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Abstract: The study aims to develop a simplified strength assessment method for the preliminary
structural design of a semi-submersible floating offshore wind turbine platform. The method includes
load cases with extreme wave load effects and a load case dominated by wind load. The extreme
load effects due to waves are achieved using the design waves. Seven characteristic responses of the
semi-submersible platform due to waves are chosen. The design waves for the extreme characteristic
responses are all from extreme wave conditions where the significant wave heights are close to the one
for a return period of 100 years. The extreme load effects dominated by wind loads are approximated
using the modified environmental contour method. The load effects are the tower base shear force
and bending moment. The two load effects are correlated, and a linear equation can approximate the
relationship between their extreme values. The finite element analysis results show that the frame
design of the bottom of the outer column is essential for structural strength. The wave load can also
result in significant stress in the area close to the tower base.

Keywords: floating offshore wind turbine; design load; environmental contour; design wave method

1. Introduction

Floating offshore wind turbines (FOWTs) have gained significant attention in recent
years because they have the potential to harvest a considerable amount of clean energy.
Although some FOWTs have been in service, substantial efforts are still needed to have a
cost-effective structural design that can satisfy safety requirements and have relatively low
capital expenditure.

The structural design of an FOWT is generally performed according to standards,
e.g., IEC 61400-3 [1] and DNV-ST-0119 [2]. The integrated system simulation should be
carried out in the time domain to evaluate the motions and loads. The structural safety
of an FOWT design is verified under fatigue and extreme loads. Many design load cases
(DLCs) are specified by the standard, covering the most significant conditions an FOWT
may experience during its lifetime.

One challenge for the structure design lies in the structural load effect analysis of the
support structure because the support structure is usually treated as a rigid body in the
time-domain simulation [3]. Many studies have focused on the dynamic load or load effects
of specific locations such as the blade, tower base, mooring line, etc. [4-8]. A limited number
of studies concentrated on the structural load effect analysis of the support structure, which
is essential for structural design. Wang et al. [3] employed a novel methodology using
the SESAM package to obtain the time-domain cross-sectional forces and moments of a
semi-submersible hull of a 10 MW FOWT accounting for the static and dynamic global

J. Mar. Sci. Eng. 2024, 12, 259. https:/ /doi.org/10.3390/jmse12020259

https:/ /www.mdpi.com/journal /jmse


https://doi.org/10.3390/jmse12020259
https://doi.org/10.3390/jmse12020259
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmse
https://www.mdpi.com
https://orcid.org/0000-0001-7308-2586
https://doi.org/10.3390/jmse12020259
https://www.mdpi.com/journal/jmse
https://www.mdpi.com/article/10.3390/jmse12020259?type=check_update&version=2

J. Mar. Sci. Eng. 2024, 12, 259

20f17

loads under the still water, wind, and wave loads and associated motions. Luan et al. [9]
developed and verified a time-domain multibody approach for determining global forces
and moments in the structural components of FOWTs. Wang and Moan [10,11] outlined a
practical multibody approach and procedure to determine load effects for the structural
design of semi-submersible hulls. They applied column design and extreme internal load
effect analysis.

Another limitation of the design process specified by the standard is the large number
of simulations. It has been shown by Park and Choung [12] that (only for DLC 6.2 specified
in IEC 61400-3 [1]), the number of sub DLCs can be up to 5832, not to mention that at
least 6 h of simulation is needed for each case. Covering all the DLCs in the preliminary
design stage is complex, and only some representative load cases have been assessed in
many previous studies. Park and Choung [12] generated several direct strength analysis
cases combining the long-term acceleration and nacelle thrust to maximise the forces in the
surge, sway, and heave directions. Zavvar et al. [13] conducted a preliminary structural
design considering the still water and above-rated conditions. Wang and Moan [10,11]
determined extreme stresses on semi-submersible hulls of floating wind turbines based on
the load cases corresponding to significant wind speeds and critical wave periods on the
environmental contour.

The design wave method widely used to calculate wave-induced load effects of ships
and offshore structures is based on frequency domain analysis, which cannot correctly
deal with nonlinearities, transient effects, and wind load effects of FOWTs. However, the
traditional method may still be used if the wave load dominates the load effects. Zhang
et al. [14] have shown that for the accelerations in three directions of an FOWT semi-
submersible platform, the extreme values determined by the design wave method are more
significant than those specified by fully coupled time-domain simulations. In wave load-
dominated cases, the extreme load effects are associated with extreme wave conditions. The
extreme wave conditions and the extreme wind speeds generally happen simultaneously.
The wind load in extreme wind speed is less significant than in rated wind speed. That may
be the reason that the design wave method is still applicable. For the load effects dominated
by the wind load, e.g., the tower base forces and moments, the time domain approach
based on the modified environmental contour method [15] may be used to approximate
the long-term extremes of the load effect for the strength assessment.

The present study aims to propose a simplified strength assessment method for the
preliminary structural design of an FOWT support structure to avoid the difficulty in the
load effect analyses and the significant number of time-domain simulations. The procedure
consists of some load cases with extreme wave load effects and a load case dominated by
the wind load. The NREL 5-MW wind turbine and the OC4 semi-submersible platform
developed for the DeepCwind project are used. The wind and wave are considered uni-
directional, which is believed to be conservative in most cases [16].

2. Methodology
2.1. Stochastic Design Wave Method

It is a common practice to use the design wave method to evaluate the global strength
of ship and offshore structures [17,18]. The design wave is the regular wave that gives
the same level as the long-term design value for a characteristic response. The long-term
design value is to be determined for a specific site at a return period of 100 years. The
stochastic design wave methods are employed in the present study.

The stochastic design wave method determines the design wave amplitude by the
extreme value of the short-term prediction of the characteristic response. The irregularity
of the wave is considered by the method. The procedure of the method can be described as
follows.

1. Determine the critical wave heading and length (or critical wave period) and calculate
the RAOs, the same as the deterministic design wave method.
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2. Calculate the design significant wave heights based on the irregular sea steepness for
a range of average zero up-crossing wave periods.

3. Derive the wave energy spectrum, Sy, (w) for each irregular sea state found in step (2)
as a function of significant wave height, H;, and average zero up-crossing wave
period, T,. An appropriate wave energy spectrum, e.g., Pierson-Moskovitz (P-M) or
JONSWAP, should be selected.

4.  Calculate the response spectrum, Sg(w) based on the RAO and the wave energy
spectrum:

Sr(w) = [RAO(w)]*Sw(w) (1)

5. Predict the maximum response R,y for each irregular sea state found in step (2) as
follows:

Rinax = \/%V 2InN )

where my is the area of the response spectrum, N is the number of response cycles,
which equals D/ T, the duration of the short-term sea state, T, is the average response
zero up-crossing period 27t+/mg/my and mj is the second moment of the spectrum.

6.  Select the maximum response among the irregular sea states considered, and calculate
the design regular wave amplitude, Ap, as follows:

. Rinax
Ap = i L 3)

where RAQO;, is the peak RAO at the critical wave period, and LF is the load factor
ranging from 1.1 to 1.3.
The irregular sea steepness Sg is defined as:

S 27H,
S =
gT?

(4)

The significant wave height is less than the maximum significant wave height at a
return period of 100 years, Hq199 In addition, the irregular sea steepness need not be taken
greater than [17]:

1/10 T,<6s
Sg = 1/15 T,>12s )
Linear interpolation for 6s < T, <12s

Therefore, by combining Equations (4) and (5), the limiting H; as a function of T, can
be obtained, which indicates the design sea state to be evaluated.

2.2. Modified Environmental Contour Method

To predict the extreme response, the Full Long-Term Analysis (FLTA) is straightfor-
ward and considers all the combinations of the essential environmental parameters. The
long-term extreme cumulative distribution function (CDF) can be calculated by integrating
all the environmental parameters and the corresponding short-term extreme CDF [15]:

(@) = [ Fil(els) fs(s)ds ©

where ¢ is the extreme value of the response of X in a period, s is a set of environmental
parameters representing the short-term environmental condition, fs(s) is the probability
density function (PDF) of s, F5I (&) and F}i‘TS(C) are the long-term and short-term CDF
of ¢, respectively. The mean wind speed, Uy, significant wave height, Hs, and spectral
peak period, Ty, are the dominant environmental parameters for FOWTs. If the time of the

short-term condition is 1 h, which is used in the present study, the N-year extreme value
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may be found by 1 — FE (&) = 1/(N x 365.25 x 24). FLTA is time-consuming because it
requires many simulations to cover all the environmental conditions.

Simplified methods have been developed to improve efficiency. The first order reli-
ability method (FORM) uses a tangent hyperplane to approximate the limit state surface
at the design point in standard normalised random space, known as U-space. The limit
state surface collects all the conditions that result in the same response. The design point
is located on the limit state surface and closest to the origin in the U-space. The distance
between the design point and the origin can approximate the failure probability. The N-year
extreme response corresponding to a certain exceedance probability has to be found by
iterations if the FORM is used. The Inverse first order reliability method (IFORM) can
provide a more efficient way to obtain the long-term extreme response corresponding to a
target return period. The IFORM creates a hypersphere with a radius related to the target
exceedance probability in the U-space and transforms it to the original physical space by
Rosenblatt transformation [19]. A point on the hypersphere, where the response attains
its maximum value, is identified. The maximum value approximates the N-year extreme
response.

The environmental contour method (ECM) [20,21] is a further simplification of the
IFORM, and is incorporated in the standard IEC 61400-3 [1]. The variability of the short-
term extreme response is ignored, and only environmental parameters are involved in the
contour. The ECM selects important environmental conditions on the contour surface with
a specific target return period. In the U-space, the contour surface of the N-year return
period is a hypersphere with radius r:

1
—_p1 _ _
r=9 (1 N x 365.25 x 24) @

where @ is CDF of the standard normal distribution, the environmental condition with
the most significant extreme response, which approximates well the long-term extreme
responses, is chosen. The variability of the short-term extreme response is important
for many marine structures. Ignoring the variability of the short-term extreme response
generally underestimates the long-term extreme responses [22]. Stochastic simulations
are performed for each environmental condition. An empirical fractile, typically ranging
from 85% to 95%, of short-term extreme response probability distribution can be applied to
compensate for the underestimation [21].

It has been shown in some studies that the ECM does not perform well for offshore
wind turbines due to the non-monotonic behaviour of the wind load [23]. The wind load
typically reaches the maximum value at the rated wind speed, decreases with a further
increase in the wind speed, and drops rapidly at the cut-out wind speed. Li et al. [15]
proposed a modified ECM to identify the most critical environmental condition governing
the long-term extreme for the dominant responses by wind. The idea of the modified
ECM is to extrapolate the short-term extreme for the return period of N-year to the 50-year
extreme, where N is chosen such that ECM can perform well:

50/N
Feso(€) = [Py 1, (€l v, i) | (®)

where (uy, hy, tn) is the environmental condition on the N-year environmental contour.
The procedure of the modified ECM is shown in Figure 1 when considering combined wind
and wave loads. Multiple contours within the operational wind speed range are checked.
The most probable value of the extrapolated extreme distribution.
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Find multiple wind speeds between the operational
range (between cut-in and cut-out speed) with N;-year
return period and their most probable sea state,

(ﬁj\q ’hNk ’fNA )

Find the largest value of all
MOX,SO (ﬁNA ) hNA 7t/vA

and its corresponding return year V;

From the cases on the contour surface of return period
of N, find the largest value

Moy s, (”N‘ ’hN‘ >Ly, )

Figure 1. Procedure of modified ECM [15].

For each environmental condition to be evaluated, many simulations are required
to obtain the short-term 1 h extreme probability distribution. In the present study, 1 h
extremes are extrapolated from 10 min extremes. It is assumed that the 10 min extreme
follows the Gumbel distribution:

&
FXIO-min (6) = e_e ’ (9)

where y and § are the distribution parameters and the above equation can be rewritten as a
linear equation:

= ﬁ[_ ln(_lnFXlo.min)] +u (10)

The two distribution parameters can be estimated by the least square method for linear
regression based on n data points obtained from n times simulation. Since there are six
10 min periods in 1 h, assuming independence, the 1 h extreme CDF, Fx, , can be calculated
based on the 10 min CDF, Fx, . by:

6
Fx,,,(8) = [Fxygin ()] (1)
The extrapolation of 50-year 1 h CDF is described by:

ST 6x50/N;
P 50(8) = [FSY i, Eling v )] (12)
The most probable value can be obtained by:
6 x50
Mox, , 50(un,, hny, tn;) = p+ ,Bln( N, ) (13)
1

To check whether the number of simulations, 7, is enough, the 95% confidence interval
(CI) of Moy, , is obtained using the method described in [15]. The ratio between the 95%
CI and the value obtained using Equation (13) is computed. If the ratio is above 3%, more
simulations are needed.

2.3. Load Cases for the Simplified Strength Assessment Method

The load cases used for the preliminary strength assessment are proposed in this
section. It has been shown in Section 2.1 that the design waves are obtained based on a
return period of 100 years and a load factor ranging from 1.1 to 1.3. For FOWTs, the return
period for the extreme design load estimation is 50 years [1]. Therefore, if FOWTs are only
subjected to the wave load effects, the design wave method is more conservative than the



J. Mar. Sci. Eng. 2024, 12, 259

6 of 17

method based on the standards for FOWTs. Therefore, the design wave method may still
be reasonable if the wave load effects dominate. The wave design method cannot correctly
consider the nonlinearities, transient effects, and wind load effects. These effects can be
covered by the overestimated wave load effects when using the design wave method.

According to the features of the OC4 semi-submersible platform, the following char-
acteristic responses are chosen, whose extremes are achieved using design waves (see
Figure 2). They are the accelerations in three directions (ax, 4y, and 4;), the split force be-
tween two outer columns (Fr), the split force between one outer column and the other two
outer columns (F;), the shear force between one outer column and the other two columns
(Fs), and the torsion moment between one outer column and the other two columns (Mp).
The vertical bending moments are less likely to develop significantly because the semi-
submersible platform is not as long as ships. Therefore, the vertical bending moment is not
considered in the present study.

Figure 2. Characteristic responses of the OC4 semi-submersible platform under wave load.

For the load effects that are dominated by the wind load, the extreme load effects are
estimated based on the modified ECM. In the present study, the extreme tower base shear
force, Fy, and bending moment, My, are obtained and applied to the finite element model
for structural strength assessment. The load cases for the simplified strength assessment
method are summarised in Table 1.

Table 1. Load cases for the simplified strength assessment method.

Load Case Extreme Load Effects Method

1 ay Stochastic design wave method
2 ay Stochastic design wave method
3 a, Stochastic design wave method
4 Fr Stochastic design wave method
5 Fr Stochastic design wave method
6 Fg Stochastic design wave method
7 My Stochastic design wave method
8 Fy, My Modified ECM

The load cases are developed for the specific FOWT support structure. The proposed
method may be used in the preliminary design of similar FOWT support structures, in
which the load cases can be altered based on the characteristics of the support structure.
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3. Numerical Model Description and Environment
3.1. Numerical Model

The OC4 semi-submersible platform has a centre column connected to the tower and
three outer columns. The centre column and outer column are connected using pontoons
and braces. The bottom of the outer column has a larger diameter to suppress motion. The
main dimensions of the platform can be found in [24].

Because the structural components of the platform, e.g., the plate thickness, the di-
mension of the stiffener, etc., whose strength will be checked, are preliminarily determined
according to the classification society rule, the resulting total metal mass is different from
those in [24]. The ballast in the columns is adjusted to guarantee the whole mass, and the
centre of mass is similar to the original ones. The floating platform structural properties
used in the present study are listed in Table 2.

Table 2. Floating platform structural properties.

Structural Property Value
Weight of displaced fluid 1.42 x 107 kg
The centre of mass below SWL 13.487 m
Draft 20m
Radius of gyration Kyy 20.99 m
Radius of gyration Ky, 20.99 m
Radius of gyration K, 27.16 m
Mass of ballast in outer column 2.93 x 10° kg
Mass of ballast in centre column 1.47 x 100 kg

The hydrodynamic analyses are carried out using ANSYS AQWA 2021 R1. Panels
model the columns, and Morison elements model the connections between the columns.
The hydrodynamic models and the coordinates are shown in Figure 3. The mesh conver-
gence is checked before the model is applied. The size of the panels is 1.2 m, and the size of
the Morison elements is 1.2 m. The numerical model is validated by comparing it with the
results of an existing numerical study. The heave and pitch RAOs predicted by the present
study and Zhu [25] are shown in Figure 4. Good agreement is achieved, indicating that the
hydrodynamic analysis model is reliable.

000 2500 50.00 (m)
]

Figure 3. Hydrodynamic model in ANSYS AQWA.

The results may be overestimated because the potential theory cannot consider viscous
damping. Equivalent viscous damping, which is proportional to critical damping, is used in
the present study to improve accuracy. Viscous damping of rolling, pitching, and heaving
are considered. A 5% critical damping is employed for the RAO calculation.
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Figure 4. Heave and pitch RAOs predicted by the present study and Zhu [25].

The structural components of the semi-submersible platform are shown in Figure 5.
The finite element model of the semi-submersible platform is constructed in ANSYS Work-
bench 2021 R1. The mesh condition of the outer column is also shown in the figure. The
finite element model consists of shell elements and beam elements. The outer surfaces
of the columns, bulkheads, braces, and strong frames are modelled by shell elements.
Circumferential and vertical beams stiffen the four columns. Each outer column is divided
by several horizontal bulkheads, stiffened by beams. Strong frames support the bottom of
the outer column. The shell element models the tower, and the nacelle, rotor, and blades
are modelled as mass elements. The mesh size of the structural model is about 0.2 m. The
mesh size is smaller than the one usually used in the global analyses of ships and offshore
structures, which is the stiffener spacing for the coarse mesh model.

Beams in
bulkheads of Top framework in
outer column outer column

Beams in
central column

Bottom column
S al framework

Figure 5. Structural model of the semi-submersible platform for the FOWT.

The coupling framework based on FAST and ANSYS AQWA, denoted as F2A, for
dynamic analysis of FOWTs developed by Yang et al. [26] is used in the time-domain
simulation. The coupling is achieved by modifying the source codes of FAST and the
dynamic link library (DLL) of AQWA. The coupling framework has been validated by
comparing it with OpenFAST, and some advantages of the coupling framework have been
noticed [26]. The floating offshore wind turbine model in a time-domain simulation is
shown in Figure 6. The dynamic model of the turbine coupling system is established
based on FAST, and the hydrodynamic model is calculated by combining potential flow
theory with the Morison equation. The NREL 5-MW reference wind turbine is used in the
simulation, and the mooring system is the same as those introduced in [24]. The Kaimal
wind and the P-M wave spectra are chosen in the simulation. The turbulent intensity is
12%. The time step of the wind turbine dynamic simulation is 0.005 s, and the time step of
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the hydrodynamic simulation is 0.1 s. For each simulation, the analysis time is 800 s with a
transient start-up time of 200 s.

/ Structural model (FAST) \

/ Hydrodynamic model (AQWAN

Tower base load and
turbine mass matrix

= Jopoftower

/ Six transient degrees of
freedom of platform

Tower freeboard

= B - -

N\ /

Figure 6. Time-domain coupling process of FAST and ANSYS AQWA.

The results from F2A are compared with those from OpenFAST 3.1.0 to validate the
numerical method. The comparison was also carried out by Yang et al. [26] to validate the
framework. The thrust force under turbulent wind with a mean wind speed of 11.4 m/s at
the hub, and the heave motion of the platform under regular wave height of 4 m and wave
period of 18 s are shown in Figure 7. Good agreement is achieved, indicating that F2A is
also a reliable tool for coupling analyses of FOWTs.

(a) 1400 : : : : . . . (b) 4 . —
—F2A
- - l s

2+

o

S

S
T

400 [

Tower top thrust (kN)
Platform heave (m)

n
o
S

T

w

T

. . . . . . . 4 . . . . . . .
500 1000 1500 ) 2000 2500 3000 3500 4000 0 100 200 300 400 500 600 700 800
Time (s) Time (s)

o
=)

Figure 7. Thrust force (a) and Heave motion (b) between the F2A and OpenFAST.

The design wave parameters are determined based on hydrodynamic analyses for the
load cases based on design waves. The loads and motions caused by the design waves
are obtained using ANSYS AQWA and applied to the finite element model in ANSYS
Workbench. The time-domain simulations are carried out using the coupling framework
based on FAST and AQWA for the load cases dominated by wind loads. The estimated
extreme tower base shear force and bending moment are applied to the finite element
model. The inertia relief technique is used in the finite element analysis.
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3.2. Metocean Information

The environment of the Norway 5 site (site 14 in [27]) is employed in the present study.
One-hour joint environmental statistics of Uy (10 m above the mean sea level), Hs, and T,
were obtained by Li et al. [27]. The joint distribution is:

futo o1, (0 1, ) = fu, (u) fugu, () fro a1, (1) (14)

The wind speed follows the Weibull distribution:

Fu () = 1— exp[— (g‘” (15)

The conditional significant wave height also follows the Weibull distribution:

oy (1)
PHs\uw(hW) =1—exp [— (,Bh}(lu)) ] (16)

where
ay () = ay + ayu, By (u) = by + byu® (17)

The spectral peak period conforms to the log-normal distribution, given a combination
of U, and Hy:

2
1 1 (In(t) — pun(m)
. t u,h = ——eX -—A\ 18
fTP\U«st( [, 1) 27011 p[ 2< YIn(T) "

where

_ Kt — 2
uln(T) = 11‘1( ) ’ Uh1(T) = 11’1(1 + UT) (19)
/142

_ 3 v
ur = i) [1 T 9(L‘u(§1‘§’l)) },w — Ky + ke 0)
i(h) = e1 + exh®,u(h) = f1 + foh? (21)

The parameters involved in the distribution models can be found in [27].
The wind speeds at different heights can be calculated using a power-law wind shear

profile:

V() = U ()" (22)

Because the maximum significant wave height and regular wave height at a return
period of 100 years are required in the design wave method, they are estimated using the
above environmental statistics. The marginal distribution of Hs is obtained and H;jqp is
determined based on the exceedance probability of 1/(100 x 365.25 x 24). The estimation
results are Hgjpo = 14.15 m.

4. Results
4.1. Design Waves

The RAOg are shown in Figure 8. For the vertical acceleration RAOg, the wave angles
from 0° to 60° with an interval of 15° are considered due to the triangular shape of the
platform. For the other RAOg, the wave angles from 0° to 180° with an interval of 30° are
considered due to the symmetry of the platform. The wave direction along the x-axis is 0°.
The regular wave period ranges from 3 to 30 s with an interval of 0.2 s between 3 and 20 s
and an interval of 2 s between 20 and 30 s.
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Figure 8. RAOs of various characteristic responses.

It can be seen from the figure that the peaks in the RAOs characteristic responses
(except for ay and ay) are located around 0.35 rad/s. The peaks occur in different wave
directions. Local peaks also occur around 0.35 rad /s for the characteristic response of a,
and ay, but the global peaks appear at other frequencies.

Based on the stochastic design wave method, the design wave parameters and the
corresponding irregular wave parameters are listed in Table 3. The wave amplitude is
calculated using Equation (3) with an LF of 1.3. The regular design waves are all obtained
based on extreme wave conditions whose significant wave heights are close to the one
for a return period of 100 years, i.e., Hy1g9. It implies that the characteristic responses are
monotonic to the wave conditions. For those extreme wave conditions, the possibility of the
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occurrence of the wind speed below the cut-out wind speed is extremely low. The FOWT
is in survival condition with parked turbines; thus, the wind load effects are insignificant.
The waves mainly influence these characteristic responses. The use of the design wave
method is reasonable. Design waves derived based on LF = 1.3 are used in the following
structural strength assessment to consider other effects the design wave method ignores.

Table 3. Design wave parameters and the corresponding irregular wave parameters.

Wave

Characteristic Wave Amplitude Period Significant Spectral
Response Direction Wave Height  Peak Period
(LF =1.3)

Ay 180° 7.78 m 5.6s 14.03 m 16.07 s
ay 90° 11.93 m 104 s 13.76 m 15.79 s
a 60° 7.75m 17.6s 1415 m 16.64 s
Fr 90° 5.09 m 18s 14.15m 18.33 s
Fp, 180° 492 m 17.8s 14.15m 18.33 s
Fs 90° 449 m 17.8s 14.15m 18.61s
My, 90° 4.53 17.8 s 14.15m 18.05s

4.2. Extreme Load Effects Dominated by Wind Loads

According to the procedure of the modified ECM, the environmental condition that
leads to the largest Moy, , 50is Hs = 6.95m, T, = 11.88s,and V = 24.8 m /s, where V is the
mean value wind speed at the height of the hub. The environmental condition is found in
an environmental contour with a return period of 0.0119 years. The number of time-domain
simulations for this environmental condition is 83, which satisfies the criterion proposed
in [15]. The time history of the tower base F; and M, in one time-domain simulation is
shown in Figure 9.
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Figure 9. Time history of the tower base Fy and My in one time-domain simulation.

It can be seen that F; and M, are correlated and varied in a similar manner. The
maximum Fy and M, in the time histories occur almost simultaneously. The time difference
between the two extreme values is 0.1 s, which is considered to be negligible.

The extreme values of the tower base F; and My from all the simulations are used to
regress the corresponding Gumble distribution based on the least square method. Figure 10
shows the data points and the regressed extreme value distributions.
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Figure 10. Gumbel distribution for the extreme tower base (a) Fx and (b) M,,.

The Gumbel distribution parameters y and f, and the coefficient of determination, R?,
which is a measure of the performance of data fitting, are also illustrated in the figure. The
R? values are close to 1, meaning the regression is quite reliable. The most probable extreme
values extrapolated for the return period of 50 years are determined using Equation (13),
and the results are F, = 1.509 x 10% kN and My =1.079 x 10° kN-m.

The extreme values of the tower base Fy and M, are shown together in Figure 11. The
correlation between the extreme F, and My is also evident. The correlation coeffieient is
0.91. It indicates that the extreme F, and M, can be approximated by a linear equation,
as shown in Figure 11. If only the most probable extreme value of Fy for 50 years return
period is obtained using Equation (13), the corresponding M, can be approximated by the
equation. The results are F, = 1.509 x 10% kN and M, = 1.079 x 10° kN-m. The M, is
underestimated by 2%.
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Figure 11. Correlation between the maximum tower base Fy and M.

In the present study, the most probable extreme values extrapolated for the return
period of 50 years based on the two Gumbel distributions are applied to the finite element
model. To illustrate the proposed method, the extreme values are only obtained when
the wind direction is 0°. The effects of the wind direction on the load effects have been
checked in some studies [10,11]. Their results indicate that the impact of wind direction on
the extreme load effects of a 10 MW FOWT is insignificant. The effect is not clear for the
FOWT investigated in the present study. The extreme values may vary significantly with
direction. Further studies may be carried out to examine the effect of the wind direction on
the extreme values of loads and the corresponding load effects.

4.3. Finite Element Analysis Results

The maximum von Mises stress and its location for each load case are listed in Table 4.
It can be seen that the maximum von Mises stress appears at different locations for different
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load cases. The frame at the bottom of the outer column is the critical location for five
load cases. The stress distribution in the frame for load case 7 is shown in Figure 12. The
maximum stress is located at the toe of the bracket. The bracket toe is also the maximum
stress location for the other four load cases. High stresses appear at several bracket toes. It
indicates that the frame design is essential for structural strength. To reduce the maximum
stress occurring at the bracket toe, the bracket may be replaced by a continuous web frame.

Table 4. Maximum von Mises stress and its location for each load case.

Load Case Extreme Load Effects Max. von Mises Stress (MPa) Critical Location
1 a 291.8 Connection bgtween outer column and
diagonal brace

2 ay 300.2 Frame in the bottom of outer column

3 a, 296.4 Frame in the bottom of outer column

4 Fr 306.3 Frame in the bottom of outer column

5 E 319 Connection betwee.zn centre column and upper
horizontal brace

6 Fs 279.9 Frame in the bottom of outer column

7 My 320.5 Frame in the bottom of outer column

8 Fe, M, 1911 Connection betwee.n centre column and upper
horizontal brace

Equiualent Stress
Type: Equivalent fyon-Mises) Strass -
Unit: Pa
Time: 1

3.2053e8 Max
2649268
24932=8
2137T1=8
178118
1425858
1069253
7129627
35092e7
B7745 Min

Figure 12. Stress distribution in the frame of bottom of outer column for load case 7.

The connection between the centre column and the upper horizontal brace is the
critical location for two load cases, i.e., load cases 5 and 8. Figure 13 shows the stress
distribution around the connection for load case 5. The high stress area is located at the
column instead of the brace. It indicates that the wave load can also result in significant
stress in the area close to the tower base. The stress is even higher than the stress of load
case 8, where the extreme tower base forces and moment are applied. Only using the tower
base load effects to evaluate the strength around the area may not be conservative. In
addition, the fatigue strength of the highly stressed areas may be further checked.
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Figure 13. Stress distribution in the connection between the centre column and the upper horizontal
brace for load case 5.

5. Conclusions

A simplified strength assessment method is developed for the preliminary structural
design of an FOWT support structure to avoid difficulties in fully coupled load effects
analyses and the large number of design load cases encountered in current practice. The
method is developed based on the traditional design wave method and the modified
ECM, including eight load cases involving limited time-domain simulations. The proposed
method can be used in the preliminary design of similar FOWT support structures, in
which the load cases can be altered based on the characteristics of the support structure.
The following conclusions are established.

e  Seven characteristic responses of the FOWT semi-submersible platform due to waves
are chosen. The design waves for the extreme characteristic responses are all from
extreme wave conditions where the significant wave heights are close to the one for a
return period of 100 years. These characteristic responses are dominated by the wave
loads.

o  The short-term extreme values of the tower base shear force and bending moment
conform to the Gumbel distribution. The maximum tower base shear force and
bending moment have occurred almost simultaneously in the history of time. The
extreme tower base shear force and bending moment values are correlated, and a
linear equation can approximate the relationship between the two extreme values.

e  For these load cases, the maximum stress appears at the frame of the outer column
bottom, the connection between the centre column and the upper horizontal brace,
and the connection between the outer column and diagonal brace. The frame design
of the bottom of the outer column is essential for structural strength. The wave load
can also result in significant stress in the area close to the tower base.

The effect of the wind direction on the extreme tower base forces and stresses can
be further investigated. The simplified strength assessment method may be verified by
comparing it with the method based on time-domain simulations in the future.
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Nomenclature

Ap design regular wave amplitude

ax,y, az the accelerations in three directions of the platform

CDF the cumulative distribution function

CI confidence interval

DLC Design load case

ECM Environmental Contour Method

FLAT Full Long-Term Analysis

FORM First order reliability method

FOWT Floating offshore wind turbine

Fr the split force between two outer columns

Fr the split force between one outer column and the other two outer columns

Fs the shear force between one outer column and the other two columns

Fy the extreme tower base shear force

FEL(g) the long-term CDF of &

F;TS (&ls) the short-term CDF of &

Fx,, the 1 h extreme CDF

FXiomin the 10 min extreme CDF

Fx,..50 extrapolation of 50-year 1 h CDF

fs(s) the probability density function (PDF) of s

fu,,m,,1,(u,h,t)  Joint distribution of mean wind speed, significant wave height, and spectral
peak period

H; significant wave height

[FORM Inverse first order reliability method

Kax, Kyy, Kzz Radius of gyration

My the torsion moment between one outer column and the other two columns

M,y the extreme tower base bending moment

Mox,, 50 the most probable value of Fx, , 50

PDF the probability density function

RAO Response amplitude operator

RAOc the peak RAO at the critical wave period

Riax maximum response

Sw(w) the wave energy spectrum

Sr(w) the response spectrum

Ss irregular sea steepness

s a set of environmental parameters representing the short-term
environmental condition

T, average zero up-crossing wave period

T, average response zero up-crossing period

Ty spectral peak period

Uy mean wind speed (10 m above the mean sea level)

(un, hn, tN) the environmental condition on the N-year environmental contour

V(z) mean wind speed at z m above the mean sea level

X structural response

¢ the extreme value of the response of X in a period
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