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Abstract: Semi-submersible offshore platforms play a vital role in deep-sea energy exploitation.
However, the vast waves threaten the platform’s operation, usually leading to severe consequences.
It is essential to study the wave-slamming mechanism of offshore platforms under extreme wave
conditions. Existing research usually simplifies the offshore platform slamming problem. This paper
establishes a model of a semi-submersible platform and a flexible mooring system in a numerical pool
by means of the computational fluid dynamics (CFD) method. The distribution and the sensitivity of
the slamming load on columns and deck in waves were investigated, and the model was verified
through the basin test. Firstly, based on the Reynolds-averaged Navier–Stokes model, this study
considers the volume-of-fluid method to track the free liquid level. After the column and floating
body grid are locally refined, the slamming load under extreme regular wave impact is measured by
measuring points on the column and deck. Then, the slamming experiment of the semi-submersible
was carried out in the basin. The experiment model with a scale ratio of 1:100 was established to
investigate the platform’s motion and slamming loads under extreme regular and irregular waves.
The findings indicate that the slamming load at the junction of the column and deck significantly
increased, exhibiting a ‘double-peak’ phenomenon at the middle of the column. The maximum
pressure of slamming at the top of the column demonstrated an inverted U-shaped distribution, with
negative pressure occurring after the peak value, indicating a pronounced oscillation effect.

Keywords: semi-submersible platform; slamming; tensioned mooring system

1. Introduction

For the past few years, the development of deep-sea oil and gas resources has led to
stringent technical requirements for ‘marine floating equipment’, particularly in the case of
floating platforms for deep-water drilling. Researchers have conducted extensive studies
on the vibration impact problems of offshore platforms by applying experimental and
numerical methods. However, there are still limited engineering applications that require
accurate prediction of the magnitude and distribution of deck wave loads and the resulting
motion response of floating structures.

Many early essential research articles on wave slamming on offshore decks focused
mainly on studies of simplified deck boxes or plates. Wang [1] combined the theoretical
and experimental studies and proposed a simple formula for the lift pressure under the
flat plate in different wave sea conditions. Elghamry [2] concluded that the peak pressure
of the slam pressure under the bridge deck plate showed a Gaussian distribution, and
the peak lift showed a Rayleigh distribution. Greco [3] combined numerical values with
experiments to study the process and load of waves on deck. The study showed that the
two-dimensional potential-flow model was sufficient to effectively estimate the load of
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green water, and the air cushion effect was also taken into account. Greco [4] studied
the bottom-slamming phenomenon of very large floating structures and solved it with
two-dimensional potential-flow theory. High-stress levels would affect the local integrity
of the structure. Faltinsen [5,6] pointed out that the study of slamming should be combined
with structural mechanics to find the time scale of the physical effects associated with
the impact. When the percussion time is very short and close to the natural period of
the structure, the details of the hydromechanical effects are less important. In addition,
Yan [7,8] carried out numerical and experimental studies of fluid–structure interaction (FSI)
in the water entry process of flat plate and wedge structure and discussed the uncertainty of
pressure and strain in detail. Tavakoli [9] proposed a strongly coupled FSI model to study
the water entry process of elastic hard-chine sections. These FSI studies lay a foundation
for the further study of FSI of floating offshore structures.

The theoretical analysis of wave slamming on the deck of an offshore floating platform
was compared with the measurements of Kaplan et al. [10] and concluded to agree.

However, for large-scale three-dimensional structures, the complexity of their design
and motion can lead to structures below the deck, such as columns and floats, affecting the
magnitude of the forces on the upper deck structure and their distribution. For example,
for analyzing a multi-column platform represented by a conventional tension-leg platform,
wave diffraction and radiation effects due to hydrodynamic interactions between columns
and floats can increase wave elevation and affect the lower deck locally. Scharnke and
Hennig [11] investigated the impact of column structure on the wave loads applied to
the box deck by adding a box deck structure to square columns. It was found that the
columns had a significant effect on the magnitude of the overall vertical force and local
pressure, mainly in the form of a substantial increase in load intensity. In the case of
columns, the peak wave force on the deck increased to more than twice the maximum
load without columns. Abdussamie et al. [12–14] conducted a series of model tests on a
simplified tension-leg platform deck model. The analysis of the overall platform forces
and the local forces concluded that reducing the height of the hydrostatic air gap of the
platform significantly increases the overall platform deck forces. However, for the local
forces, only some pressure monitoring points on the platform deck have an increased load.

Researchers have conducted several studies on air gaps and slamming loads on off-
shore platforms. Stansberg et al. [15] simulated the wave height and air-gap response near
the columns of a semi-submersible platform based on the WAMIT potential-flow software.
Kazemi and Incecik [16] utilized the direct boundary element method and weighted-
residual method to analyze the air gap of a semi-submersible platform and investigated
the effects of structural motion and wave steepness on the air gap. Iwanowski et al. [17]
compared theoretical studies with experimental results using ComFLOW software to ana-
lyze the air-gap variation of an offshore platform. Li et al. [18] examined the air-gap values
under severe environmental conditions of a semi-submersible platform comprising twin
floating vessels and multiple columns by investigating the relative distance between the
deck and wave surface. Matsumoto et al. [19] proposed a completely nonlinear method for
calculating the air-gap response and distribution for a semi-submersible with a large water
plane. Liang [20] predicted the air gap of a mooring/positioning platform with DeepC com-
mercial software integrated with the volume-of-fluid (VOF) method. Sweetman et al. [21]
forecast the air gap of an offshore platform by considering the second-order nonlinearity of
waves using WAMIT software, which is a more accurate approach than the linear theoreti-
cal results, mainly when the wave height is considerable. According to the potential-flow
theory method, the air-gap distribution of a floating platform can be quickly obtained by
calculating the heave gap between the wave surface and the deck, which can effectively
predict the platform air gap and calculate the slamming loads on the platform.

All above studies should be noted that the potential-flow theory is based on the as-
sumption that the waves are frictionless and irrotational, does not take into account the
effects of wave radiation and diffraction, and fails to capture nonlinear phenomena such
as wave roll and splash that occur when the waves interact with the platform. The com-
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putational fluid dynamics (CFD) method has been frequently applied to wave-slamming
problems with the development of computer technology. Kapensberg [22] summarizes
a two-stage approach to solving the global response of a ship to a wave slamming, in-
cluding CFD methods for a single impulse force and approximate methods for long-term
simulations, but also taking into account changes in other factors during the ship’s actual
voyage. Wang et al. [23] conducted numerical simulations of the three-dimensional effects
of slamming loads using Reynolds-averaged Navier–Stokes (RANS) equations and VOF
methods in OpenFOAM and observed that the maximum slamming-force coefficient of
the three-dimensional model was lower in comparison to the two-dimensional slamming
model. Luo et al. [24] applied a hybrid two-step method utilizing potential-flow theory and
CFD to forecast the bow-slamming pressure during the ballast operation of a significantly
large tanker sailing against waves to explore the relative-motion velocity between the
bow and the waves and the distribution patterns of the slamming pressure over time.
Finally, a basin test was conducted to verify the reasonableness and feasibility of the hybrid
two-step method.

Combining the potential-flow theory with CFD methods and validating numerical
calculations with basin-model tests is a viable approach for studying wave slamming.
However, most current numerical studies have simplified the numerical model by reducing
it to the interaction of a flat plate and a wave or by fixing the platform in a numerical pool
with six degrees of freedom, which constrains the fully coupled numerical simulation for
semi-submersible platforms comprising mooring systems.

In addition, the basin test with the physical model is a reliable method for studying
wave–structure interactions. Smith et al. [25] derived an equation for the impact-force
coefficient from a flat plate impact with a wave. Still, they ignored the compressibility of air,
the compressibility of water, and surface tension. Furthermore, in the experiments, it was
observed that the high-velocity jets generated by the impact had a fine droplet structure
caused by the shock wave in the water. Kisacik et al. [26] studied the load distribution on a
vertical structure suspended from a horizontal cantilever plate under severe wave impact.
The slamming forces showed irreducibility even when the wave conditions were identical.
Moreover, the presence of horizontal structural elements exposed the vertical structure to
more intense wave impacts. Mai et al. [27] designed a test on a square plate impacting a
pure aerated-water surface, which showed a significant pressure reduction in the first phase
of the pressure. Santo et al. [28] conducted two sets of deck wave load tests and showed
that for wave-slamming loads on the deck, a single pressure peak was characterized by a
structural vibration. Ha et al. [29] conducted an experimental study on the bow slam-load
characteristics of a floating production storage and offloading unit, in which the slam
induced the motion of the model, and the position of larger slam loads varied with the
change in wave incidence angle. In the tests, single- and double-peak loads resulting from
the slamming were observed and related to the model’s heading. Wei et al. [30] conducted
an experimental study of the spatiotemporal distribution of slamming loads in shallow
water conditions and found that the air entrained during the liquid collision acted as a
cushion between the free surface and the elastic wall surface. The presence of an air cushion
reduced the maximum impact load on the structure but increased the impact duration. The
physical model of the basin tests allowed the wave impact on the flat plate to be directly
observed; however, the distribution characteristics of the slamming pressure on the column
of the semi-submersible remain to be investigated.

This study proposes an experimental program to investigate the motion response
and wave slamming of an elastically moored semi-submersible platform in rough wave
conditions. Accordingly, the model of the semi-submersible and its mooring system was
developed using STAR-CCM+ software based on a non-constant RANS solver. The free
surface was captured with the VOF method, and the slamming loads were measured by
monitoring points established on the front column. Slamming-load characteristics were
investigated and compared with the experimental results. The distribution of the slamming
pressure on the column was demonstrated by comparing a moored platform to a fixed
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one. Furthermore, experimental and numerical calculations have been used to reveal the
distribution characteristics of the slamming loads and their variation in wave conditions.

2. Simulation Method

The control equations for numerical simulation are expressed as the continuity equa-
tion (mass conservation equation) and the N–S equation (momentum conservation equa-
tion), as shown in the following equations.

This is Example 1 of an equation:

∂Ui
∂xi

= 0 (1)

∂Ui
∂t

+ ρ
∂
(
UiUj

)
∂xi

= − ∂P
∂xi

+ ρ
∂

∂xj

[
ν

(
∂Ui
∂xj

+
∂Uj

∂xi

)]
+ ρgi (2)

Ui is the velocity component along the direction of the xi coordinate, P represents the
pressure, ρ represents the fluid density, and gi means the mass force.

The Reynolds-averaged method was used to solve the Navier–Stokes equations by
splitting the turbulent flow into an average-flow term and instantaneous-flow term and
decomposing the transient variables in the equations into two parts—time-averaged and
pulsation—as shown in the following equation.

φ = φ + φ′ (3)

φ represents the time-averaged quantity, and φ′ represents the transient quantity.
Thus, (1) and (2) can be expressed as Equations (4) and (5), respectively, after time-averaging.

∂Ui
∂xi

= 0 (4)

∂Ui
∂t

+ ρ
∂
(
UiUj

)
∂xi

= − ∂P
∂xi

+ ρ
∂

∂xj

[
ν

(
∂Ui
∂xj

+
∂Uj

∂xi

)
− ρ u′iu

′
j

]
+ ρgi (5)

The Reynolds stress is represented by u′iu
′
j, and the term is used as an unknown quantity.

The controlled return of the flow field is discretized using the finite volume method.
The convection and diffusion terms are discretized through the second-order upwind
scheme, and the conservation equation is expressed as Equation (6).∫

∆V

∂(ρφ)

∂t
dV+ =

∫
∆V

div(Γgradφ)dV +
∫

∆V
SdV (6)

Based on the Gaussian dispersion formula, Equation (6) is transformed as follows:∫
∆V

∂

∂t
(ρφ)dV +

∫
A

n ·
(
ρuφ

)
dA =

∫
A

n× (Γgradφ)dA +
∫

∆V
SdV (7)

The physical meaning represented by the four terms in Equation (7) can be expressed
in the following form:

φAmount o f change over time + φNet reduction due to convection
= φNet increase due to di f f usion + φNet increase due to sources

(8)

The Reynolds stress equation in the 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. In this paper, the SST k–ω model that combines the
features of the mode and k–ωmodel was selected as the turbulence model for numerical
simulations. The SST model has the advantages [31] of the k–εmodel for far-field turbulence
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simulation and the k–ω model for near-wall turbulence simulation, and we refer to the
turbulence model used in the literature [32] to study the wave impact of a floating wind
turbine, we finally choose to use the SST k–ωmodel. The definition of its turbulent viscosity
is shown in Equation (9):

µt =
ρk
ω

1

max
(

1
α∗ , SF2

α1ω

) (9)

Equations (10) and (11) are the transport equations corresponding to k and ω:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

[
Γk

∂k
∂xj

]
+ G̃k −Yk (10)

∂(ρω)

∂t
+

∂(ρωui)

∂xi
=

∂

∂xj

[
Γω

∂ω

∂xj

]
+ Gω −Yω + Dω (11)

where Γk = µ + µt
σk

, Γω = µ + µt
σω

, G̃k = min(Gk, 10ρβ∗kω), Gk = µtS2, and Gω = α
vt

Gk.
Finally, by coupling pressure (P) and velocity (V), the Semi-Implicit Method for

Pressure-Linked Equations (SIMPLE) algorithm is used to modify the pressure and ve-
locity fields. The core of the SIMPLE algorithm is the continuous guesswork correction
of the calculation history with the help of the base grid, which ultimately solves the
momentum equation.

The mesh-tracing method simulated the free liquid surface during the numerical
simulation. The free surface tracking method uses a dynamic mesh technique to form the
mesh into the desired free surface shape to satisfy the free surface’s equations of motion
and dynamics.

The kinematic conditions are shown in Equation (12).

∂ζ

∂t
+ U

∂ζ

∂x
+ V

∂ζ

∂y
−W = 0 (12)

ζ represents the wave height.
For the kinematic conditions, the free liquid surface deformation is considered minor,

and the free liquid surface tension is zero. Then, the mathematical equations for pressure
and tangential velocity are given by Equations (13) and (14).

p =
ζ

Fr2 (13)

∂U
∂z

= 0,
∂V
∂z

= 0,
∂W
∂z

= 0 (14)

Obtaining a stable and effective free surface shape is a unique advantage of the VOF
method, which is more suitable for wave surfaces with a significant degree of nonlinearity,
such as wave breaking. In addition, the grid is also stable, making it easy to control the
quality of the grid.

The primary step of the VOF method is to calculate the grid volume of the target fluid.
Let the volume fraction of the qth fluid in the grid cell be aq. The following three scenarios
are included: Firstly, the grid cell contains no fluid of term q; Secondly, the grid cell contains
the qth fluid and the other fluids; Thirdly, the grid cell contains only the qth fluid.

Additionally, the volume fraction of each fluid should satisfy the following equation.

n

∑
q=1

aq = 1 (15)
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The partition interface between each fluid is determined by solving the continuity
equation for the volume fraction; the continuity equation for the qth fluid is Equation (16).

∂aq

∂t
+

∂
(
aqui

)
∂xi

= 0 (16)

The catenary coupling element, as shown in Figure 1, can direct the force of the
suspended mooring line to the semi-submersible platform in the time domain. Its coupling
unit can be coupled between two floating bodies or between a floating body and the seabed.

x = a·u + b·sinh(u) + α

y = a·cosh(u) +
h
2
·sinh2(u) + β

For u1 ≤ u ≤ u2

(17)

f1,x = c; f1,y = c·sinh(u1)

f2,x = −c; f2,y = −c·sinh(u2)
(18)

where, a =
c

λ0g
; b =

ca
DLeq

; c =
λ0Leqg

sinh(u2)− sinh(u1)
(19)

where g is the gravitational acceleration, λ0 is the mass per unit length, Leq is the stretchable
length of the catenary under free conditions, D is the stiffness of the catenary, and α and β
are integration constants.

Processes 2023, 11, 725 6 of 25 
 

 

such as wave breaking. In addition, the grid is also stable, making it easy to control the 
quality of the grid. 

The primary step of the VOF method is to calculate the grid volume of the target 
fluid. Let the volume fraction of the qth fluid in the grid cell be 𝑎௤. The following three 
scenarios are included: Firstly, the grid cell contains no fluid of term q; Secondly, the grid 
cell contains the qth fluid and the other fluids; Thirdly, the grid cell contains only the qth 
fluid. 

Additionally, the volume fraction of each fluid should satisfy the following equation. 

෍ 𝑎௤௡
௤ୀଵ = 1 (15) 

The partition interface between each fluid is determined by solving the continuity 
equation for the volume fraction; the continuity equation for the qth fluid is Equation (16). 𝜕𝑎௤𝜕𝑡 + 𝜕൫𝑎௤𝑢௜൯𝜕𝑥௜ = 0 (16) 

The catenary coupling element, as shown in Figure 1, can direct the force of the 
suspended mooring line to the semi-submersible platform in the time domain. Its 
coupling unit can be coupled between two floating bodies or between a floating body and 
the seabed. 𝑥 = 𝑎 ∙ 𝑢 + 𝑏 ∙ 𝑠𝑖𝑛ℎ(𝑢) + 𝛼 𝑦 = 𝑎 ∙ 𝑐𝑜𝑠ℎ(𝑢) + ℎ2 ∙ 𝑠𝑖𝑛ℎଶ(𝑢) + 𝛽 

For 𝑢ଵ ൑ 𝑢 ൑ 𝑢ଶ 

(17) 

𝑓ଵ,௫ = 𝑐; 𝑓ଵ,௬ = 𝑐 ∙ 𝑠𝑖𝑛ℎ(𝑢ଵ) 𝑓ଶ,௫ = −𝑐; 𝑓ଶ,௬ = −𝑐 ∙ 𝑠𝑖𝑛ℎ(𝑢ଶ) 
(18) 

𝑤ℎ𝑒𝑟𝑒, 𝑎 = 𝑐𝜆଴𝑔 ; 𝑏 = 𝑐𝑎𝐷𝐿௘௤ ; 𝑐 = 𝜆଴𝐿௘௤𝑔𝑠𝑖𝑛ℎ(𝑢ଶ) − 𝑠𝑖𝑛ℎ(𝑢ଵ) (19) 

where g is the gravitational acceleration, 𝜆଴ is the mass per unit length, 𝐿௘௤  is the 
stretchable length of the catenary under free conditions, 𝐷 is the stiffness of the catenary, 
and α and β are integration constants. 

 
Figure 1. The catenary coupling element. 

The 6-DOFs VOF solver (CD-adapco, 2014) is applied to obtain the new positions of 
the platform and the joystick using the tension of the fluid and the dynamic load on the 
floating platform. As a result, the new positions of the platform and the cable guide are 
obtained. Mooring inertia and damping are not considered in this study. The operational 
procedure is shown in Figure 2. 

Figure 1. The catenary coupling element.

The 6-DOFs VOF solver (CD-adapco, 2014) is applied to obtain the new positions of
the platform and the joystick using the tension of the fluid and the dynamic load on the
floating platform. As a result, the new positions of the platform and the cable guide are
obtained. Mooring inertia and damping are not considered in this study. The operational
procedure is shown in Figure 2.
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3. Experimental Program

The model tests were conducted at the Jiangsu University of Science and Technology
integrated wind and wave current pool, which is 38 m long, 15 m wide, and 1 m deep. The
integrated pool is equipped with a piston wave maker for generating regular and irregular
waves of different wave spectral properties. In addition, the downstream end of the
integrated pool is installed with a wave-absorbing beach, constructed of wave-absorbing
materials, to eliminate reflected waves effectively. To study the degree of interaction
between the response of the platform and the wave characteristics, wind, and currents are
not tested in the working conditions.

3.1. Model and Parameters

The 1:100 scaled semi-submersible platform model was determined by combining
the prototype scale, test facility and environment, and the Froude number. The main
parameters of the model at full scale and model scale are given in Table 1. The semi-
submersible platform is a typical twin floating body with four columns with a small
water plane under survival conditions, making it more sensitive to heave response. The
model is made of fiber-reinforced plastic, which has the advantage of lower density and
deformability while simultaneously being more robust and easier to drill for installing
pressure sensors. Figure 3 shows the coordinates and top view of the model.

Table 1. Prototype and model values of platform parameters.

Name Real Scale Reduced Scale Unit

Length 104.50 1.0450 m
Width 70.50 0.7050 m

Height of main deck 37.55 0.3755 m
Height of pontoon 10.05 0.1005 m

Cross-sectional area of the column 238.00 0.0238 m2

Center spacing of Pontoon 37.50 0.3750 m
Longitudinal column spacing 55.00 0.5500 m

Working draft 15.50 0.1550 m
Displacement 38400 0.0384 m3
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Figure 3. The three-dimensional schematic of the model and coordinates of the reference system
are shown in (a), with the origin of the coordinates located at the center of gravity of the overall
structure. The model’s weight is required to be similar to that of the prototype to meet the Froude
number during the test: the draft and discharge of the model are regulated by ballast after the model
is completed. Top view of the model was indicated in (b).

In the test, we used pressure sensors to measure the slamming load. The sampling
frequency of the CY200 series digital pressure sensor was 1000 Hz. In order to avoid
interference when waves slam the model, only the head of the pressure sensor contacted
the liquid, and the other parts were hidden in the holes drilled on the column and deck,
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which were the pressure measuring points, as shown in Figure 4b. At the same time, in order
to maintain the waterproof performance of the model, the measuring point is sealed with
adhesive. On one side of the basin, the movement of the model in different directions was
recorded in real-time using a Qualisys Oqus six-degree-of-freedom measuring instrument
with a sampling frequency of 180 Hz. The change process of motion, pressure, and other
curves with time was recorded in the computer software. Tables 2 and 3 show the working
conditions in the test.
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Figure 4. (a) The overall appearance of the test model. (b) The location of the monitoring points.

Table 2. Working conditions of the regular wave.

Case Wave Height (m) Period (s) Direction of Incidence (◦)

H1 0.15 0.9 180
H2 0.15 1.0 180
H3 0.15 1.1 180
H4 0.15 1.2 180
H5 0.15 1.3 180
L1 0.15 1.2 180
L2 0.15 1.2 180
L3 0.15 1.2 180
L4 0.15 1.2 180
M1 0.15 0.9 180
M2 0.15 0.9 225
M3 0.15 0.9 270

Table 3. Working conditions of the irregular wave (JONSWAP spectrum).

Case Hs (m) Tp (s) Direction of Incidence (◦)

J1 1.06 0.9 180
J2 1.16 1.0 180
J3 1.26 1.1 180
J4 1.36 1.2 180

3.2. Mooring Systems

This study designed a flexible mooring system for a semi-submersible platform by
symmetrically arranging eight high-density polyethylene mooring cables. In a realistic
marine environment, the mooring cables inevitably rub against the platform’s structure
and seabed due to the large movements of the platform. Therefore, a short section of the
mooring chain was used at the platform guide hole and underwater anchor point contact
locations to simulate this three-section design in the test altogether. Two anchor chains
are installed on each column with an angle of 30◦ for each anchor chain. As shown in
Figures 4 and 5, connecting devices are installed on each column, distributed in the front
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and side of the column of the semi-submersible model platform. In addition, the anchor
points of each anchor chain are fixed to the bottom of the tank. Finally, a tension transducer
was installed between the mooring line and guide hole to measure the change in tension of
the mooring system.
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Figure 5. Side-view diagram of the test model after installation.

The mooring system parameters are shown in Table 4. In the model tests, it was
challenging to ensure that the stiffness and other characteristics of the polyethylene cable
used were scaled precisely according to the scale ratio used for the platform structure;
therefore, we assumed an infinite cable stiffness at a scale ratio of 1:100 and simulated the
stiffness of the overall mooring system by adding a spring section at the end of the cable.
The anchor radius of the platform was 200 m, and the working depth of water was 100 m,
corresponding to an anchor radius of 2 m and an operational depth of water of 1 m in the
model test. The platform rotates 45 and 90 degrees clockwise to simulate the change in
wave direction. Top-view diagram of the test model are shown in Figures 6 and 7 presents
thhe numerical and experimental flow chart.

Table 4. Tensioned mooring line parameters.

Type Diameter
mm

Wet Weight
kg/m

Dry Weight
kg/m

Axial Stiffness
N

Breaking Strength
N

Length of Polyethylene
m

Length of Anchor Chain
m

Prototype 114 7 0.3 2.57 × 108 7.35 × 106 200 2 × 13
Model 1.14 6.83 × 10−4 2.93 × 10−4 250.7 7.17 2 2 × 0.13
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4. Numerical Model

To improve the computational efficiency, control the computational accuracy, and
reduce the scale effect, the scaling ratio of the semi-submersible platform model in the nu-
merical simulation was moderately selected as 20. Numerical simulations and experiments
take different proportions because a reasonably smaller computational model in numerical
simulations can lead to finer meshing. Therefore, the capture of the free liquid surface is
also more sensitive to the complete simulation of the nonlinear characteristics of the wave,
which in turn can better simulate the slamming of the platform. The main dimensions are
shown in Table 5.

Table 5. Main dimensions of the platform.

Structure Actual Size Model Dimensions Unit

Length 104.50 5.225 m
Width 70.50 3.525 m

Height of Main Deck 37.55 1.8775 m
Height of Pontoon 10.05 0.5025 m

Center Spacing of Pontoon 37.5 1.8750 m
Center Spacing of Longitudinal Column 55.0 2.7515 m

Working Draft 15.5 0.775 m
Displacement 38,400 4.8 m3

This study simulates the semi-platform with 6-DOF motions such as surge, sway,
heave, roll, pitch, and yaw. An efficient VOF method was used for the wave surface of
the wave slam simulation of the model, and a non-stationary CFD method with a 6-DOFs
solver was used for the motion part. Figure 5 shows the initial free wave surface of the
semi-submersible platform and the anchor chain arrangement when it is underwater. This
numerical analysis model of the semi-submersible platform includes the total mass of
the floating platform and its mass moment of inertia. Therefore, the z-coordinate of this
model’s center of gravity (COG) position is approximately 2 m below the wave surface.

4.1. Computational Domains and Boundary Conditions

A defined boundary conditions rectangular calculation domain of 39.75× 22.00× 12.00 m,
as shown in Figure 8, was used in the numerical calculations in this study. Set the basin
wave inlet as velocity inlet and the outlet as pressure outlet.
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Figure 8. (a) Computational domain and boundary conditions; (b) The dimensions of the computa-
tional domain.

In order to ensure the stability of the generated waves, the wave-making entrance is
selected at 13.125 m in front of the platform’s center of mass, and there is a wave propagation
distance of 15.875 m behind the platform. In front of the exit of the calculation domain,
there is a damped wave-elimination area with a length of 10.75 m, so as to minimize the
influence of reflected waves. The left and right sides of the platform are set at 11 m to
eliminate the wall effect.

The free liquid surface divides the domain into two parts according to the VOF
parameters, the upper part is air with a density of 1.18415 kg/m3, and the lower part is
water with a density of 997.561 kg/m3. This area is a damping layer to reduce the reflection
of waves at the pressure boundary.

4.2. Grid Settings

The semi-submersible platform was meshed using the overlapping mesh method in
STARCCM+. Because the density and size of the grid in the wavelength direction of the
free liquid surface affect the wave-transfer attenuation and the grid in the vertical direction
affects the vertical motion of the wave, a prismatic layer grid was used for the free liquid
surface part, and a cut body grid was used for the rest. The dense region was divided into
the following features:

Firstly, Free liquid surface part: Because the most extensive wave disturbance and
variation are at the free liquid surface, the pressure gradient and velocity gradient vary
significantly. Therefore, it was refined in two layers—the first layer was located above
and below the free liquid surface when the platform was in hydrostatic equilibrium, with
15 grids in one wave height direction and 80–100 grids in one wavelength direction for a
refinement height of three times the wave height. The second layer is refined to a size of
4–5 times the wave height with three times the number of grids as the first layer.Secondly,
structural region of interest: The platform surface, spar, and floating tank surfaces and
the nearby flow field were encrypted to reflect the wave–structure interactions and liquid
surface changes accurately. Thirdly, to capture the overall platform motion, the possible
range of platform motion must be encrypted.

When calculating the pressure curves of K2 at the mesh size of 0.04 m, 0.05 m, and
0.055 m, as shown in Figure 9. The pressure curves basically maintained a good consistency,
but with the increase in the mesh size, the crest of the base mesh size of 0.055 m showed a
sudden change. By considering the accuracy of wave simulation and computational speed,
a more stable mesh size setting with a foundation size of 0.05 m is used.

In this study, the dynamic fluid body interaction (DFBI) function of STARCCM+ was
used to define the mooring cable, i.e., the dynamic fluid–solid interaction, to simulate the
coupled motion of the mooring cable and platform. A local mesh refinement of the column
and deck areas is shown in Figure 10.
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Figure 10. (a) A 3D view of the grid; (b) Grid view of x–z cross-section; (c) Grid view of y–z
cross-section; (d) Grid division of the free surface.

4.3. Monitoring Points and Working Conditions

The actual wave height, period, and draft were 15 m, 9 s, and 15.5 m, respectively;
the wave parameters input to the software after scaling ratio calculation were as follows:
wave height = 0.75 m and period = 2.01 s. Figure 11 shows the slam-pressure monitoring
points with columns L, C, and R arranged vertically at an interval of 0.1 m. Points A1 to
A22 are arranged in two rows at the top of the column with a horizontal interval of 0.0775 m;
Points P1 to P20 are evenly distributed from the wave-ward side of the front column to the
wave-ward side of the rear column; Points D1 to D7 are located from the wave-ward side
of the front column to the centerline of the deck; and Points LZ1 to LZ7 are situated from
the wave-ward side of the rear column to the centerline of the deck.
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5. Results and Discussion 
5.1. Comparison and Validation 

During the analysis of the results, all wave parameters and pressure values were 
converted to their actual size. When the platform is floating and stationary, a particular 
moment is applied through an external force, which is then released for free oscillation. 
After measuring the platform’s surge, sway, and heave oscillation motion through a 
measuring instrument with six degrees of freedom, it can be derived from parameters 
such as the inherent period of the model under this draft condition. 

In the free decay test, the initial tilt angle applied to the platform is 5°, and five 
measurements are taken for each degree of freedom to improve the experimental 
accuracy. Figure 12 shows the comparison of the pitch responses of the semi-platform 
between numerical solutions and experimental results. It can be observed that the 
experimental natural period correlated well with the numerical simulation results, and 
the difference is within 5%, which validates the accuracy of the mesh size and calculation 
method in the numerical simulation. On the other hand, it can be observed that the 
numerical model can simulate characteristics of the natural fluid at the semi-platform. 
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parameters. Figure 13 and Table 6 present the variation of the wave-slamming pressure 
with wavelength λ for different wave periods T.  

Figure 11. (a) Location of the slam-pressure monitoring points K1 to K8. (b) Location of the slam-
pressure monitoring points A1 to A22, L1 to L9, C1 to C9 and R1 to R9.

5. Results and Discussion
5.1. Comparison and Validation

During the analysis of the results, all wave parameters and pressure values were
converted to their actual size. When the platform is floating and stationary, a particular
moment is applied through an external force, which is then released for free oscillation.
After measuring the platform’s surge, sway, and heave oscillation motion through a mea-
suring instrument with six degrees of freedom, it can be derived from parameters such as
the inherent period of the model under this draft condition.

In the free decay test, the initial tilt angle applied to the platform is 5◦, and five
measurements are taken for each degree of freedom to improve the experimental accuracy.
Figure 12 shows the comparison of the pitch responses of the semi-platform between
numerical solutions and experimental results. It can be observed that the experimental
natural period correlated well with the numerical simulation results, and the difference is
within 5%, which validates the accuracy of the mesh size and calculation method in the
numerical simulation. On the other hand, it can be observed that the numerical model can
simulate characteristics of the natural fluid at the semi-platform.
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Figure 12. Pitch of the experimental and numerical model at a platform inclination of 5◦.

We measured and simulated the slamming pressure at K1 of different wave parameters.
Figure 13 and Table 6 present the variation of the wave-slamming pressure with wavelength
λ for different wave periods T.
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a maximum at the first wave slamming. During the platform advance, the waves did not 
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constructing a second wave peak for the second slamming pressure. 

Thirdly, in the case of all five slamming loads, the pressure peaks reflect strong 
randomness, and the average values of the peaks are taken for comparison. The maximum 
values of 262.92 kPa and 229.93 kPa from the CFD calculations and the maximum values 
of 269.24 kPa and 231.32 kPa from the experimental measurements differ by 
approximately 2.4% and 0.6%, respectively, which is a tiny error. 

In all cases, the pressure period, peak, and trends given by the presented numerical 
model correlate well with the experimental values. This is an excellent value that the 
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accurately simulate the wave-slamming phenomenon on the semi-submersible ocean 
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Figure 13. Comparison of slamming pressure at K1 between experimental data and numerical results.
Test conditions are: (a) H = 15 m, T = 9 s; (b) H = 15 m, T = 10 s.

Table 6. The results are observed over five wave periods.

Case Type 1st Crest
(kPa)

2nd Crest
(kPa)

3rd Crest
(kPa)

4th Crest
(kPa)

5th Crest
(kPa)

Average
(kPa)

H1
CFD 254.62 236.13 278.88 286.34 258.63 262.92
EXP 242.06 290.61 318.56 248.68 246.29 269.24

H2
CFD 308.54 205.36 190.36 246.75 198.64 229.93
EXP 224.08 253.02 258.74 193.15 227.61 231.32

Comparing the results of the experimental measurements and numerical simulation
for point K1 with a wave of H = 15 m, T = 9 s, and β = 180◦, it can be seen from the relatively
stable five periods that:

Firstly, the numerical results matched reasonably well with the experimental results
for the periods in which slamming occurred, both at 9 s and 10 s, and were close to the
wave period.

Secondly, slam pressure at point K1 increased sharply and rapidly to a maximum
value, followed by a slight drop; subsequently, a second peak occurred with a relatively
slow increase and decrease. This is because the velocity and height of the waves reached a
maximum at the first wave slamming. During the platform advance, the waves did not
dissipate quickly after the slamming and rapidly stacked and piled up at the K1 point,
constructing a second wave peak for the second slamming pressure.

Thirdly, in the case of all five slamming loads, the pressure peaks reflect strong
randomness, and the average values of the peaks are taken for comparison. The maximum
values of 262.92 kPa and 229.93 kPa from the CFD calculations and the maximum values of
269.24 kPa and 231.32 kPa from the experimental measurements differ by approximately
2.4% and 0.6%, respectively, which is a tiny error.

In all cases, the pressure period, peak, and trends given by the presented numerical
model correlate well with the experimental values. This is an excellent value that the nu-
merical simulation grid setup and the choice of solver and turbulence model can accurately
simulate the wave-slamming phenomenon on the semi-submersible ocean platform.

5.2. Motion in the Basin Test

Figure 14a presents the relationship between motion responses and wave period for
the semi-platform models when the wave height is 15 m. A tendency can be seen that the
amplitudes of the surge, heave, roll, heave, and sway all increase with the wave period.
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In contrast, the amplitude values of yaw are slightly reduced. From wave period 9–13 s,
the rise of the wave period is 44%, while the increase in longitudinal rocking and sinking
motion is about three times the initial period. The heave and pitch of the platform are
sensitive to changes in the wave period, which can be explained by the fact that this
semi-submersible platform model has a small water plane at a draft of 15.5 m when the
projected area of the water plane is the cross-sectional area of the four columns, a fixed
change in displacement results in a higher heave amplitude. Furthermore, as the wave
period increases, the time interval available for the platform to move between crests and
troughs increases, thus producing a more excellent pitch and heave motion. This indicates
that the change of wave period is susceptible to the pitch and heave motion of the platform.
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Figure 14. The maximum amplitude of the six-degree-of-freedom motion of the platform in the basin
test under regular wave conditions. (a) β = 180◦, T = 9–13 s, and H = 15 m; (b) β = 180◦, T = 12 s, and
H = 10~25 m.

Figure 14b reveals the varies in motion response against the wave height for the four
models as the wave period is 12 s, respectively. The final results indicate that the surge,
pitch, and heave demonstrate a relatively linear increase as the wave height increases, while
the roll, sway, and yaw remain at a lower level with small amplitude oscillations. The surge
and heave increase rapidly and reach their maximum value at a wave height of 25 m, while
the motions are 12.55◦ and 13.838 m. The pitch has a slightly lower amplitude but still
maintains an increasing trend; therefore, it is evident that greater wave heights lead to an
increase in motion response and that the platform’s heave, pitch, and surge motion are
sensitive to changes in wave height.

Figure 15a shows the angle between the incident wave and the semi-submersible
platform. As can be observed in Figure 15b, there is no doubt that the sway motion of
the platform increases significantly as the incident wave angle widens. The amplitudes of
the surge, heave, and pitch all decrease with the incident wave angle, with a reduction of
40–60%. Among them, the degree of change of pitch motion is the most obvious. This is
mainly because the front end of the lower floating body of the semi-submersible platform
has a more rounded shape and a larger contact area with the waves, which can produce
a more significant recovery moment. In contrast, the rear end is sharper and creates a
smaller recovery distance than the front end. Therefore, when the waves slam the front
and rear ends of the floating body asymmetrically, the recovery force distance will change
significantly, resulting in a sharp change from positive to negative values of the longitudinal
rocking motion angle.
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slowly over a few seconds while there are pressure oscillations, similar to the expression 
documented by Santo et al. [28] that refers to wave-slamming characterized by a single 
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Figure 16b shows the time history of slamming pressure at C1–C9 and A6 and A17. 
The ‘double-peak’ phenomenon can be observed distinctly at the middle of the column 
(C6–C7), and two pressure peaks at approximately 100 kPa. At the top of the column (C8–
A6), the pressure oscillation becomes more prominent, and a maximum negative pressure 
of 21 kPa is observed. This is because the top of the column is higher than the sea surface, 
and the water quality point drops rapidly after the wave slams at Point A6. The air is not 
replenished in time, resulting in a momentary vacuum in the area, which leads to the 

Figure 15. (a) Top view of platform affected by waves. (b) The maximum amplitude of the six-degree-
of-freedom motion of the platform in the basin test under regular wave conditions, β = 180◦, 225◦

and 270◦, T = 9 s, and H = 15 m.

5.3. Slamming Pressure on the Column

The regular wave directly impacts the front column of the semi-submersible platform.
As shown in Figure 16, the wave interacts with the surface of the column producing a
pressure change that coincides with the wave period T = 9 s. This pressure change can be
divided into two stages: first, the pressure increases rapidly from 0 kPa to over 250 kPa
within 0.5 s with a strong nonlinearity; then, the pressure value decreases slowly over a
few seconds while there are pressure oscillations, similar to the expression documented
by Santo et al. [28] that refers to wave-slamming characterized by a single pressure peak
followed by a structural vibration. After the first peak, the pressure decreases; however, the
duration of the load action increases, which can be attributed to the air cushion between
the liquid and the wall, thus increasing the duration of the pressure.
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Figure 16. (a) Time history of slamming pressure at C1–C9 and A6 and A17 in four periods. (b) Time
history of slamming pressure at C1–C9 and A6 and A17 in one periods.

Figure 16b shows the time history of slamming pressure at C1–C9 and A6 and A17.
The ‘double-peak’ phenomenon can be observed distinctly at the middle of the column
(C6–C7), and two pressure peaks at approximately 100 kPa. At the top of the column
(C8–A6), the pressure oscillation becomes more prominent, and a maximum negative
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pressure of 21 kPa is observed. This is because the top of the column is higher than the sea
surface, and the water quality point drops rapidly after the wave slams at Point A6. The air
is not replenished in time, resulting in a momentary vacuum in the area, which leads to the
negative pressure phenomenon. By averaging the pressure peaks over the four periods,
it can be observed from Figure 15b that the peak of slam pressure tends to decrease as
the height rises. Still, there is an inflection point at point C8, where the pressure increases
significantly. Finally, the top-of-column slamming pressure at Point A6 is 128.4 kPa, 76.3%
higher than the slamming pressure at point C8.

To verify the abnormal increase in slamming pressure on the top of the column.
Figure 17 shows the distribution of slamming pressure on the surface of the column (a–c)
and the platform motion (d). During the initial movement phase, the wave slams the
column and creates a region of higher pressure under the column. As the wave crest
continued to move forward, the waves stacked rapidly at the front of the column and
crashed into the platform column a second time as a surge. As a result, this region moves
upward and expands in size. Finally, at T = 8.105 s, the free liquid surface slams the top
of the column (the junction of the column and the bottom of the deck): the pitch angle
increases the strength of the wave slamming. As a result, the pressure at the top of the
column is higher. Figure 18 shows the movement of the platform in the test, which is
mutually verified with the numerical results.
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of-freedom moving platform, with a maximum difference of 65 KPA. Therefore, the peak 
slam pressure of the upper part of the column of the six-degree-of-freedom moving 
platform is more significant than that of the fixed platform. This suggests that the 
movement of the platform on wave slamming must be addressed. Therefore, slamming 
loads must be considered more comprehensively when the platform is working 
(anchored) or the movement is restricted (towed). 
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Because of the non-negligible wave slamming at the top of the column, 22 
measurement points, i.e., A1–A22, were placed at the top of the column, as shown in 
Figures 20 and 21. In the horizontal direction, the peak pressure exhibits an inverted U-
shaped distribution with a maximum value of 150.3 kPa at Point A5. It presents a similar 
inverted-U-shaped distribution, from A12 to A22, 1 m below the top edge of the column, 
with a slightly lower peak pressure than that in A1–A11.  

Figure 18. Experiment measurement of front and rear end column wave slamming column. (a) the
wave slammed the front column. (b) the wave slammed the rear end column.

The wave slam pressure distribution on the surface measurement points at different
height positions with the column in six degrees of freedom of movement and fixation are
shown in Figure 19. The platform was fixed in a numerical pool to investigate the effect of
platform motion on the column slam pressure. The maximum value of the slam pressure at
the lowest end of the platform is significantly higher than that of the fixed platform, with a
difference of 30 KPA at the maximum value when the platform can be fully moved. This
is caused by the six degrees of freedom motion of the platform. However, as the height
increases, the peak slam pressure at the upper part of the fixed platform column starts to
increase and exceeds the peak slam pressure of the six-degree-of-freedom moving platform,
with a maximum difference of 65 KPA. Therefore, the peak slam pressure of the upper part
of the column of the six-degree-of-freedom moving platform is more significant than that
of the fixed platform. This suggests that the movement of the platform on wave slamming
must be addressed. Therefore, slamming loads must be considered more comprehensively
when the platform is working (anchored) or the movement is restricted (towed).
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Figure 19. Wave slam pressure distribution on the surface measurement points at different height
positions with the column in six degrees of freedom of movement and fixation.

Because of the non-negligible wave slamming at the top of the column, 22 measurement
points, i.e., A1–A22, were placed at the top of the column, as shown in Figures 20 and 21.
In the horizontal direction, the peak pressure exhibits an inverted U-shaped distribution
with a maximum value of 150.3 kPa at Point A5. It presents a similar inverted-U-shaped
distribution, from A12 to A22, 1 m below the top edge of the column, with a slightly lower
peak pressure than that in A1–A11.
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The troughs are all negative, which is even greater near the platform’s center of 
gravity, and the trough is −34.15 kPa at Point A1. This is because the liquid gets mixed 
with gas, and the column is impacted; the cavity acts as a buffer during the impact and 
generates a negative pressure when the liquid is detached from the structure’s surface. 
Figure 22 shows the Horizontal distribution and stress cloud diagram of the peak value 
of slamming pressure at the top of the column. 
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Figure 21. (a) The spatial distribution of pressure peaks and valleys at Points A1–A11. (b) The spatial
distribution of pressure peaks and valleys at Points A12–A22.

The troughs are all negative, which is even greater near the platform’s center of gravity,
and the trough is −34.15 kPa at Point A1. This is because the liquid gets mixed with gas,
and the column is impacted; the cavity acts as a buffer during the impact and generates
a negative pressure when the liquid is detached from the structure’s surface. Figure 22
shows the Horizontal distribution and stress cloud diagram of the peak value of slamming
pressure at the top of the column.
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In DNV-RP-C205, the slamming pressure can be calculated as follows:

p =
1
2

ρCsV2 (20)

Cs is the slamming pressure coefficient, which is usually determined according to
experience or test. For this model, Cs = 5.15. V is the relative velocity of the structure
surface to the water quality point. According to the average value of velocity in five wave
periods calculated when T = 10 s and H = 15 m, the maximum value of percussion load
is calculated to be 247.31 kPa. Compared with 229.93 kPa calculated by CFD, the error is
about 7.03%, which is within the acceptable range.

In the process of irregular wave slamming the platform, most of the slam-pressure
readings are clustered between 0 and 100 kPa within 3000 s, but there are several steep
increases in peak pressure up to 533.14 kPa, which is similar to the pulsating characteristics
of the pressure in the case of a regular wave. In the box line diagram of Figure 21b, with
Hs = 10.6 m, the whisker line above the box is the 99th percentile value, and 99% of the
pressure values are within 80.1 kPa, which means that 1% of the pressure distribution
is between 80.1 and 533.14 kPa. This indicates that the slamming pressure has strong
randomness, divergence, and nonlinearity.

Corresponding to a significant wave height of 10.6 m, 11.6 m, 12.6 m, and 13.6 m,
the 99th percentile values were 80.11, 108.86, 109.79, and 115.16 kPa, exhibiting a slightly
increasing trend corresponding to the increase in the significant wave height. However, the
peaks did not increase with the wave height, and the peak slam pressures of 533.14 and
560.48 kPa were generated at Hs = 10.6 and 12.6 m, respectively. Because most of the
measured slam pressures were clustered within 100 kPa, the loads above 100 kPa were
defined as effective slam loads.

The number of influential slamming events was counted for 3000 s, and it was found
that most of them occurred at β = 180◦, as evident from Figure 23c, which indicates that
the slamming load is sensitive to change in the wave direction. Congruently, it was also
observed that the change in wave height significantly influences the number of influential
slamming events when β = 180◦. Over 10,000 effective slamming events were generated
at Hs = 13.6 m, whereas at Hs = 10.6 m, only a few hundred influential slamming events
were developed: an exponential reduction. This means that slamming events can also be
significantly reduced when column-stabilized semi-submersible platforms are in operation,
as long as the wave height can be decreased slightly or the platform can adjust its angle
regarding the wave direction.

The uncertainty in this test includes the uncertainty of the instrument and the uncer-
tainty of the reproduction of environmental conditions. Type A uncertainty analysis was
carried out on the percussion load measured at point K1. The pressure output results in the
test with an average peak value of 5749 Pa were selected when T = 0.9 s and H = 0.15 m.
The Bessel method was used to evaluate the Type A uncertainty.

X =
1
n

n

∑
i=1

xi (21)

s(x)2 =
∑n

i=1
(

xi − X
)2

n− 1
(22)

uA =
s(x)2

X
= 17.29 Pa (23)

Type B uncertainty mainly comes from the pressure sensor. The error range of the
C200 series pressure sensor is ±0.25%. The result of Class B uncertainty is

uB = F× 0.0025√
3

= 8.30 Pa (24)
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Then the resultant uncertainty result is

u =
√

uA
2 + uB2 = 19.18 Pa (25)

Therefore, the uncertainty of the measured pressure is 3.3‰ ± 2 Pa of the measured
value, which meets the test requirements.
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(c) Number of pressures above 100 kPa recorded at point K1 on the front column at β = 180◦, 225◦, and
270◦. Figure 23a shows the variation of slamming pressure at K1 with time for β = 180◦, Hs = 10.6 m,
and Tp = 13.5 s. Figure 23b shows the variation of slamming pressure with significant wave height
for β = 180◦ and Tp = 13.5 s. Figure 23c shows the variation of slamming number with wave height
and incidence angle.

6. Conclusions

This study established a model of a semi-submersible platform and mooring system
using the CFD method. The sensitivity of platform motion response and slamming pressure
on the column to waves was systematically investigated. The distribution of slamming
pressure on the column surface was obtained, and the influence of platform motion on
column slamming was discussed. The numerical model accuracy was verified through
basin tests. Specific results are as follows:

1. Pitch and heave of the platform appear to be very sensitive to changes in wave period
and height, with the pitch improving at an incidence angle of 270◦.

2. The column’s upper, middle, and lower parts are subjected to different slam loads.
The slam load at the bottom of the column has a sharp rising section and a slowly
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fluctuating falling section; the middle of the column has a prominent ‘double-peak’
effect; the upper end of the column has a more obvious pressure oscillation effect,
and a negative pressure is generated after the peak pressure. On the surface of the
column, as the heave height rises, the slamming load shows an inverted-U shape that
first decreases and then increases.

3. Compared to the fixed platforms, the columns of the anchored platforms show a
tendency to have higher slamming loads at the bottom and lower slamming loads at
the top.

4. At the top of the column, the maximum slam load occurs closer to the platform’s
center of gravity, while at the edge of the column, it decreases sharply.

5. There is a robust nonlinear characteristic of the slamming load where the 99th per-
centile value increases with the wave height; however, there is no clear link between
the peak and significant wave height.

6. The influential slamming events occur almost exclusively at β = 180◦, i.e., when the
wave direction is perpendicular to the column, indicating that the angle of the incident
wave has a significant effect on the slam-load amplitude.

Overall, this study introduces a novel approach for investigating the motion response
of semi-submersibles in waves and the mechanism of wave slamming, and verified by
the basin test. The findings offer valuable references for the structural design of deep-sea
floating platforms. In the next step, we can focus on the platform structure deformation
caused by slamming pressure and subsequent FSI works.
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