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a b s t r a c t

A semi-submersible offshore platform always operates under complex weather conditions, especially
wind and waves. It is vital to analyze the structural dynamic responses of the platform in short-term sea
states under the combined wind and wave loads, which touches upon three following work. Firstly, a
derived relationship between wind and waves reveals a correlation of wind velocity and significant wave
height. Then, an Improved Mixture Simulation (IMS) method is proposed to simulate the time series of
wind/waves accurately and efficiently. Thus, a wind-wave scatter diagram is expanded from the tradi-
tional wave scatter diagram. Finally, the time series of wind/wave pressures on the platform in the short-
term sea states are converted by Workbench-AQWA. The numerical results demonstrate that the pro-
posed numerical methods are validated to be applicable for wind and wave simulations in structural
analyses. The structural dynamic responses of the platform members increase with the wind and wave
strength. In the up-wind and wave state, the stresses on the deck, the connections between deck and
columns, and the connection between columns and pontoons are relatively larger under the vertical
bending moment. These numerical methods and results are wished to provide some references for
structural design and health monitoring of several offshore platforms.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Due to an inevitable trend of oil exploitation to the deep sea,
recent focus has shifted to the design and manufacturing of semi-
submersible platforms. The structural members of an offshore
platform should resist wind and wave loads in the deep sea. A
survey on offshore platforms states that damages to these major
components would pose high risk on structural safety under the
combined actions of wind and wave loads (Gomathinayagam et al.,
2000). Their effects on marine structures may result directly in
structural damage or in long-term structural fatigue damage (Jin
et al., 2005). Hence, it is quite important to simulate the com-
bined wind and wave loads of each short-term sea state and

investigate their effects on the structural strength of the platform.
Generally, the parameters of wind/wave simulation are taken

from a scatter diagram (Cui et al., 2010). Whereas for a tradition
wave scatter diagram, environmental conditions are the wave-only
cases, which contains two variables: Significant Wave Height
(SWH) and Wave Period (WP) (Yeter et al., 2015). However, in the
combined wind and wave cases of the present study, the parame-
ters of the wind and wave simulations are incremented to three
variables: the Average Wind Speed of the fluctuating wind (AWS),
SWH and WP. Therefore, a new wind-wave scatter diagram should
be explored and established in the present work. Two following
improvements are investigated to simulate the combined wind and
wave loads in the short-term sea states, which are taken from the
new wind-wave scatter diagram.

Several researches are currently being conducted regarding the
combined relationship between wind and waves. Wind is the main
energy resource for generating waves, which are the result of the
interaction between wind and the ocean surface (Li and Wang,
2016). Miles (1957) firstly established the quasi-laminar flow
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model for the problem of wind generating wave and part of the
predicted results have been verified by experiments. Based on the
idea of the quasi-laminar flow, Godin (2004), Duin and Janssen
(1992), Zavadsky and Shemer (2012), Yang et al. (2013), Young
and Wolfe (2014), Chou et al. (2015) and Lin et al. (2008) devel-
oped a series of models including viscous, turbulent and nonlinear
effects models. Hristov et al. (2003) presented an analysis of wind
velocities and ocean surface elevations using a linear filter algo-
rithm, while Liberzon and Shemer (2011) provided a set of
comprehensive experimental data that can be quantitatively
compared with theoretical models. The first-order equations of the
Stokes model are derived by Xu and Li (2009) and the numerical
results are in accordance with the classical results. In light of a
series of above-mentioned quasi-laminar flow model, this paper
develops an energy transferring relationship of wind and Stokes
waves to depict a relationship of wind velocity and significant wave
height.

In order to simulate the time series of wind and waves, nu-
merical methods are required. Some traditional methods are the
Weighted Amplitude Wave Superposition (WAWS) and Auto-
Regression (AR) methods. Hereinto, the AR method has high effi-
ciency and low accuracy which are seriously affected by the
simulation parameters (e.g. p and time step) (Zhang et al., 2011).
However, on the contrary, the WAWS method has low efficiency
which is mainly resulted from the Cholesky decomposition of cross
power spectral matrix. Therefore, one solution is to combine
different simulation techniques. Jensen et al. (2008) developed an
efficient reliability-based optimization scheme of an ARMA model
for oceanwaves. The joint applications between theWAWSmethod
and the Fast Fourier Transform (FFT) or the wavelet methods
significantly improved the computation efficiency in both time and
memory consumption with less accuracy lost (Zhou et al., 2004;
Tong et al., 2012). Ma et al. (2017) proposed a MS method, which
integrated the AR and WAWS method by the wavelet method and
the Hanning windows. It can effectively reduce the computing
amount of Cholesky decomposition and is demonstrated to be an
accurate and efficient method. Kareem and Chen (2005) and Sun
et al. (2011) find that the Proper Orthogonal Decomposition
(POD) method can compress the size of cross power spectral matrix
to improve the efficiency of the WAWS method. Inspired by the
POD/WAWS method and MS method in our previous study, an
Improved MS (IMS) method is proposed in this paper to simulate
the random field of wind/wave with better accuracy and efficiency.

This paper is organized as follows: The numerical platform
model and the detailed parameters are presented in Section 2. The
methods for the combined wind and wave simulations are pre-
sented in Section 3. Themethod for the structural dynamic analyses
is provided in Section 4. Several numerical examples and the ob-
tained results are discussed in Section 5 while the conclusions are
drawn in the final section.

2. A semi-submersible platform model

The present objective is a 6th generation semi-submersible
offshore platform which represents the advanced level in the
world. Its main structural components include pontoons, columns,
deck and derrick. The geometry dimensions and other parameters
of this platform in survival conditions (Zhu and Ou, 2011) are listed
in Tables 1 and 2.

With the aid of ANSYS Parametric Design Language (APDL), the
finite element model of the semi-submersible platform is estab-
lishedwith the finite elements (i.e. SHELL181 and BEAM188), which
is shown in Fig. 1. In view of the computer performance with Intel

Xeon E3-1220 v3& 3.1 GHz and a 32-gigabytememory, the amount
of the finite element mesh is 300000 in the numerical simulations.
The main structural components select the high-strength steel,
whose allowable stress is 284MPa. The connections between two
main structural components adopt the ultra-high-strength steel,
whose allowable stress is 440MPa.

3. Wind and wave simulations

The combined fluctuating wind and waves are investigated in
this section, which includes three subsections: Firstly, a combined
relationship between the fluctuating wind and Stokes waves is
explored based on themechanism of wind generating waves; Then,
a new simulation method is provided for converting wind/wave
Power Spectral Density (PSD) into the time series of wind/waves.
Based on the first two work, the traditional wave scatter diagram
can be expanded into a wind-wave scatter diagram, which is uti-
lized to conduct the structural dynamic analyses under the com-
bined wind and waves. Lastly, the calculating method is presented
for transforming the time series of wind/waves into the time series
of wind/wave load.

3.1. A combined relationship of wind and waves

A combined relationship between wind and waves is

Table 1
Overall size parameters of the semi-submersible platform.

Members Dimensions (length�width� height)/m

Pontoon 114.07� 20.12� 8.54
Column 17.39� 17.39� 21.46
Deck 74.42� 74.42� 8.6
The lower of derrick 17� 17� 42
The upper of derrick (wedge) 17� 17� 22

Table 2
Other parameters in survival conditions.

Draft/m 16.0

Air gap/m 14.0
The height of the center of gravity from the surface/m 8.8
Displacement/ton 48206.8

Fig. 1. The finite element model of the semi-submersible offshore platform.
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investigated in this part. On the basis of the quasi-laminar model,
the nonlinear Stokes wave equations and the parallel flow insta-
bility theory (Zavadsky and Shemer, 2012; Young and Wolfe, 2014),
a quasi-nonlinear energy transferring coefficient, a new parameter,
is introduced to depict an energy transferring relationship between
wind and waves. Thus, the relationship of wind velocity and wave
height can be explored to establish a wind-wave scatter diagram.
The detailed derivation processes of the pressure over wave surface
and the energy transferring equations are provided as follows.

Seen from Fig. 2, provided that irregular water waves are mostly
disturbed by winds in accordance with a logarithm profile, the
governing equations are written as,
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where û and ŵ are respectively x- and y-direction disturbed ve-
locities, �u is x-direction mean velocity, j is the order of the Stokes
waves, r1 is air density.

Introducing the streaming functionsJ ¼Pn
i¼1JðiÞ (J(i)¼J(i)(z)

eik(x-ĉt)j) and P(i)¼ p(i)(z)eik(x-ĉt)j (Karadeniz, 2013), Eq. (1) is
described as follows,
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Then, taking partial z and eliminating the pressure term, Eq. (3)
is derived as,
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A set of coordinates transforming formulas (Xu and Li, 2009) is
provided as,
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where ~U is the modified airflow friction velocity. Thus, Eqs. (2) and
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Introducing two parameters a and b related to the streaming
functions, wind pressures acting on the Stokes wave surfaces is
assumed as,

pj ¼ r1
~U
2
jkhjðaþ ibÞ (7)

In fact, the pressure components perpendicular to the wave
front have contributed to the energy in each order. Therefore, b is
the only energy transferring coefficient, whose discrete solutions
can be solved by the self-complied MATLAB (Nedik, Massachusetts,
USA) programs (Conte and Miles, 1957). The energy in each order
transferring from the airflow in a unit time to the wave in a unit
area is derived as,
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�
pj
� vhj
vt

¼ 1
2
br1
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2ðjkÞ2cA2
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Then, a relationship between the wave power spectral density
(PSD) and the above-mentioned transferring energy is established
as,

r2gSwave
�
uj
� ¼ 2p

Ej
u2
j

(9)

where r2 is water density.
Thus, the IEC (International Electrotechnical Commission) Kai-

mal spectral equation is selected as the wind PSD model in this
subsection as follows,

Sðf Þ ¼ 4LV0c
2

ð1þ 6fL=V0Þ5=3
(10)

where f is the wind frequency, c is the standard deviation of ve-
locity component, L is the integral scale parameter of velocity
component, and V0 is the average wind velocity at the height of
10.0m.

Therefore, thewave PSD can be derived from Eqs. (8) and (9) and
the given wind PSD. The derived equation is given as,

SðuÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
r1

2r2g2

r
,V06

3=2,b1ð6Þ1=2,Að6Þ,g (11)

where u is the wave frequency, 6¼ wu/up is the modified fre-
quency, w is the adjusting coefficient of wave frequency, up is the
peak frequency, A(6) is the wave amplitude and g is the peak
adjusting coefficient.

Based on the above-provided PSDs of wind and waves with a
certain energy transferring relationship, the time series of wind/
wave velocity or significant wave height can be simulated by the
IMS method which is presented in Section 3.2.

3.2. An improved mixture simulation (IMS) method

The mixture simulation (MS) method proposed in our previous
study has been validated to be an accurate and efficient method.
However, each PSDmatrix corresponding to its frequency should beFig. 2. The sketch of interacted wind-wave incoming flow.
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decomposed by Cholesky decomposition. With the amount of
spatial nodes n increasing, the time cost in computation will in-
crease at a rate of n2/2. Therefore, integrating the advantages of the
MS mehtod (Ma et al., 2017) and proper orthogonal decomposition
(POD) method (Huang, 2015), an improved mixture simulation
(IMS) method is formed, which can significantly reduce the time
cost in computation with less accuracy lost. The basic idea of the
IMS method is provided as follows and in Fig. 3.

According to the basic principle of POD method, the time series
of wind/waves (Huang, 2015) can be written as,

fxðtÞg ¼ ½f�faðtÞgorfaðtÞg ¼ ½f�TfxðtÞg (12)

where x(t) is time series of wind or waves, a(t) is a matrix of time
principle coordinate, and [f] is a POD mode matrix of a covariance
matrix, that is,

½C�½f� ¼ l½f� (13)

where [C] is a covariance matrix, l is the corresponding eigen-
values, whose value and quantity determine the energy belongs to
the POD modes.

Furthermore,

½C� ¼ ½Rð0Þ� ¼
ð
½SðuÞ�du (14)

where [R] is a correlation matrix, [S(u)] is a PSD matrix.
On the basis of Eqs. (15) and (16),

ð
½SðuÞ�du ¼ l½f� (15)

Then, a PSD matrix [Sa(u)] related to a(t) can be derived as,

½SaðuÞ� ¼ ½f�T ½SðuÞ�½f� (16)

Thus, low-order PSD matrix [Ŝ(u)] is reconstructed as,

hbSðuÞi ¼ ½f�T ½SaðuÞ�½f� (17)

Moreover, here is an error evaluation criterion of POD mode
(Kareem and Chen, 2005),

errorPOD ¼

0
BBBB@1�

Pj
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li
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i¼1

li

1
CCCCA� 100% (18)

According to the MS method in our previous study (Ma et al.,
2017), the energy distribution of wind/waves in frequency
domain is distinguished by Hanning windows,

bSðuÞ ¼X
i¼1

bSwaws;iðuÞcWwaws;iðuÞ þ
X
j¼1

bSar;jðuÞcWar;jðuÞ (19)

where W
∧

waws;iðuÞ is a window of the energy concentration and
these parts of wind/wave are simulated by the WAWS method.
W
∧

ar;iðf Þ represents another window of the energy dispersion and
the wind/wave is simulated by the AR method. The following
detailed equations and simulation process related to the WAWS
and AR methods are similar to the MS method.

Moreover, a mode order p in the AR method is an important
parameter, which have a great influence on numerical efficiency
and accuracy. Here, before using the ARmethod, p is determined by
a recursive process, which is presented in the following forms,

(i) Some definitions are shown as: ap,j is a coefficient matrix and
ep is the least square error of the system, where p is the
current calculation order and j is the sequence number in the
current calculation order.

(ii) At p ¼ 1, the initial conditions are defined as

a1;1 ¼ �ðRð0ÞÞ�1*Rð1Þ (20)

e1 ¼ Rð0Þ*�I � a1;1*a1;1
�

(21)

where ()�1 represents matrix inversion, * represents matrix
multiplication, I is a unit matrix with m�m dimensions.

(iii) For p � 2, the parameters are calculated as,

ap;p ¼ �ðeðp� 1ÞÞ�1*

"
RðpÞ þ

Xp�1
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ap�1*Rðp� iÞ
#

(22)

ap;i ¼ ap�1;i þ ap�1;p�i (23)

ep ¼ ep�1*
�
I � ap;p*ap;p

�
(24)

Based on the information theory AIC (Burnham et al., 2011), once
ep decreases to a specified value, p is the proper order.

In summary, the cooperation of the IMS method and combined
relationship of wind and wave can simulate time series of wind/
wave velocity or significant wave height accurately and efficiently.
Moreover, the applicability of the IMS method will also be
demonstrated in the following numerical examples.

3.3. The converted wind and wave loads

Based on the first two subsections, the time series of wind/wave
speed in spatial nodes corresponding to the short-term sea state
can be generated by the self-complied MATLAB programs. The
present subsection aims at converting these data into the corre-
spondingwind/wave pressures on the structural surfaces. ThemainFig. 3. The flowchart of the IMS method.
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idea and procedures are provided as follows,

Step 1, the coordinates of the structural nodes are saved as *.txt
and read into the self-compiled MATLAB programs.
Step 2, the time series of wind/waves of the structural nodes are
generated by the IMS method.
Step 3, these above-mentioned data are read into Workbench-
AQWA by the SURF154 (ANSYS Inc, 2012) and converted into
the wind/wave pressures. These pressure data are saves as *.txt
and utilized to analyze the structural dynamic responses under
the combined wind and waves.

One thing is note that in order to validate the accuracy of the
present numerical results, the following validations in Section 5
also apply the Computational Fluid Dynamics (CFD) method with
ANSYS/Fluent 17.0 to extract time series of wind/wave pressure on
the structural surfaces (Lu et al., 2012). The analytical method has
been demonstrated to be applicable in this kind of numerical
simulations (Ma et al., 2017; Lu et al., 2012).

4. Structural dynamic analysis of a semi-submersible
platform

The combined wind and wave induced structural dynamic re-
sponses are calculated by the Newmark-beta approach together
with APDL solving the following structural dynamic equation (Ma
et al., 2017; ANSYS Inc, 2012),

½M�f€xg þ ½C�f _xg þ ½K�fxg ¼ ½F� (25)

where [M], [C] and [K] are respectively structural mass, damping
and stiffness matrices, {€x}, { _x} and {x} respectively acceleration,
velocity and displacement vectors of structural dynamic response.
[F] is the time series of wind and wave loads.

In addition, the damping matrix [C] is determined by the
following equations:

½C� ¼ a½M� þ b½K� (26)

xi ¼
a

2ui
þ bui

2
(27)

where, a and b are the constants in Rayleigh damping which are
calculated by the damping ratio in each mode shape xi which is
assumed as a constant over a range of frequencies. ui is the struc-
tural frequency in each mode shape.

Referring to the book document (Xie, 2013), the boundary
conditions are set in Fig. 4 and as follows: Four non-coplanar nodes
are selected on the deck, which are node 2561, 2637, 3010 and 3110.

All the x-, y- and z-displacement of these four nodes are restricted
to limit the rigid displacement.

5. Numerical examples

A series of numerical examples are conducted in the section,
which are divided into four types of simulations: validation of the
IMS method, validation of the wind-wave scatter diagram (i.e. the
relation of the fluctuating wind and waves), validation of the con-
verted wind/wave load, and the structural dynamic response ana-
lyses of the platform in all the short-term sea states of the wind-
wave scatter diagram. Thereinto, the first three subsections can
be bound into the research of wind and wave simulations.

5.1. Validation of the IMS method

Numerical simulations of the fluctuating wind speed are carried
out to demonstrate the accuracy and efficiency of the IMS method.
All the computing processes are realized by the self-complied
MATLAB programs in a computer with Intel Xeon E3-1220 v3 &
3.1 GHz and a 32-gigabyte memory.

5.1.1. Validation for the accuracy of the IMS method
The time series of wind velocity of a single spatial point (0, 0,

5m) is simulated by the IMS, MS, WAWS and AR methods respec-
tively. According to our previous study, the initial condition is set
as: the average wind velocity V0¼ 31.654m/s, the number of the
sampling points n¼ 1200, time stepDt¼ 0.1s. The error assessed by
the comparison between the energy of the simulated and target
PSD obtained by Fast Fourier Transformation (FFT) is used to
determine the best simulation method.

Firstly, the proper p of the ARmethod can be determined by Eqs.
(22)e(26). Observing the recursive results of p in Fig. 5, as a
consequence, AIC reaches the minimum value of 0.2228 at p¼ 5,
which is the proper value here.

Then, the proper POD mode needs to be determined by Eqs.
(14)e(21). The errors of different PSD modes are plotted in Fig. 6.
Obviously, all the computing errors are decreasing exponentially
and the exponential decay rate is much larger while the POD mode
is less than 40. Furthermore, while the POD mode is 40, the
maximum error is less than 10% and the error by Eq. (21) is 1.94%.
Therefore, 40 is the proper value of the PODmode and applicable in
the IMS method.

Fig. 4. The boundary conditions in structural dynamic response analyses. Fig. 5. The recursive results of p in AR method.
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In final, the comparisons between the simulated and target re-
sults in frequency domain by the IMS, MS, WAWS and AR methods
are plotted in Fig. 7. The black and red curves are respectively the
simulated and target results. As seen from Fig. 7, the simulated
results by the IMS and MS method are more accurate and closer to
the target results, especially in lower and higher frequency regions.
Table 3 gives the further numerical accuracy comparisons of the
IMS,MS,WAWS and ARmethods. Obviously, similar to the provided
results in Fig. 6, the errors of the IMS and MS method are much

Fig. 6. The simulated errors of different POD modes.

Fig. 7. The comparisons of the simulated and target results by different numerical
methods: (a) the IMS method; (b) the MS method; (c) the AR method; (d) the WAWS
method.

Table 3
The comparison of numerical accuracy between the simulated PSD and target PSD.

IMS method MS method WAWS method AR method

Theoretical energy 12.6923 12.6923 12.6923 12.6923
Simulating energy 11.8343 12.4930 13.6073 14.2073
Error 6.76 6.45 7.21% 11.94%

Table 4
The comparison of numerical accuracy and efficiency by different numerical
methods.

Measuring node number Method Error Time cost

36 IMS method 7.79% 196 s
MS method 7.24% 357 s
AR method 22.96% 75 s
WAWS method 8.24% 27465 s

108 IMS method 7.85% 4426s
MS method 7.26% 7378 s
AR method 32.85% 489 s
WAWS method 11.4% 647836 s

In summary, the IMS method is an efficient and accurate method integrating the
advantages of the MS and POD methods.

Fig. 8. The combined relationship of wind and waves.

Fig. 9. The comparisons between the field monitoring results and numerical results.
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lower than the others under the same initial conditions. Although
the error of the IMS method is a little higher than that of the MS
method (i.e. 6.76% versus 6.45%), the computing time reduces by
55% and the consumption of computer's memory reduces by about
30%. Therefore, the IMS method is an accurate numerical method.

5.1.2. Validation for the efficiency of the IMS method
Structural dynamic response analysis acquires the time series of

wind or waves of numerous spatial nodes rather than one single
node. The efficiency of the IMS method becomes one important
consideration in the numerical cases. As is shown in Fig. 4, 36 and
108 nodes in the inlet boundary of CFD wind tunnel are selected as
themeasuring nodes. Similarly, time series of wind velocity at these
measuring nodes are simulated by the IMS, MS, WAWS and AR

methods respectively.
Table 4 gives the statistical results of the computing accuracy

and time cost by the above-mentioned numerical methods. It is
obviously found that the increasing number of the measuring
nodes raises the difficulty of computing accuracy and efficiency.
The time cost of AR method is much shorter but its accuracy is the
most unsteady which ranges from 22.96% to 32.85%. The accuracies
of the IMS, MS and WAWS methods are relatively steady, but the
time cost of the IMS method is the smallest among these three
accurate numerical methods. Compared to the MS method, the
decreases in time and computer’ memory consumption by the IMS
method are 50e60% and about 30%. Therefore, it is concluded that
the IMS method is an efficient numerical method compared to the
other three numerical methods.

Table 5
A wind-wave scatter diagram.

Wind velocity/(m/s) Wave height/m Wave period/s

3 4 5 6 7 8 9

5.3 0.5 2.76 5.5 3 0.63 0.11 0 0
6.8 1 1.23 7.44 4.04 2.78 0.82 0 0
8 1.5 0.04 8.87 5.54 2.73 1.43 0.13 0
9 2 0 0.95 13.2 2.41 1.09 0.2 0
9.9 2.5 0 0 10.39 2.82 1.03 0.12 0
11 3 0 0 1.15 8.67 0.52 0.16 0.09
11.5 3.5 0 0 0.01 5.31 0.54 0.17 0
12.5 4 0 0 0 1.35 1.21 0.25 0
13.2 4.5 0 0 0 0 0.6 0.11 0
13.7 5 0 0 0 0 0.11 0.09 0
15 6 0 0 0 0 0.11 0.11 0

Fig. 10. The wind pressure comparisons at the 60m height of the present results and the CFD method: (a) SS1, (b) SS2, (c) SS3, (d) SS4.
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5.2. Validation for a wind-wave scatter diagram

Based on Eqs. (12) and (13) and the IMS method, the combined
relationship of wind andwaves (i.e. wind velocity and wave height)
is simulated as is depicted in Fig. 8. The scatter diagram is the
numerical results and the red line is a fitting curve based on the
numerical results in the present study. The black dotted line rep-
resents the results provided in Kühn (2003)‘s work. There lies in an
exponential relationship between wind velocity and significant
wave height, whose results are relatively in agreement with Kühn
(2003)‘s work. The numerical results conform to the following
fitting equation,

Hs ¼ 0:27355� 0:21802vþ 0:05538v2 � 0:00121v3

þ 0:0000155239v4 (28)

where Hs is the significant wave height and v is the wind velocity.
The significant wave height corresponding to the average wind

speed in different working condition is calculated by Eq. (30).
Compared to field monitoring results (Chakrabarti, 2005), the
contrasts further demonstrate the applicability of the relation of
wind and waves. Fig. 9 depicts the error of the significant wave
height corresponding to the average wind speed. It is observed that
most relative errors are in 10%, except that the average wind speed
is 1.5, 7 and 9m/s. Therefore, the relation of wind and waves in the
present study can be utilized to build a wind-wave scatter diagram.

Thus, in the South China Sea, a new wind-wave scatter diagram
(wind velocity, wave height, wave period), is completed in Table 5,
which is applied in the following structural dynamic analyses.
Except the data in 1st and 2nd columns and rows of Table 5, the
others are the occurring probability of one sea state, whose unit is
%.

5.3. The converted wind and wave loads

The intention in the subsection is to calculate the time series the
wind and wave loads by Workbench-AQWA and further validate
the applicability of the converted wind and wave loads based on
Eqs. (12) and (13). Firstly, the comparisons between the present
method (i.e. Workkbench-AQWA) and the CFD method demon-
strate that the present method is accurate and applicable to
simulate wind/wave loads. Then, the comparisons of two groups of
wind and wave PSDs validate that the present wind/wave PSD can
be converted into the accurate wind/wave loads. In addition, four

Fig. 11. The error statistics of the wind pressure comparisons at the 60m height.

Fig. 12. The wave pressure comparisons on the deck of the present results and the CFD method: (a) SS1, (b) SS2, (c) SS3, (d) SS4.
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short-term states are defined as SS1 (11m/s, 3m, 6s), SS2 (11.5m/s,
3.5m, 8s)、SS3 (15m/s, 6m, 7s) and SS4 (24m/s,15.5m,14.1s). SS1,
SS2 and SS3 are taken from the wind-wave scatter diagram in
Table 5. SS4 is originated from the rough sea state.

5.3.1. The comparisons of two converting methods
Fig. 10 shows the time-history curves of the wind pressures at

the 60m height by Workbench-AQWA and the CFD method. The
black dotted line is the present results by Workbench-AQWA and
the red solid line is the numerical results by the CFD method. Seen
from Fig. 10(a)e(d), two curves are relatively close. The peak/valley
values of two curves roughly appears at the same time step and
their differences are not significant. In addition, from SS1 to SS4, the
wind and wave strength is gradually enhanced. Accordingly, the
wind pressures increase with the wind and wave strength.

Fig. 11 further investigates the numerical result errors between
the present method and the previous CFD method. It depicts the
maximum error, minimum error, average error and the proportion

of errors more than 10% under four short-term sea states (i.e. SS1,
SS2, SS3 and SS4). All the maximum errors of the four sea states are
more than 15% and especially close to 20%. However, their average
errors are less than 8% and the proportion of errors more than 10%
are 7.3%, 8.8%, 9.2% and 7.8% respectively. Therefore, the present
wind simulations are relatively accurate. In view of time cost in
numerical simulations, the present time consumption of one nu-
merical case is 50e60% of the CFD method. In the comprehensive
consideration, the present method and numerical results is appli-
cable for the next structural dynamic response analyses.

Then, Figs. 12 and 13 similarly compare the wave pressures on
the deck by the present method and the previous CFD method,
whose numerical results are respectively plotted by the black
dotted line and the red solid line in Fig. 12. In the same way,
Fig. 12(a)e(d) shows the wind pressure comparisons of two
methods under SS1, SS2, SS3 and SS4. Two curves are quite close
and the peak/valley values also have little difference. Fig. 13 gives
the numerical result errors of two methods as well. The maximum
errors of these four sea states are more than 10% and range from
13% to 18%. However, all the average errors are less than 8% and the
proportion of errors more than 10% are less than 10%. In consider-
ation of time cost in computation, the present study is applicable in
wave simulations.

In summary, the present method and results for wind and wave
simulations can better balance the accuracy and efficiency in en-
gineering practice and research.

5.3.2. The comparisons of different wind and wave PSDs
In order to validate the accuracy of the converted wind and

wave loads based on Eqs. (12) and (13), JONSWAP and NPD are

Fig. 13. The error statistics of the wave pressure comparisons on the deck.

Fig. 14. The wind pressure comparisons at the 60m height of the IEC Kaimal and NPD wind PSDs: (a) SS1, (b) SS2, (c) SS3, (d) SS4.
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selected as the testedwind andwave PSDs. The numerical results of
two groups of wind and wave PSDs are compared under the same
simulation condition in this subsection.

Fig. 14 provides the time-history curves of the wind pressures at
the 60m height of IEC Kaimal and NPD PSDs, which are plotted by
the black dotted line and red solid line. In the four subgraphs, these
curves of four short-term sea states are relatively close. The peak/
valley values of two curves roughly appears at the same time step
and their differences are not significant intuitively. Through the in-
depth error statistics in Fig. 15, all the maximum, minimum and
average errors of two PSDs are less than 10% and the average errors
range from 5% to 7%.

Similarly, Figs. 16 and 17 depict the comparisons of the derived
wave PSD and JONSWAP PSD. Fig. 16 presents the time series of the
wave pressures on the deck of these two wave PSDs in four short-
term sea states, which are also plotted by the black dotted and red
solid lines. On the same simulation conditions, the curves of two
wave PSDs are approaching and the differences are not significant.
In the same vein, Fig. 16 further analyses the differences of two

wave PSDs, which shows that all the maximum. Minimum and
average errors are less than 10% and the average errors range from
6% to 8%.

Therefore, the comparisons demonstrate that the derived wave
PSD and IEC Kaimal wind PSD can simulate the accurate wind and
wave pressures on the structural surfaces.

5.4. Structural dynamic response analyses

In the subsection, the structural dynamic responses of the
platform are analyzed under all the short-term sea states of the
wind-wave scatter diagram in Table 5. Thewind andwave direction
in the present study is the up-wind and wave state. One thing is to
note that the short-term sea states that may happen are only
considered; this is, the occurring possibility of the sea state is more
than 0.

Generally, in the up-wind and wave state, the stresses and de-
formations on the deck, columns and pontoons are relatively larger
under the vertical bending moment. According to the data calcu-
lations and statistics, the stress and deformation are the largest
under the sea state SS3. In view that the whole platform model has
a larger volume, Fig. 18 respectively shows the stress contours of
the platform and the derrick under the sea state SS3. The stresses
and deformations on the deck, the connections of deck and col-
umns and the connections of columns and pontoons are relatively
largest. Their maximum stresses are 231MPa, 156MPa and
134MPa, which are in accordance with Theoretical prediction and
less than the allowable stresses of the high-strength steel and ultra-
high-strength steel. The stresses of the derrick are smaller, but it is
worth mentioning that the components near the deck and on the

Fig. 15. The error statistics of the wind pressure comparisons at the 60m height.

Fig. 16. The wave pressure comparisons on the deck of the present and JONSWAP wave PSDs.
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top have the higher stress. Theoretically, the stress of the derrick
under the fluctuating wind increases with the structural height on
land. The different phenomenon is result from the reasons that
wave is themain control environmental load and the stresses of the
deck are larger under the combined wind and wave loads.

Therefore, as a flexible structure, the structural strength distribu-
tion of the derrick should also be focused on.

Since the maximum stresses of the deck are the largest, the time
series of the deck stress and displacement are plotted in Figs.19 and
20. Firstly, Fig. 19 shows the comparisons of the structural dynamic
responses by two converting methods (i.e. Workbench-AQWA and
CFD). Similar to the regularity in Figs. 10 and 12, the stress- and
displacement-time curves by the present method (Workbench-
AQWA) are relatively close to those by the previous CFD method.
Further, the average errors of the stress and displacement com-
parisons are 8.24% and 7.98%. Then, Fig. 20 compares the structural
dynamic responses of two groups of wind and wave PSDs. The
curves of different wind and wave PSDs have the similar trend and
relatively smaller differences. The average errors of the stresses and
displacement comparisons are 6.27% and 6.75%. Therefore, com-
bined with the comparisons of the converted wind and wave loads
in Section 5.3, the present wind and wave PSDs and the present
converting method are accurate and applicable to analyze the
structural dynamic response of the platform under the wind and
wave loads. The separate analyses of the present results in Figs. 19
or 21, that are plotted by the black dotted line, shows that the
curves of the stress and displacement appear the periodic fluctu-
ations in [-50MPa, 250MPa] and [-0.02m, 0.02m]. The maximum
stress and displacement are respectively 231MPa and 0.0187m,
hence there is no structural damage according to the structural
requirements. In addition, the maximum stress of the horizontal
connections is 87MPa, which is also less than the allowable stresses
of the high-strength steel.

In structural dynamic response and fatigue damage in-
vestigations, attention should be fixed on the structural connec-
tions among different structural components. Thus, four types of
structural connections are defined as KL1, KL2, KL3 and KL4 from
top to bottom, which respectively represents the connections of the
derrick and the deck, the connections of the deck and the columns,
the connections of the column and the horizontal connections, the
connections of the columns and the pontoons. According to the
wind-wave scatter diagram in Table 5, Fig. 21(a)~(d) depict the
regulations of the structural connections and the wind-wave
strength. Due to the corresponding relationship of average wind
speed and significant wave height, x, y and z axis are the average
wind speed, wave period and the maximum stress of the structural
connections. Under the combined wind and wave loads, the
stresses increase with the wind-wave strength. In data analysis, the
stresses under the wind load increase more slowly than those un-
der the wave load. It is also demonstrated that wave has the greater
effect on the structural response than wind. Under SS3 and the sea

Fig. 17. The error statistics of the wave pressure comparisons on the deck.

Fig. 18. The stress contours under the sea state SS3: (a) the platform, (b) the derrick.

Fig. 19. Structural dynamic responses on the deck by different converting methods: (a) The stress-time curve, (b) the displacement-time curve.
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state (15m/s, 6m, 9s), the maximum stresses of all the structural
connections are the largest, which are less than the allowable
stresses of ultra-high-strength steel. Therefore, under the short-
term sea states often meet in the South China Sea, the platform
can operate safely in the up-wind and wave state.

Fig. 22 further presents the structural stress of the structural
components under the combined wind-wave loads and the only
wave loads. Hereinto, Fig. 22(a) provides the comparison of the
structural dynamic stress-time curves on the deck and Fig. 22(b)
compares the maximum stresses of all the platform components
(i.e. derrick, deck, columns, braces, pontoons, KL1, KL2, KL3 and
KL4). The trend of two curves in Fig. 22(a) are relatively similar.
However, it is obviously found that all the structural stresses under
the combined wind-wave loads are larger than those under the

only wave loads. The detailed data analyses in Fig. 22(b) depict that
the maximum stresses of the platform components under the only
wave loads are approximately 80%~85% of those under the com-
bined wind and wave loads. It is concluded that wave is considered
as the main controlling load and the wind effect should not be
completely ignored.

6. Conclusions

This paper conducts wind and wave simulations and then
investigate structural dynamic responses of a semi-submersible
platform under the combined actions of wind and waves by a se-
ries of techniques e an Improve Mixture Simulation (IMS) method,
a combined relationship of wind and waves, a wind-wave scatter

Fig. 20. Structural dynamic responses on the deck by different wind and wave PSDs: (a) The stress-time curve, (b) the displacement-time curve.

Fig. 21. The maximum stress variation with different wind and wave strength of different member connections: (a) KL1, (b) KL2, (c) KL3, (d) KL4.
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diagram and the time-domain structural analytical method. The
numerical results lead to the following conclusions:

(1) A combined relationship of wind and waves is to reveal a
relationship of wind velocity and wave height by investi-
gating the energy transferring relationship of wind and
waves. The numerical results agree with the Kühn (2003)‘s
work and the field test. A corresponding exponential equa-
tion fitted from the numerical data is utilized to establish a
wind-wave scatter diagram.

(2) An IMS method is develop by integrating the POD method
and the MS method. In the validation tests, compared to the
MSmethod, the decreases in time andmemory consumption
by the IMS method are respectively 50e60% and about 30%.
Moreover, both the IMS and MS methods have higher nu-
merical accuracy compared to the WAWS and AR methods.
These results can demonstrate that the IMS method is an
accurate and efficient numerical method to generate time
series of wind velocity, wave velocity or wave height.

(3) Compared to the CFD method, the wind and wave pressures
by Workbench-AQWA is relatively close to those by the CFD
method. Further, the present method can improve the time
cost in computation effectively. Therefore, the converting
method by Workbench-AQWA can better balance the nu-
merical accuracy and efficiency inwind andwave simulations.

(4) In the structural dynamic response analyses, the stresses and
deformations on the deck, the connections of deck and col-
umns and the connections of columns and pontoons are
relatively largest. The stresses of the structural components
increase with the wind-wave strength and all the maximum
stresses appears under SS3 and the sea state (15m/s, 6m, 9s),
which are less than the allowable stresses of the high-
strength steel and ultra-high-strength steel. Furthermore,
wave has the greater effect on the structural response than
wind and is the main control environmental load.
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