
height is greater than 10 m. The wave–slamming pressure on the column and brace
increases almost linearly with increasing wave height. The results indicate that the
more obvious the ridge phenomenon, the more intense the wave–slamming pressure.

(3) Different to the obvious linear water ridge phenomenon under different wave heights,
the water ridge under different wave periods has special characteristics. There is no
water ridge on the brace when the wave period is 6 s. However, when the wave period
is 8 s, the water pressure under the brace reaches a peak value, but there is also no
water ridge in this condition. This indicates that the water ridge is not necessarily the
key phenomenon to determine water pressure on the brace under short wave periods.
Under relatively large and small wave periods, a negative pressure occurs on the
brace. When the wave period increases to 10 s, the water ridge on the brace appears
twice and forms a large wave–slamming pressure. This generates a major threat to the
structure of the brace. The wave–slamming pressure on the column reaches a peak
value when the wave period is 10 s and drops rapidly when the wave period is 12 s,
which further shows the sensitivity of wave pressure caused by the water ridge. In
general, the wave–slamming pressure on the column and brace of the platform first
increases and then decreases with increasing wave period.

It can be seen from the above conclusions that the influence of the water ridge and
wave–slamming under different wave periods and wave heights should be considered
when designing the platform. The lower middle part of the front column and the lower
middle part of the brace of the platform are vulnerable to slamming by the water ridge.
This study provides a reference for structural areas that need to be strengthened in the
design of a semisubmersible platform. This study does not calculate the forces applied
on the platform by the towing system, so future studies should investigate total load to
properly design the towing system and identify critical load cases, as done in different
applications in marine engineering [38].
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