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Abstract: Floating structures are subject to complex marine conditions. To ensure their safety, reliabil-
ity analysis needs to be conducted during the design phase. However, because of the complexity of
traditional full long-term analysis, the environmental contour method (ECM) based on the inverse
reliability method, which can combine accuracy and efficiency, is extensively used. Due to the
unique environment in the South China Sea, the probabilistic characteristics of three-dimensional
(3D) environmental parameters of wind, wave and current are investigated. The ECs of the target
sea are established via the ECM based on both the inverse first-order reliability method (IFORM)
and inverse second-order reliability method (ISORM). It is found that the sea state forecasted by
ISORM is more extreme and may lead to a more conservative design than IFORM. Furthermore,
the wind-wave-current combination coefficient matrixes developed using the 3D ECs are proposed
for the design of FOWTs in the South China Sea. The validity and practicality of the contours and
matrixes are tested by using a floating offshore wind turbine (FOWT) as a numerical example. Then,
the short-term response of the structure under the combined wind, wave and current conditions is
calculated, providing a theoretical reference for the design of FOWTs.

Keywords: inverse first-order reliability method; inverse second-order reliability method; environmental
contour method; floating offshore wind turbine; long-term response analysis

1. Introduction

Floating structures suffer from harsh and complex environmental impacts during their
service life. It is necessary to conduct a probabilistic reliability analysis of these structures.
Usually, a comprehensive long-term response analysis of the structure should be carried
out. However, because the calculation is cumbersome and very time-consuming, short-term
response analysis approximation methods are used to simplify the calculation and improve
the calculation efficiency.

The structural reliability analysis method based on probability and statistics theory
was first proposed at the beginning of the 20th century. Winterstein [1] proposed the
IFORM, which converts the joint probability distribution of environmental parameters
into standard normal space and then converts the boundary in normal space back to the
physical parameter space to obtain the EC. Kiureghia et al. [2] elaborated on the theoretical
basis of the inverse reliability method; Li et al. [3] wrote a direct iteration program and
then solved the inverse reliability analysis problem containing an unknown parameter;
Xiang et al. [4] proposed an efficient method that can accurately predict structural fatigue
through IFORM,; Chai et al. [5] proposed the ISORM-based EC, and the results show that
the ISORM contour is more conservative than IFORM.

The ECM, in conjunction with inverse reliability theory, is based on the long-term
distribution of environmental parameters in the target sea area to predict environmental
conditions under a specific RP (return period) and can intuitively reflect the combination of
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environmental parameters under extreme conditions. This method has become a common
method for estimating the long-term extreme response of offshore structures and is widely
used in design guidelines and standards, such as IEC [6], DNV GL-RP-C205 [7], etc. This
method is generally drawn based on the joint distribution model of the environment and
inverse reliability methods, including IFORM (Winterstein et al. [1]; Haver et al. [8]), Monte
Carlo direct sampling method (Huseby et al. [9,10]), direct IFORM (Derbanne et al. [11]),
and inverse second-order reliability method (Chai et al. [5]).

For ECs, it is crucial to accurately describe marine environmental conditions and es-
tablish the corresponding probabilistic models. For structural analysis under wave actions,
Battjes et al. [12] and Longuet-Higgins et al. [13] proposed an analytical formula for the
joint probability distribution of wave height and wave period; Haver [14] further studied a
binary probability function with two parameters; Vanem [15] studied various joint distri-
bution models, such as the conditional probability model of significant wave height and
zero-crossing period, and the Copulas parameter family model; Bruserud et al. [16] found
that when the wave height is greater than 8 m, its probability distribution characteristics
obey a two-parameter Weibull distribution, while the current speed distribution under
significant wave height conditions is more appropriately described by the Log-Normal
distribution; Fontaine et al. [17] also used this method to derive the joint distribution
extreme values of waves, winds and currents, for the design of offshore structures. In
addition, the ECM is also used to analyze the complex response of offshore structures.
Some researchers [17,18] applied ECM to calculate the N-year mooring extreme tension of
an FPSO. Other researchers [19-21] applied ECM to calculate the related complex responses
of bridges, such as long-span bridges and Hardanger bridges.

On this basis, the ECs for a sea area in the South China Sea via IFORM and ISORM
are established, the difference between two methods of creating the contour is compared,
and we determine the multiple load cases of combined conditions based on the design
standards and the EC. Time-domain coupled analysis of an FOWT was carried out to
provide a theoretical reference for the selection of environmental parameters in the design
of floating structures in the South China Sea. The principles of IFORM and ISORM are
briefly introduced in Section 2. In Section 3, the joint three-dimensional ECs of wind, wave
and current in a specific sea area in the South China Sea are developed based on IFORM and
ISORM, respectively. In Section 4, the environmental data extracted from the developed
3D contours are analyzed and compared, and a combination coefficient matrix of wind,
wave and current in the South China Sea is proposed. Finally, the conclusions are drawn in
Section 5.

2. Inverse Reliability Method for Floating Structures

In engineering applications, statistical models of waves generally assume that the
ocean surface is a random wave field that traverses smoothly in a short time (such as 3-6 h)
and is uniform in space. Stationary random waves can be seen as an ergodic random
process, which can be seen as the result of the infinite superposition of micro-amplitude
waves of different frequencies, amplitudes and random phases. Similarly, assuming that
environmental parameters are stationary in the short term, their associated load effects can
also be considered as stationary random processes, and the probability density function
(PDF) can be combined to describe the random changes in environmental parameters in
the long term. Assuming that the long-term changes in environmental parameters and the
short-term loading process are also ergodic, the long-term response can be predicted based
on some short-term response statistics.

2.1. Environmental Contour Method

The environmental contour method (ECM) is combined with the inverse reliability
method [1] to establish a joint probability model of environmental parameters and analyze
the contour (surface) in the environmental parameter space, which corresponds to the set
of environmental parameters under a given RP. The form of the environment contour is
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determined by the dimensions of the relevant probability distribution of environmental
parameters, which is a contour in the case of two parameters and a contour surface in the
case of three or more parameters. In this method, short-term response extremes can be
determined based on critical short-term environmental conditions on the EC of the same
RP, and the long-term extremes can then be approximated.

Rosenblatt transformation is a method to convert the joint probability model of envi-
ronmental variables into a multidimensional independent standard normal distribution
based on conditional distribution, as follows [22]:

up = 1 (Fs (1))
iz = @71 (Foys, (52 | 1))

it = 0 (Fyg s, o [ susz e 5n) = 7 (ys(y |9))

where s = (s1,s, - - -, 5p) represents n-dimensional environmental variables in the real physical
parameter space, Y is the structural response variable, and u = (uy,up, - -+ ,u,41) is the
(n + 1)-dimensional independent standard normal distribution variable by the transformation.

2.2. Reliability Method
2.2.1. Inverse First-Order Reliability Method

IFORM is the inverse method of the first-order reliability method (FORM). This method
approximately calculates the long-term response extreme value of a complex structure
through short-term response analysis [23], such as the 3 h short-term response extreme
value. It is assumed that the short-term sea state is a stationary random process, and the
structural response extreme value is used as the analysis variable. Taking significant wave

height Hs and spectral peak period T, as an example, the cumulative distribution function
(CDF) of Ry, is [24]:

&%Uﬁiﬂﬁ&mm%UMJﬁ&%wJMMh )

where Fg,, r|h, t) represents the CDF of the short-term response extreme value of the

|Hs Tp (
structure under a certain sea state (Hs, Tp) , Fry, (r) represents the probability that the short-
term response extreme of the structure Ry, is less than the given response level r under any
possible sea state, and fp, 1, (1, t) is the combination PDF of Hs and T}.

From the reliability theory, assuming that r.,;; is the given critical response threshold,
we consider that the structure would be secure when the response is below the failure
boundary. So, FRSh\HsTp (r|h, t) can be rewritten as frérm‘t Srop|Ho 1, (T[], t)dr:

Fios (1) = [J,, [ S, (1) i (0, (4drtnt ©)

where fr,, . % (r|h, t) is the PDF form of FRyym, % (r|h,t), fu, (h) fr, |5, (t) is the one-dimensional
density distribution and conditional density distribution form of fp, 1, (%, t).

The reliability method is widely applied to analyze the reliability index and failure
probability of structures, so the structural limit state function can be transformed into the
reliability form:

grls) =r—7 (4)

where s is the random variables in the function Fs(s), r represents the critical response to the
structural failure, 7 is the response by the given loads s. When g;(s) <0, it indicates that the
structure is in the failure state. In the case of the previous circumstance, the corresponding
structural function can be expressed as:

8(Rsp, Hs, Tp; 1yit) = Terit — Rap (Hs, Ty) (5)
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Then, the structural failure probability can be estimated by:

pr(ret) = [[] o Fratrer, (1) frr, (h, ) drdhdt (6)

The Rosenblatt transformation is used to convert the parameters in Equation (5) by
the first-order reliability method, and the environmental variables are transformed into a
space consisting of independent and standard normal variables u; (i.e., the U space). The
process of the Rosenblatt transform is [22]:

®(uq) = Fp, (h)
D(uz) = Fr, |y, (t | h) (7)
D(uz) = Fry, 1,1, (7 | 1, 1)

where ®(u) is the standard normal distribution CDF. According to Equation (5), the
transformed structural function is:

z = g(Rap, Hs, Tp; rerit) = §(u3, U1, U2; Terit) 8)

Then, Equation (6) can be rewritten as the expression of standard normal variables in

three dimensions:
ps(renit) = ﬂfg<o ¢(u)du )

where ¢(u) is the PDF of the standard normal distribution. Rosenblatt transformation
converts the probability model in the real physical parameter space into the U space; the
design point is chosen as the closest point on the boundary to the origin, where coordinates

in the U space can be expressed as u= (11, 1y, 113). As shown in Figure 1, according to the
FORM, the structural failure probability can be simply estimated as [24]:

Pr(rerie) =1 —@(By) (10)

o

U,

Structure actual
Structure failure ~ failure boundary
boundary by

IFORM

U;

Figure 1. Actual linear and equivalent failure boundaries via FORM.

The distance 8 from the design point u to the origin can be calculated by the following
equation:

(11)

The structural failure probability ps(r) is usually approximated by the annual ex-
ceedance probability. Usually, given an RP of N years, the total number of short-term sea
states in the long term is judged, and the exceedance probability ps(r) = ﬁ is defined
as the RP in N years. M is the number of short-term sea states in one year.
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After determining point ﬁ, delineate a sphere with the origin as the center and radius
B in the U space, and perform the inverse Rosenblatt transformation to return the point
(u1,up,u3) on the circular failure boundary to the physical parameter space and obtain the
corresponding point set (hs, tp, r3h). The maximum value 73, of the response parameter
in the dataset is the structural response extreme value, which can be obtained through

retrieval. The corresponding point (fzs, fy, ?3h) is the structural design point. This process

is called the first-order inverse reliability process, or inverse FORM. The process is shown
in Figure 2.

U,
y
uzj -------- P
b | R
0 Uyj U,
Hg

Figure 2. Schematic diagram of EC generated by inverse Rosenblatt transformation.

2.2.2. Inverse Second-Order Reliability Method

Since FORM will underestimate the true failure probability of the structure in some
cases, SORM is an improved method that uses a specific second-order surface to approxi-
mate the failure surface at the design point. Regardless of the shape of the failure surface,
because the approximate failure boundary is always convex, leading to the spherical safety
domains being underestimated, the generated environment contours can always maintain
a certain degree of conservatism.

According to Equations (6) and (9), it is necessary to solve the exceedance probability
of the structure through the structural failure state to obtain the structural failure boundary.
Different from the failure surface approximated by a linear function in the U space via
FORM, SORM’s approximate failure function Gg is a second-order function at the design
point to approximate the failure boundary. The second-order failure boundary in the U
space can be expressed as [5]:

9 n+1
ai(ui —6;)°+ Y, biuj—c (12)
i=m+1

Gs(u) =

o

Il
—

Equation (12) represents the (1 + 1)-dimensional variables, among which the non-
linear variables have m dimensions, and the remaining (1 + 1 — m)-dimensional variables
are expressed in linear form. In Equation (11), a;, b;, 6; i =1, 2, ..., n + 1) and c are the
correlation coefficients in the quadratic failure function.

SORM uses, as an origin, the center of the circle and a sphere with a radius equal to
the distance between the origin and the design point to approximate the failure surface,
thus approximating the real safety zone as the area covered by the sphere. Therefore,
Equation (12) describes a special second-order failure boundary, where a; =1, b; =0, ; =0
and c = B, so the structural failure probability of Equation (6) can be approximately
expressed as:
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i) = foa (i (13)
i=1

Similar to IFORM, the environment contour under selected RPs via ISROM is an

inverse reliability problem, in which a given failure probability prand the environment

parameters causing the structure failure probability py are obtained. Then, an n-dimensional

sphere with a radius of j; is created to apply the ISORM, and the radius f; is calculated by:

/n g p(u)du =1—py (14)
1

i=

n
For standard normal variables in the U space, }_ u? obeys the chi-square distribution
i=1
X2 (chi-square) with n-dimensional degrees of freedom, so the radius f3s can be expressed as:

K (B) =1-p; (15)

where fs denotes the reliability index by solving the inverse transformation of the chi-
square distribution in Equation (15). For the significant Hs; and T, parameters in this
study, the degree of freedom of the x? distribution is n = 2; then, pr is calculated using
Equation (10).

3. Inverse Reliability Method and Joint Distribution of Environmental Parameters
3.1. Wave—Current—Wind 3D Environmental Contour
3.1.1. Environmental Models

The joint distributions of Hs, V and U are analyzed by a structured joint probability
model as:

frgvu(h,v,u) = fu,(h) fym, (0|h) fuim,, v (ulh, o) (16)

The environmental data used in this study are from a site in the South China Sea.
According to Equation (15), the probability model of H; is established first, as shown in
Figure 3a. A comparison of “Weibull (Wb]) fitting”, “Generalized extreme value (Gev)
fitting” and “Lognormal (Logn) fitting” shows the lognormal model has the best fitting
results, especially at large wave heights. So, the lognormal distribution is the marginal
distribution of Hg. The Weibull distribution is selected as the conditional distribution of
V under Hg, and the Weibull distribution is selected as the conditional distribution of U
under V and H;.

The method of group fitting is used for the statistical analysis of the conditional
distribution of V. Figure 3b shows V fitting under given H,; V is sorted from small to large
according to the Hy, where the wave group step size is 0.15 m. The maximum likelihood
estimation (MLE) is used to fit the Weibull parameters of V in each group.

In the same way, for the conditional probability distribution of current speed U, based
on the grouping of V, the joint distribution model of V, Hs and U in this sea area can be
determined according to Equation (15).
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(a) Fitting of H data (b) Wind speed fitting under given H
Figure 3. Probability distribution fitting diagram.

3.1.2. 3D Environmental Contour

According to the constructed joint probability density model of V, Hs and U, the
Rosenblatt transformation is used to transform it into the U space. Combined with the
structural reliability method, it can be seen that the radius of the sphere B in the U space
under the N-year RP based on FORM is:

. B 1
pr=-2 1(’“}‘) =-® 1(24><365>< N) 17

For the design of FOWT, the extreme environment conditions are selected in the RP of
1 or 50 years in most cases [6,7,25,26]. To better guarantee the structural safety, set the RP
to N as 50 years, and the corresponding f is 4.584. The 3D sphere in the U space is the
structural failure boundary. After discretization of the sphere, the scatter point coordinate
u = [uq, Uy, uz] can be expressed as:

uy; = B X cos(a;)
Ui = By X cos(g;) i=1,...,k (18)
usi = By x cos(7i)

where «, @, v are the angles between the vector composed of the origin and each scatter
point and the coordinate axes x, y, z, i and k represent the scatter point number and the
number of scatter points.

Inverse Rosenblatt transformation is used to convert the scatter points from the U space
to the environmental parameter space, and a wind-wave—current 3D EC is constructed, as
shown in Figure 4. The red lines are the IFORM contour, and the origin data are in blue. It
can be seen from Figure 4a that the contour surface and scatter point configuration are well
matched. Compared with existing contours [24,27,28], Figure 4b shows that the correlation
between H; and V is relatively high, as shown in Figure 4c,d; the correlation between both
U and H; and U and H; is low, respectively.
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10
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V(m/s)

(b) Wind-wave view

20 30 40 50
V(mis)

Hs(m)

(c) Wind—current view (d) Wave—current view

Figure 4. 3D environment contour using IFORM.

Using SORM, the relationship between the sphere radius S, in the U space and the
failure probability of N-year RP obeys the x2 distribution, and Bs can also be solved by the
inverse function of the x?2 distribution as follows:

1
202\ 1 _ . _1_
X"(ﬁS) ===l 3G <N

For the 3D environmental parameter problem, the degree of freedom of the x2 distribu-
tion is n = 3, and the spherical radius B; = 5.382 under the 50-year RP can be obtained. Based
on the B, the structural failure boundary is delineated, and the inverse Rosenblatt trans-
form is used to convert the boundary data into a 3D environmental parameter space; then,
a 3D contour is established, as shown in Figure 5, the bule lines are the ISORM contour.

Figure 6 compares the differences between IFORM and ISORM contours. It can be seen
that the spatial shapes of IFORM and ISORM contours are similar, but the ISORM contour
has a wider range than the IFORM contour; that is, the extreme values calculated by using
ISORM are larger than IFORM, and the reliable radius s of ISORM (5.382) in U space is
larger than ¢ of IFORM (4.584). Therefore, ISORM is more conservative than [IFORM.

(19)
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Figure 5. 3D environment contour using ISORM.
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Figure 6. Comparison of IFORM (red) and ISORM (blue) 3D environment contours.

4. Response Extremes under Combined Environmental Conditions

In the design of FOWT, the RP of the environment condition is generally defined as
50 years. When considering the combinations of extreme conditions corresponding to
different environmental parameters, the existing design standards recommend different
approaches to combine the environments; i.e., CCS recommends a combination of 50-year
RP wind, 50-year RP wave and 50-year RP current [25], and DNV Supplementary recom-
mends a combination of 50-year RP wind, 1-year RP wave and 1-year RP current [7]. This
is because, apparently, using the combination of 50-50-50 may cause a more conservative
design than 50-1-1. Therefore, if overly conservative design conditions are adopted, reli-
ability and costs in the design cannot achieve a good balance. This section considers the
environmental conditions of wind, waves and currents, and we obtain multiple combi-
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nations of them according to the design standards and the ECs, conduct a time-domain
dynamic coupled analysis of an FOWT, and evaluate the response of the platform under
given environmental conditions.

4.1. On the Combination of Wave—Wind—Current

Based on the South China Sea 50-year RP 3D ECs in Figures 4 and 5, the extreme
values of each parameter on the contour surface are shown in red, as shown in Table 1.

Table 1. Extreme environmental parameters by 3D ECs.

V (m/s) Hg (m) U (cm/s)
IFORM 42.70 10.50 141.96
ISORM 47.85 12.60 165.45

The traditional design method is to use a combination of the extreme values of 50-year
RP wind, 50-year RP wave and 50-year RP current directly, that is, the combination of sea
conditions in Table 1. However, the probability that the extreme values of wind, wave and
current occur simultaneously is rarely seen, so using the combination of each extreme value
will undoubtedly be conservative. Alternatively, the ECM can fully consider the correlation
and joint probability distribution between each parameter to obtain the combined design
conditions. The ECs can be used to analyze the sea condition parameters in different leading
conditions. Leading conditions are defined as the combination of wind, wave and current
extreme values by multiplying given combination factors (in the range of 0-1). Six types of
leading conditions are investigated, which consists of single-parameter leading conditions
(wind led, wave led, current led) and two parameter leading conditions (wind-wave led,
wind—current led, wave—current led).

The single-parameter leading conditions include wind, wave and current, which are
denoted as condition point No. 1, 2 and 3 in Figure 7, respectively. Figure 7a,b show the
leading condition points No. 1, 2 and 3 by using IFORM contour, and Figure 7c,d show
those by using ISORM contour.

The two parameter leading conditions include wind-wave led, wind—current led and
wave—current led, which are denoted as condition points No. 4, 5, and 6. For the 3D
contours, a straight line with a slope of 1 was drawn on the corresponding two-dimensional
perspective view, and the intersection point with the contour surface is the leading condition
point. In order to facilitate observation, the contour is normalized. Figure 8 shows the
two parameter leading conditions on the contour of IFORM and ISORM.

Further, after normalizing the contour and recording the corresponding coordinates
and combination factors, the combined coefficient matrix under different leading conditions
can be obtained, as shown in Table 2. The data in Table 2 were standardized and retained
to two decimal places.

It can be found that when the wind mainly led, the wave combination coefficients are
close to 1, or when the wind-wave led, the current combination coefficients of IFORM and
ISORM contours are both smaller. In other words, when the V or H; is close to the 50-year
extreme state, U does not reach half of its extreme condition; that is, U in the target sea area
is not highly correlated with V or H.
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Table 2. Wind-wave—current combination coefficient matrix.
IFORM ISORM
Leac.h.n 8 Wind Wave Current Wind Wave Current
Conditions
Wind 1.00 0.77 0.45 1.00 0.79 0.46
Wave 0.76 1.00 0.37 0.84 1.00 0.39
Current 0.59 0.34 1.00 0.57 0.33 1.00
Wind-wave 0.95 0.94 0.43 0.94 0.95 0.43
Wind—current 0.84 0.65 0.89 0.85 0.66 0.87
Wave—current 0.84 0.80 0.78 0.85 0.81 0.77

4.2. Environmental Conditions in Combined Design Conditions

Based on the combination coefficients under different leading conditions in Table 2, the
combinations of extreme conditions can be obtained; in order to facilitate the time-domain
analysis, the specific value of the sea conditions are summarized in Tables 3 and 4. COMB1-
COMBS6 represents six groups of extreme conditions with different leading parameters, and
the data are all kept to two decimal places.
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Table 3. Combination of different conditions via IFORM contour.
Leading
Load Cases . V (m/s) H; (m) U (cm/s)
Conditions
COMB1 Wind 42.70 8.10 63.57
COMB2 Wave 34.21 10.50 52.95
COMB3 Current 25.06 3.60 141.96
COMB4 Wind-wave 40.57 9.87 61.04
COMB5 Wind-current 35.87 6.83 126.34
COMB6 Wave-current 35.87 8.40 110.73
Table 4. Combination of different conditions via ISORM contour.
Leading
Load Cases . V (m/s) H; (m) U (cm/s)
Conditions
COMB1 Wind 47.85 9.90 76.35
COMB2 Wave 40.23 12.60 63.98
COMB3 Current 27.47 4.20 165.45
COMB4 Wind-wave 44 .98 11.97 71.14
COMB5 Wind-current 40.67 8.32 143.94
COMB6 Wave-current 40.67 10.21 127.40

Apparently, the sea conditions determined via the ISORM contour of the target sea
area are conservative and may results in an uneconomical design. Therefore, the combined
conditions of the IFORM contour are used for subsequent research.

According to the recommendations of CCS [25], the mooring system of the FOWT
should be designed considering that wind, wave and current all reach the extreme values
of N-years (usually 1-year or 50-year) RP, which are the COMB1-COMB3 conditions in
Tables 3 and 4. However, three parameters infrequently reach the extreme value at the same
time, so it is more common that one of the parameters reaches an extreme value. Some
standards [6,7,26] also mention these situations and recommend the combined coefficient
matrix as (1,0.5,0.5) (V, Hs, U). Further, DNV [7] mentions that the ECM should be applied
to obtain the combination of conditions, which is the COMB4-COMB6.

4.3. Response Analyses of Floating Offshore Wind Turbine
4.3.1. Load Cases

Dynamic coupled analysis of an FOWT is conducted to calculate the structure’s
response subject to wind, wave and current in Sesam DeepC. The environmental dynamic
loads include first- and second-order wave forces, wind and current forces, the penitential
damping forces, the viscous damping forces and the mooring and cable forces, which lead
to a complex non-linear dynamic system [29]. Therefore, the time-domain analysis needs
to be carried out to acquire the short-term responses of the FOWT in these sea conditions.

A three-column semi-submersible FOWT in the South China Sea was used as an ex-
ample. The mooring system of the platform consists of nine identical mooring lines.
Three mooring lines are distributed on each of the three columns. Overall, it has a
3 x 3 symmetrical layout, and the nine mooring lines are named clockwise (as 1-9). The
first line is the lower line in the load incidence direction, as shown in Figure 9, and its
main particulars are listed in Table 5. The non-linear time-domain dynamic response of
the platform is calculated using the coupled model in Figure 10a, and the heave RAOs are
shown in Figure 10b.
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Figure 9. Mooring diagram of FOWT.

Table 5. Main scale parameters of FOWT.

Design Parameters Date Unit
Column side length 13 m
Column center distance 60 m
Column height 29.5 m
Pontoon height 3.5 m
Pontoon width 14.5 m
Draft 18 m
Displacement 15,200 t
Molded Depth 33 m
Depth of water 65 m
Mooring radius 450 m

RAO(w)

0.2 04 06 0.8 1 1.2 14 16
w (rad/s)

(a) Coupled model of the moored platform (b) Heave RAO of the platform

Figure 10. Coupled analysis model and heave RAO of the platform.

In this example, for the safety of the platform, the environmental loads are considered
as the same incident direction, which rarely happens and could cause larger responses
from the structure. Depending on that, the wind, waves and currents are conservatively
assumed to be in the 0-degree incident direction, that is, the x direction, which is also
the inline direction of the No. 2 mooring line. Combined with the EC and FOWT design
standards, different combination conditions SS1-5512 are selected, as shown in Table 6.
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Table 6. Combined conditions based on IFORM contour.

Load Cases V (m/s) H; (m) U (m/s)
SS1 42.70 8.10 0.64
SS2 34.21 10.50 0.53
SS3 25.06 3.60 1.42
SS4 40.57 9.87 0.61
SS5 35.87 6.83 1.26
SS6 35.87 8.40 1.11
SS7 42.70 10.50 1.42
SS8 33.80 7.20 1.02
SS9 42.70 7.20 1.02

SS10 33.80 10.50 1.02
SS11 33.80 7.20 1.42
SS12 10.50 1.50 0.50

According to Table 6, the wind speed of SS1-S511 exceeds the cut-out wind speed
of 25 m/s; that is, the wind turbine blade is in a shutdown state, and SS12 is the rated
condition. At this time, the wind turbine blade can generate electricity normally, so each
group of conditions in Table 7 is:

Table 7. Extreme responses of the moored FOWT in different combination conditions.

Responses
Load Cases Pitch (°) Offset (m) Mooring Force (kN)
SS1 6.68 8.39 2226.19
SS2 7.20 8.87 2586.68
SS3 2.93 5.10 1646.12
SS4 7.94 9.14 2633.80
SS5 5.94 7.29 2002.70
SS6 6.80 8.14 2253.49
SS7 10.30 11.60 3751.61
SS8 5.78 6.51 1842.27
SS9 6.57 8.29 2239.37
SS10 8.33 9.68 2772.10
SS11 6.21 7.45 2062.73
SS12 3.58 4.80 1646.13

S51-556 are the six leading conditions based on IFORM contour in Section 3.1.2;

SS7 is a working condition where extreme values of wind, waves and currents all
reach the extreme values of the 50-year RP;

SS8 is a working condition where the extreme values of wind, waves and currents all
reach the extreme values of the 1-year RP;

S59-5511 are different combinations of 50-year RP extreme values and 1-year RP
extreme values of wind, waves and currents: SS9 conditions are 50-year RP wind + 1-year
RP wave + 1-year RP current, and SS10 is 1-year RP wind + 50-year RP wave + 1-year RP
current, S511 is 1-year RP wind + 1-year RP wave + 50-year RP current.

S512 is the rated wind, wave and current conditions and is superimposed on the top
dynamic wind load at the corresponding wind speed.

4.3.2. Time-Domain Analysis

Through time-domain analysis and coupling calculation, the extreme response results
of the platform were obtained. Table 7 shows the calculation results of each group of
conditions, and the results were retained to two digits.

For the design of FOWTs, the pitch and roll angles are generally limited based on the
evaluation standards of an inclination angle of 5° in rated conditions and an inclination
angle of 10° in extreme conditions.
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The calculation results in Figure 11a show that the platform pitch angle (3.58°) in rated

condition S512 is less than 5°, which meets the design requirement.
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Figure 11. Dynamic responses of the FOWT platform.

Compared with the responses of SS1 and SS9, both of which are led by 50-year RP
wind, the topside wind loads are added to both of them, and the extreme responses meet the
requirements of the design standards. Figure 11b shows the tension forces in SS1, responses
calculated from SS1 that, selected by the contour, reach larger values than the combinations
of 50-year RP wind, 1-year RP wave and current. This indicates that the environmental
combinations of contours may be more conservative than the combinations of different
RPs. Similarly, the wave-led conditions and the current-led conditions are compared,
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showing that when wave or current conditions lead, the combinations of contours are of
economic efficiency.

As for the most extreme conditions, SS7, which is the most frequently selected working
condition as well, the pitch of the platform is over 10°, which implies that the conservative
estimate of S57 may be too large. The tension forces are demonstrated in Figure 11c; the
minimum breakage load (MBL) of the mooring line is 12,690 kN, and the maximum tension
of mooring line #2 in case SS7 is within the safe range.

In summary, different combined conditions have direct impacts on the structural
response, thereby affecting the structural design. The combined conditions recommended
in the design standards may provide more dangerous sea conditions, such as the 50-year
RP wind, 50-year RP wave and 50-year RP current condition (S57), which will be more
conservative for structures that can withstand higher risks or during survival conditions.
Similarly, based on the structural design standards, the designed sea conditions determined
by the ECM, which analyzed and the reliability and conservatism of the design conditions,
can achieve a better balance between structural safety and cost. Therefore, it is more
important to select appropriate conditions based on engineering requirements, metocean
conditions and structural properties.

5. Conclusions

The response extremes of an FOWT based on inverse reliability methods and ECM
were investigated in this study. The joint probability of wind, wave and current at a
site in the South China Sea was investigated to establish three-dimensional ECs by using
IFORM and ISORM; comparisons between the wind—-wave—current 3D contours by using
IFORM and ISORM showed that IFORM is more suitable for FOWTs; using the 3D ECs,
the combination factors associated with wind, wave and current were proposed in the
South China Sea for six leading combination conditions; and the combined environmental
conditions obtained by the inverse reliability methods and the proposed combination
factors were further applied to a floating wind turbine platform. The main conclusions are
drawn as follows:

(1) Based on the statistical analysis of environmental parameters in the South China Sea, it
was found that the Weibull-Log-Normal-Weibull probability distribution model can
better describe the long-term joint distribution characteristics of wind-wave—current
in the South China Sea.

(2) By comparing the wind—wave—current ECs by using IFORM and ISORM, the ECs
constructed by using IFORM and ISORM had a similar shape, the contour from
ISORM covered a larger space volume, and the corresponding reliability index was
larger, indicating that ISORM is more conservative than IFORM.

(3) ECM is based on the distribution characteristics of wind, wave and current in a sea
site, and it can effectively describe the characteristics of environmental conditions.
The characteristics of extreme sea conditions appropriately reduce the degree of
conservatism in the design of FOWTs, and the EC method can be used for the optimal
design of FOWTs.

(4) Theinverse reliability analysis of environmental conditions and ECM is based on meto-
cean data from a site in the South China Sea. The proposed wind-wave—current com-
bination coefficients in the design and analysis of FOWTs can provide a more accurate
environmental data design basis for the floating platform and the mooring system.

In future work, combinations of the environmental loads should be used to consider
different incident directions of wind, wave and current, and the associated extreme re-
sponses of the FOWT platform need further research, as the ECM depends on the joint
distribution models of environmental data. Moreover, the method can be extended to other
sea areas by obtaining the probability distribution characteristics of the environmental
parameters of the sea area. Further work will include collecting more metocean data to
develop universal wind-wave-current combination coefficients for the design of FOWTs.
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