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The offshore structures that play a vital role in oil and gas extraction are always under complicated environmental conditions such
as the random wind loads. The structural dynamic response under the harsh wind is still an important issue for the safety and
reliable design of offshore structures. This study conducts an investigation to analyze the wind-induced structural response of a
typical offshore deck structure. An accurate and efficient mixture simulation method is developed to simulate the fluctuating wind
speed, which is then introduced as the boundary condition into numerical wind tunnel tests. Large eddy simulation (LES) is utilized
to obtain the time series of wind pressures on the structural surfaces and to determine the worst working condition. Finally, the
wind-induced structural responses are calculated byANSYS Parametric Design Language (APDL).The numerically predicted wind
pressures are found to be consistent with the existing experimental data, demonstrating the feasibility of the proposedmethods.The
wind-induced displacements have the certain periodicity and change steadily.The stresses at the top of the derrick and connections
between deck and derrick are relatively larger. These methods as well as the numerical examples are expected to provide references
for the wind-resistant design of the offshore structures.

1. Introduction

Numerous offshore structures have been constructed to
supply oil and gas all over the world in recent years. The
offshore structures are designed for resisting random wind
and wave loads. In the current design experience, the lateral
random wind load in the design of fixed offshore structures
is of order of 10% in the total lateral design loads and 25% in
the case of floating platforms [1, 2]. Many accidents involving
deck components such as a derrick and crane due to the
random wind loads have already been reported in damage
investigation [3]. However, practical estimation and assess-
ment of the fluctuating wind and wind-induced dynamic
response of the complex offshore deck structures are still
involved problems [4]. Therefore, with the development of
the oil exploitation to deep sea, it is necessary and important

to carry out the wind field analyses of offshore structures to
guarantee a reasonable safety design.

In general, the wind-induced structural responses are
numerically investigated by applying wind pressures on the
structural surfaces by the time-domain analysis method
[5, 6]. Meanwhile, the numerical simulation in the present
study could override the two-way fluid-structure interac-
tion with the wind-induced structural response with small
deformation [7]. Wind pressures on structures could be
extracted by the full-scale measurement, wind tunnel test,
and computational fluid dynamics (CFD) methods. Each
of these methods is complementary with another in view
of their own advantages and limitations [8]. The full-scale
measurement can record the firsthand data of wind pressures
on prototype structures. However, it is generally conducted
with the limitations of several objective conditions such as
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weather conditions, high cost, and site conditions [9]. Wind
tunnel test is a relatively mature and effective technique in
wind engineering on scaled models of complex structures
[10, 11]. However, there are also several limitations in wind
tunnel tests for accurate investigations of wind pressures on
structures as follows: (1) Reynolds numbers of scaled model
tests are smaller than those of prototype structures; (2) the
wind field conditions can hardly be reproduced exactly in
wind tunnel tests [10].

Owing to the rapid developments of computer power and
computational methods, CFD predictions have been widely
used to analyze the wind flows around prototype structures
in engineering practice [12]. Large eddy simulation (LES), as
one of the main CFD methods, has been widely applied in
the simulations of wind fields.With powerful CFD tools such
as LES, it is possible to conduct full-scale size simulations
of prototype structures in high Reynolds numbers flows and
provide abundant detailed data and information, such as
pressure distributions on structural surfaces [13].

It is understood that proper generation of the inlet
boundary conditions for CFD simulations, especially for LES
in computational wind engineering (CWE), is essential in
the analyses of wind pressure distributions and the dyna-
mic responses of prototype structures [14]. Therefore, the
improvement of simulating fluctuating wind speed in the
inlet boundary is provided in the present study. Combining
with the advantages of weighted amplitude wave superposi-
tion (WAWS) [15] and autoregression (AR) [16, 17] methods
with high accuracy and less time cost, respectively, a mixture
simulation (MS)method is proposed and demonstrated as an
efficient and accurate simulationmethod in the present work.

In summary, the main objective of this present study is
to conduct wind field analyses of the offshore deck structures
which are carried out by a joint application of CFD technique
and structural finite element analysis. Furthermore, time
series of wind pressures on the structural surfaces at different
wind directions and inclined angles of the platform are
extracted in CFD wind tunnel tests and then applied to
the finite element model to investigate the wind-induced
structural response.

This paper is organized as follows: the structural models
in numerical simulation and wind tunnel test are presented
in Section 2. Methods for conducting CFD predictions are
provided in Section 3. An accurate and efficient MS method
for simulating fluctuatingwind speed as boundary conditions
is proposed in Section 4. Computational procedures for the
whole wind field analyses of the offshore deck structures are
included in Section 5.The validation tests for theMS and LES
methods and numerical cases of wind field investigations are
carried out in Section 6.

2. The Model Semisubmersible Platform

The semisubmersible platform in this study is the 6th-
generation deepwater drilling platform, shown in Figure 1(a),
and possesses the function of intelligent drilling technology
attaining the advanced level all over the world. The major
structural components of this platform include derrick, deck,

Table 1: The size parameters of the semisubmersible platform.

Members Dimensions (length × width × height)/m
The lower part of derrick 17 × 17 × 42
The upper part of
derrick (wedge) 17 × 17 × 22
Deck 74.42 × 74.42 × 8.6
Column 17.39 × 17.39 × 21.46

columns, and floating bodies. The main parameters of this
platform are listed in Table 1.

The tested model in Figure 1(b) was scaled as 1 : 100 in
[18]. The full-scale CFD numerical model of this platform
in the present CFD simulations is built based on the tested
scaled model [18] and numerical full-scale model [19]. In
view of the major consideration of wind field analyses, the
offshore platform structures under the water are hidden and
the derrick is totally enclosed as shown in Figure 1(c) which is
demonstrated that the extractedwind pressures are applicable
in the wind-induced dynamic response analyses [19, 20].
However, the structural computational model of the derrick
in the following time-domain analysis is similar to a real
structure and not enclosed, as is plotted in Figure 1(d).

One thing to note is that two types of numerical models,
the CFD numerical model and the structural computational
model, are applied in this present study. The CFD numerical
model is a platformmodel used for LES simulations, which is
established by using a combination of Rhino (Robert McNeel
& Assoc, USA) and ICEM CFD (ANSYS, Inc., USA). The
structural computational model is a finite element model of
this platform for structural dynamic response analyses in
time domain, which is built by ANSYS Parametric Design
Language (APDL) (ANSYS, Inc., USA).The finite elements of
the local components are listed as follows: the derrick adopts
beam element, the deck uses shell element, and the columns
adopt solid element.

3. Numerical Simulation

In this section, together with the commercial CFD software
Fluent 14.5 (ANSYS, Inc., USA), the unsteady-state analysis
of the LES approach is used to predict the time series
of wind pressures on the surfaces of structures above the
water surface at different working conditions. Fluent 14.5
conducts LES simulations based on finite volume method
(FVM) [23]. Then, the wind-induced structural responses
are explored by the extracted wind pressures acting on the
structures using APDL and time-domain analysis method
cooperatively [24]. The detailed computational algorithms
and treatments of wind field analyses are addressed in the
following subsections.

3.1. CFD Predictions

3.1.1. LES Turbulence Model. In the present LES study, LES
separates flow motions into large and small eddies which is
calculated by using a combination of the direct simulation
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Figure 1: (a) The practical semisubmersible platform. (b) The tested model of wind tunnel tests [17]. (c) The numerical model used in CFD
wind tunnel predictions. (d) The derrick model for wind-induced analyses.

method and general model theory [25]. In view of these
studies in the LES simulations whose proposed methods are
applied for full-scale CFD numerical model under Reynolds
number greater than 108 [10], these methods are adopted
to carry out the present LES simulations under Reynolds
number of approximately 6 × 107. It is worth mentioning that
these methods, such as one-equation model, are suitable for
relatively coarse grid case and high Reynolds number flows
[26]. The accuracy and reliability of the proposed numerical
framework have been validated by the consensus between
numerical and experimental results in the previous studies
[10, 26].

The governing equations of an incompressible flow for
LES simulations [26] are expressed as

𝜕𝜌V𝑖𝜕𝑡 + 𝜕𝜌V𝑖 V𝑗𝜕𝑥𝑗 = − 𝜕
𝜕𝑥𝑖 (𝑃 +

2
3𝜌𝑘sgs)

+ 𝜕
𝜕𝑥𝑖 [2𝜌 (𝜐𝑠 + 𝜐) 𝑆𝑖𝑗] ,

𝜕V𝑖𝜕𝑥𝑖 = 0,

(1)

where V𝑖 is the large-scale wind velocity field tensor, 𝑃 the
resolved pressure, 𝑆𝑖𝑗 the resolved strain-rate tensor, 𝜌 the air
density, 𝜐 the kinematic viscosity, 𝑘sgs the subgrid scale (SGS)
kinematic energy, 𝜐𝑠 the SGS eddy viscosity, and

𝜐𝑠 = 𝐶VΔ V√𝑘sgs,

Δ V = Δ
1 + 𝐶𝑘 (Δ2𝑆2/𝑘sgs)

,

𝜕𝑘sgs
𝜕𝑡 + 𝜕V𝑗𝑘sgs𝜕𝑥𝑗 = −𝜏𝑖𝑗𝑆𝑖𝑗 − 𝐶𝜀 𝑘

3/2
sgs

Δ

+ 𝜕
𝜕𝑥𝑗 [(𝐶𝑑Δ V√𝑘sgs + 𝜐) 𝜕𝑘sgs𝜕𝑥𝑗 ]

− 2𝜐𝜕𝑘sgs𝜕𝑥𝑖
𝜕𝑘sgs
𝜕𝑥𝑗 ,

(2)

where 𝐶V, 𝐶𝑘, 𝐶𝜀, and 𝐶𝑑 are the constant [27, 28] and Δ is
the length scale of filter and can be determined according to
Huang and Li’s work [26].
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Figure 2: The meshing results: (a) Block 1; (b) Block 2.

The improved LES approach proposed by Huang and Li
[26] has been developed as a Fluent User Defined Function
(UDF) library, which has been applied in conducting LES
simulations of tall buildings and long-span complex roof
structures in the previous studies [10, 12].

3.1.2. Numerical Algorithms. In the LES predictions, all
the discrete equations are solved by the pressure implicit
with splitting of operators (PISO) method. The time and
spatial discretization are both treated by second-order dis-
crete schemes. Bounded central differencing is adopted for
momentum discretization. The LES simulations are per-
formed together with ANSYS/Fluent 14.5 and the parallel
calculations of 16 central processing units.The total time steps
are nearly 41000 with 0.05 s per time step, which are sufficient
to reach the statistical convergence for LES simulations [10,
12].

3.1.3. Computational Domain and Mesh Arrangement. The
numerical model of this offshore platform is established in
full-scale sizes, as sketched in Figure 1(c). The dimensions of
the computational domain, sketched in Figure 2, are 2600m
(𝐿𝑥)× 600m (𝐿𝑦)× 200m (𝐿𝑧) as the computational domain
is 35 (𝐿𝑥) × 8 (𝐿𝑦) × 2.5 (𝐿𝑧) [11]. The blocking rate of CFD
numerical model in the computational domain is less than
3%, which is generally acceptable in CWE [9]. According to
the multiblock technique in the previous study [12], the flow
field consists of two blocks: The small cylindrical flow field
and CFD numerical model, which are combined together by
a Boolean operation, are defined as “Block 1” in Figure 2(a),
and the remaining part (i.e., the big rectangular flow field)
is defined as “Block 2” in Figure 2(b). One thing is to note
that theCFDnumericalmodel is nested in “Block 1.” Rotating
“Block 1” the specified angle immediately can carry out LES
simulations at the specified wind direction, by which LES
simulations can be conducted at multiple wind directions
conveniently. Numerous tetrahedral grids are generated in
the neighborhood of the structural surfaces, especially in the
vicinity of the derrick, and the grid stretching ratio is kept
to be <1.05. The maximum and minimum grid lengths in the
neighborhood of the structural surfaces are 0.8m and 0.2m,
respectively. Hexahedron grids are adopted in the regions
far away from the calculating model and the grid stretching
ratio is relatively enlarged for reducing the totalmesh number
for the sake of saving time cost in computation. In view of

the computer performance, computing time, and engineering
requirements, the minimum, maximum, and mean values of𝑦+ are 2.53308, 4.89245, and 3.48798, respectively. According
to the previous study [29], although a recommended value for𝑦+ is about 1, values lower than 5 are acceptable because the
cell stays in the viscous sublayer.

The total mesh number is nearly 11 million. According
to LES theory, the mesh quantity should reach Re9/4 in
order to provide very accurate numerical results. And the
more the mesh elements in the fluid domain, the higher
the computational accuracy that will be reached. However,
it requires much more computing time cost and higher
computer performance which would be a heavy task for CFD
simulation. In order to make it feasible to reach moderate
accuracy while simultaneously satisfying the engineering
requirement (which can allow 10∼30% error for structure
safety design), the grid resolution has to be reduced. For
obtaining relative accuracies of the wind pressures, forces,
and comparing wind coefficients, we conducted a grid reso-
lution test in the following validation test and found that the
presented mesh balances time cost and numerical accuracy,
satisfying the engineering requirements.

3.1.4. Boundary Conditions. The boundary conditions are
described as the wind velocity profile in accordance with
an exponential rule, which can satisfy the Navier-Stokes
equations in LES simulations [10, 18]:

𝑉𝑧 = 𝑉0 ( 𝐻𝐻0)
𝛼 , (3)

where 𝑉𝑧 and 𝑉0 are the average wind velocities at the height
of𝐻 and𝐻0 and 𝛼 is related to geomorphologic features [22].

In unsteady-state analysis of the LES simulations, the Flu-
ent code provides a direct and convenientmethod to generate
a time-dependent turbulent fluctuating wind velocity field.
However, it is reported that the generated wind field by the
Fluent code decays rapidly in the inertial range and is not well
approximated as the marine random wind [26]. The power
spectral density (PSD) of the fluctuatingwind is fitted byNPD
(Norwegian Petroleum Directorate) spectrum in the present
study [22]:

𝑆 (𝑓) = 320 (𝑉0/10)2 (𝑧/10)0.45
(1 + 1.5𝐹)3.56 ,

𝐹 = 172𝑓( 𝑧10)
2/3 (𝑉010)

−3/4 ,
(4)
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Figure 3: The sketch of the inlet boundary of the fluctuating wind.

where 𝑆(𝑓) is the PSD function, 𝑓 the wind frequency,𝑉0 the
averagewind speed at the height of𝐻0, and 𝑧 the height above
sea level.

Given a clear explanation of the wind characteristics,
the fluctuating wind speed of the inlet boundary shown in
Figure 3 is simulated by the MS method proposed in the
following section. This new simulation method, MS method,
can generate the time series of wind velocities of a num-
ber of spatial nodes accurately and efficiently. The pressure
fluctuation on structural surfaces can be solved by importing
the inlet boundary conditions in LES simulations in the
commercial software ANSYS/Fluent 14.5. Therefore, velocity
and pressure components together satisfy the Navier-Stokes
equations.

In order to guarantee the convergence property and
efficiency in LES simulations, the fluctuating wind velocities
at each time step at the inlet are modified through the equal
total flow of the inlet and outlet on the basis of the previous
studies [20, 30]. The equation is described as

V𝑖+1 = V𝑖 − (∑
𝑛
𝑖=1 V𝑖𝐴 𝑖 − Ω)𝐴 , (5)

where V𝑖 is the fluctuating wind speed at time step 𝑖, 𝐴 𝑖 the
area of the corresponding grid cell,𝐴 the total area of the inlet
boundary, and Ω the total flow of the outlet boundary at the
corresponding time step.

According to the work of Lu et al. [20] and Shirani et
al. [30], the wind velocities at each time step being read and
updated in Fluent 14.5 are found to be slightly smaller than the
initial wind velocities generated by the self-made MATLAB
program.

3.1.5. Data Analyses. The analyses of wind pressure distribu-
tion are carried out in terms of nondimensional coefficients,𝐶𝑝 and 𝐶𝑝rms, of a measuring point 𝑖 defined, respectively, as

𝐶𝑝 = 𝑃𝑖0.5𝜌𝑉20 ,

𝐶𝑝rms = 𝑃𝑖,rms0.5𝜌𝑉20 ,
(6)

where 𝐶𝑝 and 𝐶𝑝rms are the mean and RMS pressure coeffi-
cients, respectively, 𝑃𝑖 is the mean pressure, 𝑃𝑖,rms is the RMS

pressure, 𝜌 is the air density, and 𝑉0 is the average of wind
speed at the height of 10.0m.

According to China Classification Society common rules
and [19], the equation of the shape coefficient of a structural
member is expressed as

𝑠𝑐𝑖 = 𝐶𝑝 (160𝑧 )0.2 ,
𝑆𝐶 = ∑𝑖 𝑠𝑐𝑖𝑆𝐴 𝑖𝑆𝐴 ,

(7)

where 𝑖 is ameasuring point on a specified structuralmember,𝑠𝑐𝑖 is the shape coefficient 𝑖, 𝐶𝑝 the mean pressure coefficient,𝑧 the height of a measuring point 𝑖, 𝑆𝐴 𝑖 the area of the
structural surface which a measuring point 𝑖 belongs to, and𝑆𝐴 the total area of multiple structural surfaces. The ave-
rage pressure coefficients, 𝑆𝐶, are changing with the wind
directions. Therefore, the shape coefficients vary with wind
directions.

3.2. Wind-Induced Structural Response Analyses. The time
series of the extracted wind pressures are applied to the
offshore structures and the wind-induced dynamic responses
are calculated by time-domain analysis method together with
APDL solving the structural dynamic equation as follows:

[𝑀] {�̈�} + [𝐶] {�̇�} + [𝐾] {𝑢} = [𝐹] , (8)

where [𝑀], [𝐶], and [𝐾] are, respectively, structural mass,
damping, and stiffness matrices, {�̈�}, {�̇�}, and {𝑢} are, respec-
tively, acceleration, velocity, and displacement vectors, and
[𝐹] are fluctuating wind loads. Meanwhile, (4) is solved by
the Newmark-𝛽 approach in this present study [22].

In structural dynamic response analysis, the damping
matrix [𝐶] is determined by the following equations:

[𝐶] = 𝛼 [𝑀] + 𝛽 [𝐾] ,
𝜉𝑖 = 𝛼

2𝜔𝑖 +
𝛽𝜔𝑖2 , (9)

where 𝛼 and 𝛽 are the constants in Rayleigh damping which
are calculated by the damping ratio in eachmode shape 𝜉𝑖 [20]
which is assumed as a constant over a range of frequencies.
And 𝜔𝑖 is the structural frequency in each mode shape.
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Time series of fluctuating wind: �(t) = �1(t) + �2(t)

Parts of energy dispersion S2(�휔)Parts of energy concentration S1(�휔)

PSD: S(�휔) = S1(�휔)W1(�휔) + S2(�휔)W2(�휔)

�1(t)Generate wind speed �2(t)Generate wind speed

Figure 4: The flowchart for simulating the fluctuating using MS method.

4. The Method for Simulating
Fluctuating Wind

A mixture simulation (MS) method is proposed to generate
the fluctuating wind speed as the boundary conditions in
CFD predictions, combining with the weighted amplitude
wave superposition (WAWS)method [15] and autoregression
(AR) methods [16, 17]. The new approach overcomes the
defects of the abovementioned traditional methods and
inherits their own advantages which guarantee the comput-
ing accuracy and efficiency simultaneously.

Assuming that the fluctuating wind is a stationary
stochastic Gaussian process, the stochastic characteristics can
be described by the power spectral density (PSD) function
[31]. Then, the energy distributions of the PSD function of
the fluctuating wind are explored by the wavelet method [32]
adopting the Hanning windows [33]. Therefore, the main
thoughts of the MS method are listed as follows: the parts
of the energy concentration are simulated by the WAWS
method [15] and the parts of the energy dispersion are
generated by the ARmethod [16].The final simulating results
of the fluctuating wind are obtained by the superposition of
the simulating results by the two methods. The schematic
simulation process is concluded in Figure 4. The equation
of the calculating process by the MS method is described as
follows:

𝑆 (𝑓) = 𝑆1 (𝑓)𝑊1 (𝑓) + 𝑆2 (𝑓)𝑊2 (𝑓) , (10)

where 𝑆(𝑓) is the PSD function, 𝑓 is the wind frequency,𝑊1(𝑓) and𝑊2(𝑓) are, respectively, the Hanning windows of
the energy concentration and dispersion, and 𝑆1(𝑓) and 𝑆2(𝑓)
are, respectively, simulated by the WAWS method and AR
method.

The Hanning window number is determined by the
energy distribution of the PSD function in the wind field.
According to our experience, the window number using the
WAWS method is three times larger than it using the AR
method. In this way, the MS method could reduce the time
cost in computation with no accuracy lost to simulate a kind
of loads with the random properties, which is demonstrated
in the following validation tests in Section 6.1.

The application of the WAWS and AR methods is briefly
presented in the following formula derivation, which has
fully considered temporal and spatial correlation in the self-
compiled programs.

(1) The WAWS Method in the MS Method. Using the WAWS
method, the correlation function 𝑅𝑗𝑚 is expressed as

𝑅𝑗𝑚 (𝜏) = 𝐸 (V𝑗 (𝑡) V𝑚 (𝑡 + 𝜏))
= Δ𝑓 𝑗∑
𝑘=1

𝑁∑
𝑙=1

𝐻𝑗𝑘 (𝑓𝑘𝑙) 𝐻𝑚𝑘 (𝑓𝑘𝑙)
⋅ cos (2𝜋𝑓𝑘𝑙 + 𝜃𝑗𝑘 (𝑓𝑘𝑙) − 𝜃𝑚𝑘 (𝑓𝑘𝑙)) ,

(11)

where 𝐸 is expectation, V is the time series of wind speed,𝐻
is obtained by Cholesky decomposition, and 𝜃𝑗𝑘(𝑓𝑘𝑙) is the
phase angle between spatial nodes 𝑖 and 𝑗.

Assuming that𝑁 →∞ and Δ𝑓 → 0,

𝑅𝑗𝑚 (𝜏) = ∫
𝑠ℎ1

𝑠𝑙1

𝑗∑
𝑘=1

𝐻𝑗𝑘 (𝑓𝑘) 𝐻𝑚𝑘 (𝑓𝑘)
⋅ cos (2𝜋𝑓𝑘 + 𝜃𝑗𝑘 (𝑓𝑘) − 𝜃𝑚𝑘 (𝑓𝑘)) 𝑑𝑓.

(12)

The correlation function is transformed from time dom-
ain to frequency domain on the basis of convolution theorem:

𝑅𝑗𝑚 (𝜏) ⊗ 𝑊1 (𝑡) = ∫
𝑠ℎ1

𝑠𝑙1

𝑗∑
𝑘=1

𝐻𝑗𝑘 (𝑓𝑘) 𝐻𝑚𝑘 (𝑓𝑘)
⋅ �̂�1 (𝑓) cos (2𝜋𝑓𝑘 + 𝜃𝑗𝑘 (𝑓𝑘) − 𝜃𝑚𝑘 (𝑓𝑘)) 𝑑𝑓
= ∫𝑠ℎ1
𝑠𝑙1

𝑗∑
𝑘=1

𝑆𝑗𝑘 (𝑓) ⋅ �̂�1 (𝑓) cos (2𝜋𝑓𝑘) 𝑑𝑓,
(13)

where ⊗ represents convolution operation.
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Time series of wind speed simulated by the WAWS
method V1(𝑡) is obtained by

V1 (𝑡)

= √2Δ𝑓 𝑗∑
𝑘=1

𝑁∑
𝑙=1

𝐻𝑗𝑘 (𝑓𝑙) cos (2𝜋𝑓𝑙𝑡 + 𝜃𝑗𝑘 (𝑓𝑙) + 𝜑𝑘𝑙) ,

𝑗 = 1, . . . , 𝑚,

(14)

where 𝜑 is a random number from 0 to 2𝜋.
(2) The AR Method in the MS Method. Similarly, the correla-
tion function in the AR method can be expressed as

𝑅𝑖𝑗 (𝜏) = ∫
𝑠ℎ2

𝑠𝑙2

𝑆𝑖𝑗 (𝑓) �̂�2 (𝑓) cos (2𝜋𝑓 ⋅ 𝜏) 𝑑𝑓, (15)

where 𝑅 is the correlation function.
Time series of wind speed simulated by the AR method

V2(𝑡) is calculated by

V2 (𝑡) = −
𝑗∑
𝑖=1

𝑝∑
𝑘=1

𝑎𝑖𝑗𝑘V𝑖 (𝑡 − 𝑘 ⋅ Δ𝑡) + 𝑢 (𝑛) , (16)

where Δ𝑡 is the total simulating time step, 𝑎 the coefficient of
autoregression matrix, 𝑢(𝑛) the excited white noise through
all-zeros filter, and 𝑝 the order of AR model.

Overall, the total wind speed is obtained by V(𝑡) = V1(𝑡) +
V2(𝑡), which is shown in Figure 4.

5. The Procedure for the Wind Field
Analyses of the Platform

In this section, the details for conducting LES predictions
and wind-induced dynamic responses analyses of the deck
structures under the action of the fluctuating wind are
summarized as follows.

Step 1. Establish the geometric and finite element models by
VC++ and APDL.

Step 2. Generate the fluctuating wind speed.

Step 2.1. Simulate and correct the time series of thewind speed
by using the MATLAB (MathWorks, USA) self-compiled
programs.

Step 2.2. Convert these data into data files in the format
that has a .txt extension format. These data files are read
by ANSYS/Fluent using the User Defined Functions (UDF)
program.

Step 3. Construct the CFD numerical wind tunnel.

Step 3.1.Create the calculationmodel andmesh files by Rhino
and ICEM CFD.

Step 3.2. Set the initial and boundary conditions in
ANSYS/Fluent and start the calculation.

Step 3.3. Calculate the resultant forces to determine the worst
operating condition.

Step 3.4. Extract the time series of wind pressure on the
structural surfaces by the UDF program for the following
dynamic response analyses.

Step 4. Carry out the wind-induced dynamic response anal-
yses by APDL.

Step 4.1. Import the finite element model of the platform and
deck structures.

Step 4.2. Set the initial and boundary conditions and start the
calculation by the Newmark-𝛽method in time domain using
the secondary development application programs.

Step 4.3. Extract the calculation results such as the deforma-
tions and stresses of nodes and members.

6. Results and Discussion

6.1. Validation Tests. In this subsection, the numerical results
are compared to verify that the methods and self-made
programs mentioned in Sections 3 and 4 are applicable and
effective in the following numerical examples.

6.1.1. Validation for the MS Method. Tests are constructed to
demonstrate the accuracy and efficiency of the MS method
compared to the traditional simulation methods: the WAWS
and AR methods. The time series of the wind speed at any
spatial point is simulated by the MS, WAWS, and AR meth-
ods, respectively. The comparison between the simulated
and theoretical results could determine the best simulation
method.

(1) Validation for the Accuracy of the MS Method. The
fluctuating wind speed at one single spatial point is simulated
by theMS,WAWS, andARmethods, respectively, in the same
initial condition listed as follows: the average wind velocity𝑉0 = 31.654m/s, the number of the sampling points 𝑛 =1200, time step Δ𝑡 = 0.1 s, and the measuring point (in
meters) is located at (0, 0, 5). The error between the energy
[34] of the simulated and theoretical results solved by (17)
can assess the accuracy of the simulation method by fast
Fourier transform (FFT) [35] and frequency-time conversion
methods [36, 37]:

Ω = 𝑋 (𝑗𝜔)2𝑇 =
∫ 𝑥 (𝑡) 𝑒−𝑖𝜔𝑡2𝑇 , (17)
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Figure 5:The comparison between simulated and target results byMS, AR, andWAWSmethods: (a) MSmethod; (b) ARmethod; (c)WAWS
method.

Table 2:The comparison of calculating accuracy between the results
of simulated PSD and theoretical PSD.

MS method WAWS method AR method
Theoretical energy 12.6923 12.6923 12.6923
Simulating energy 12.3927 13.6073 14.2073
Error 2.36% 7.21% 11.94%

where 𝑥(𝑡) is time series of wind velocity, 𝑋(𝑗𝜔) the ampli-
tude spectrum obtained from 𝑥(𝑡) by FFT, and 𝑇 the lasting
time of time series of wind speed. The energy Ω is calculated
by the square of the amplitude spectral mode divided by the
lasting time 𝑇.

The comparisons between simulated and target results by
the MS, AR, and WAWS methods are plotted in Figure 5.
The blue and red curves are target and simulated PSD,
respectively. As seen from Figure 5, the simulated results by
the MS method are more accurate and closer to the target
results. The numerical accuracy by the AR method in the
lower and higher regions is the lowest compared to those
by the MS and WAWS methods. Table 2 conducts further
numerical accuracy analyses by the energy comparisons
between the simulated and theoretical results using the MS,
WAWS, and AR methods. Obviously, the error of the MS
method is much lower than the others under the same initial
conditions as 2.36% versus 7.21% and 11.94%.

These comparisons demonstrate that the MS method is
a more accurate simulation method to generate the random
loads compared to the WAWS and AR methods.

(2) Validation for the Efficiency of theMSMethod. In general, a
numerical wind tunnel needs the time series of the fluctuating

Table 3: The comparison of the computing time and accuracy at 36
and 108 spatial points using the MS, WAWS, and AR methods.

Number of nodes Method Error Computing time (s)

36

WAWS in MS 2.34% 256
AR in MS 6.24% 75

MS 4.79% 331
WAWS 4.24% 27465
AR 22.96% 75

108

WAWS in MS 2.07% 6766
AR in MS 9.40% 489

MS 4.85% 7255
WAWS 4.24% 647836
AR 32.85% 489

wind of numerous spatial points rather than one single
point. Time cost in computation becomes an important con-
sideration in the numerical examples. The comparisons of
the simulating time using the MS, WAWS, and AR methods,
respectively, are carried out under the same computing
conditions mentioned in Validation for the Accuracy of the
MS Method.

The fluctuating wind velocities of 36 and 108 adjacent
grid nodes in the inlet boundary sketched in Figure 3 are
simulated by three abovementioned simulation methods.
Table 3 gives a series of comparisons of computing time
and accuracy of generating the fluctuating wind velocities
at 36 and 108 adjacent spatial points using three simulation
methods.
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Figure 6: (a) The sketch of flow field and FB16 model. (b) Mesh independent tests. (c) The comparison of the wind pressure coefficients
between the simulated and experimental results [21] of the roof on the windward side. (d) The comparison of the RMS wind pressure
coefficients between the simulated and experimental results [21] of the roof on the windward side.

In Table 3, it is obvious to see that the increasing number
of the spatial points could raise the computing difficulty
including the computing time and accuracy. Although the
calculating time by the AR method is always the shortest,
the computing error increases rapidly from 11.94% of one
single point to 32.85%. The simulating accuracy of the
WAWS method is acceptable all the time, but time cost in
computation of the WAWS method is nearly 100 times more
than those of the MS method. Therefore, it is concluded
that the MS method is a more efficient simulation method
compared to the WAWS and AR methods.

Based on the two abovementioned validation tests, the
MS method is an efficient and accurate simulation method
integrating the advantages of the WAWS and AR methods.

6.1.2. Validation for the Method of CFD Numerical Wind Tun-
nel. In order to validate the abovementioned CFD methods
in Section 3 quickly, CFD predictions of FB16 in Figure 6(a)
[21], whose dimensions are smaller than those of the off-
shore platform, are conducted as an initial solution of LES
simulations. The computational treatment and algorithm are
similar to Section 3.The dimensions of FB16model are 12m×
6.7m × 5.3m. The dimensions of the computational domain
are defined as 420m × 55m × 15m [12] and the blocking rate
of the calculating model is less than 3%. The flow field and
FB16 are sketched in Figure 6(a).

Through a series of mesh independent tests with the total
grid number of 7.0 × 105, 1.4 × 106, 2.8 × 106, and 4.2 ×
106, the wind coefficients of the roof on the windward side
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(a) (b)

(c)

Figure 7: The sketch of the calculating model with three inclined angles: (a) 0∘, (b) 5∘, and (c) 10∘.

are displayed in Figure 6(b). Since the total grid number
increases from 7.0 × 105 to 4.2 × 106, the wind coefficients
have little change in value. For obtaining relative accuracies of
the wind pressures, forces, and comparing wind coefficients,
it is found that the presentmesh in the present grid resolution
test (i.e., the total grid number 7.0 × 105) can have a balance
on time cost and numerical accuracy, which can satisfy the
engineering requirements by and large. Therefore, the total
grid number 7.0 × 105 is adopted in consideration of saving
computing time while providing accurate results.

Figures 6(c) and 6(d) describe the numerical results and
experimental data of the wind pressure coefficients and RMS
pressure coefficients. Meanwhile, the red line represents the
present CFD results and the dark line is extracted as the
experimental data from [21]. The comparison shows that
the trends of the curves are roughly in agreement and the
maximum errors of wind pressure coefficient and RMS wind
pressure coefficient between the numerical and experimental
results are, respectively, less than 15% and 21%.Therefore, the
LES method with these standards is available to carry out the
following numerical examples.

6.2. Numerical Examples. In this section, attention is fixed
on the wind field analyses of the offshore structures over the
water as plotted in Figure 1 under the action of the harsh
fluctuatingwind. CFDnumerical wind tunnel tests andwind-
induced structural response analyses are presented in the
following numerical studies.

6.2.1. CFD Wind Tunnel Predictions. The present work in
this subsection is to analyze the wind pressure distributions
and wind resultant forces of this platform with the inclined
angles of 0∘, 5∘, and 10∘ plotted in Figure 7 at different
wind directions. As the symmetry of the platform, 7 wind
directions are defined within the range of 0∘ and 90∘ with
intervals of 15∘. Similar to the mesh independent simulations
in the validation tests, the total grid number in the present
LES simulations is approximately 1.1 × 107.

According to [10, 20, 30], CFD simulations adopt thewind
speed updating method by the joint application of MATLAB
and Fluent. The wind speeds of the grid nodes in the inlet
boundary are simulated by the MS method mentioned in
Section 3 using self-compiled MATLAB codes. Using the
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Figure 8: (a) Boundary layer profile at 1st time step at the inlet obtained to simulate the NPD profile [22]. (b) Turbulence intensity
measurements at 1st time step at the inlet for NPD profile [22]. (c) Boundary layer profile at 100th time step at 100m in front of the CFD
numerical model obtained to simulate the NPD profile [22]. (d) Turbulence intensity measurements at 100th time step at 100m in front of
the CFD numerical model for NPD profile [22].

function of UDF, the velocity inlet conditions based on
(3) and (5) are imported through the CFD interfaces into
Fluent software, as sketched in Figure 3. Figure 8 gives the
comparisons of the simulated and theoretical results of NPD
wind profile and turbulence intensity [22] to validate whether
the simulated results are in accordance with theoretical data
to guarantee the numerical accuracy of CFD simulations.
Among them, Figures 8(a) and 8(c) represent the wind profile
comparisons at 1st time step at the inlet and at 100th time
step at 100m in front of the CFD numerical model, res-
pectively. Figures 8(b) and 8(d) show the turbulence intensity
comparisons at 1st time step at the inlet and at 100th time step

at 100m in front of the CFD numerical model, respectively.
The simulated results of wind profile and turbulence intensity
are relatively in agreement with the theoretical data. The
simulated results of the average wind speed and turbulence
intensity are especially very close to the target values. Further-
more, the simulated results at 100th time step at 100m in front
of theCFDnumericalmodel are relativelymore accurate than
those at 1st time step at the inlet by wind speed updating
procedure in Section 3.1.4.

Figure 9(a) defines 2 lines used for demonstrating the
accuracy of numerical simulation compared to existing
experimental data and exploring some differences of wind
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pressure distributions in different areas on the derrick (Fig-
ures 9(b) and 9(c)). Figures 9(b) and 9(c) plot the wind
pressure distributions of two measuring lines on the wind-
ward side at 0∘ and 30∘ wind directions. Wind pressure dec-
reases with amaximum of nearly 60% as the height increases.
The curves of the present study are relatively close to those of
the experimental results.The statistical results show themax-
imum differences of the wind coefficients at 0∘ and 30∘ wind
directions between the numerical results and experimental
data are, respectively, about 12.7% and 23.6%, which provides
potentially acceptable results for engineering purpose. As
seen from Figures 9(d) and 9(e), the simulated RMS wind
coefficient curves in Line 1 are closer to the experimental
curves than those in Line 2, whose curve trends are also in
relative agreement with experimental curves. The maximum
RMS wind coefficient errors at 0∘ and 30∘ wind directions
in Line 1 are 23.2% and 23.9% and those in Line 2 are
relatively larger, but less than 30%. Furthermore, the errors
are speculated to be caused by the limited grid number and
computational algorithm.

Figure 10 plots the shape coefficient and resultant wind
forces of the platform over the water in 7 wind directions
calculated by using the UDF function. Considering that
the wind area of each local component of this platform
changes at differentwinddirections, the variation of the shape
coefficient is irregular in Figure 10(a). The shape coefficients
of the derrick and deck reach their maximum at 0∘ wind
direction (i.e., 1.50, 1.29, and 1.17), and the shape coefficient
of the column is relatively large at 30∘ and 60∘ wind direction
(i.e., 0.92 and 0.96). The curve trends of the numerical and
experimental studies [18, 19] are relatively in good agreement.
The numerical results are slightly smaller than the wind
tunnel data and the errors between them are approximately
7.4% or less.

As seen fromFigure 10(b), the curves of thewind forces in
the horizontal position and inclination have the same trend.
The wind loads of the flat and aslant platforms all increase
from 0∘ to 45∘ wind direction and decrease from 45∘ to
90∘ wind direction. The maximum wind load appears at 45∘
wind direction in three positions of the platform which is in
agreement with the experimental results [18, 19]. According
to China Classification Society common rule and [19], the
resultant wind forces are related to the windward area of
the structural member, the wind speed, and pressure. The
windward area of the aslant platform is larger than that of
the flat platform. Therefore, the wind loads are increasing
with the increasing inclined angles. The wind load takes the
maximum value under the state of 45∘ wind direction and 10∘
inclined angle which is the most adverse survival state and
the error between the simulated and experimental maximum
resultant wind forces is about 4.8%: 16563 kN versus 17400 kN
[18, 19].

6.2.2. The Wind-Induced Response Analyses. In light of the
fact that the maximum wind resultant force appears at 45∘
wind direction and 10∘ inclined angle in the above subsection,
the wind-induced structural responses of local components
under this working condition are investigated in time domain
by APDL.

Time series of the wind pressure at the top of the derrick
and the statistics of wind pressures at different heights along
Line 1 shown in Figure 9(a) are displayed in Figure 11.
Thus, it can be seen that wind pressure decreases with the
increasing height which matches the analyzed results in the
LES predictions. Meanwhile, the change ranges of the mean
and intermediate values are relatively larger than the other
two values.

The wind-induced deformations at the top of the derrick
at 45∘ wind direction are plotted in Figure 12. The displace-
ments in 𝑥 and 𝑦 directions are relatively ten times larger
than the deformation in the 𝑧 direction. Due to conducting
the wind-induced analysis at 45∘ wind direction, the displace-
ments in the 𝑥 and 𝑦 directions are quite close listed as
follows: the maximum displacements in the 𝑥 and 𝑦 direc-
tions are, respectively, 0.0028m and 0.0034m; the average
displacements in two directions are both nearly 9.5 × 10−4m.
The displacement-time curves in three directions change
stably around the average values.

The stress distributions of the local structures are dis-
played in Figure 13. It is found that the stresses at the top of
the derrick and the connections between the derrick and deck
at 45∘ wind direction are the largest which reaches 174MPa.
According to the current standards for building and classing
offshore platforms formulated by China Classification Soci-
ety, the maximum stress value is lower than the allowable
stress of 345MPa. It is demonstrated that the derrick could
work well under this survival condition.

7. Conclusion

This paper mainly carries out the numerical simulations
of the fluctuating wind effects and wind-induced response
of a derrick on a semisubmersible platform by combining
CFD and structural finite element analysis techniques. The
computing results lead to the following conclusions.

(a) In the first validation test, theMSmethod is developed
into an efficient and accurate simulation method which
integrates the advantages of the WAWS and AR methods.
Compared to the two traditional methods, the MS method
is more applicable to simulate the fluctuating wind speed of
numerous spatial nodes in consideration of the time cost and
accuracy in computation. Taking the FB16model for an object
in another validation test, the simulated results are relatively
close to the existing experimental data which demonstrated
that LES methods are applicable in analyzing wind effects on
a derrick.

(b) The curves of wind pressure and RMS pressure
coefficients in the present study are relatively close to those
in the experimental data. The errors of the pressure and
RMS pressure coefficients, 10∼30%, are relatively acceptable
in consideration of computational efficiency and computer
performances. The numerical shape coefficients are slightly
smaller than the wind tunnel results overall and the errors
between them are about 7.4% or less.

(c) In accordance with the existing experimental results,
wind pressures decrease with a maximum of 60% as the
height increases. The worst survival state in LES simulations
and following dynamic response analyses occurs when the
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Figure 9: (a)Measuring line position. (b)Wind pressure coefficient of these lines on thewindward side at 0∘ wind direction. (c)Wind pressure
coefficient of these lines on the windward side at 30∘ wind direction. (d) RMS wind pressure coefficient of these lines on the windward side
at 0∘ wind direction. (e) RMS wind pressure coefficient of these lines on the windward side at 30∘ wind direction.
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Figure 10: (a) The statistical shape coefficients of local components of the platform at different wind directions. (b) The statistical resultant
wind forces of the platform over the water under different survival conditions.
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Figure 11: (a) The time series of the extracted wind pressure at the top of the derrick. (b) The wind pressure statistics of measuring points
with different heights along Line 1.

wind resultant force reaches amaximumat 45∘winddirection
and 10∘ inclined angle.

(d) The wind-induced dynamic responses are calculated
by the joint application of ANSYS Fluent and APDL. The
displacements in three directions have certain periodicity and
change steadily around the average value. The stresses at the

top of the derrick and the connections between the deck and
derrick are the largest which is lower than the allowable stress.
It is demonstrated that the offshore deck structures could
work well in the worst survival condition.

In future works, the relationship between the wind scale,
structural strength, and deformations could be investigated
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Figure 12: The displacement-time curves in three directions: (a) 𝑥 direction, (b) 𝑦 direction, and (c) 𝑧 direction.
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Figure 13: The stresses of the local structures of the derrick at 45∘ wind direction.

further. In addition, the effects of wind alone, wave alone, and
the combined actions of both wind and wave on the offshore
platform could be explored and compared.
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