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Introduction: Floating wind power is the important path for the development of
offshore wind energy, and the performance of the mooring system of floating
wind turbines (FOWTs) significantly affects their economic viability, safety, and
sustainability.

Methods: This paper systematically analyses the positioning performance,
mooring line extreme loads, and fatigue response of a FOWT equipped with both
single segment and multi-segment mooring systems, based on the IEA 15 MW
large turbine and a floating platform. The hydrodynamic performance of the
floating platform is calculated, and the platform’s motion-sensitive directions are
analysed through Response Amplitude Operators (RAOs). The natural periods of
the platform are validated by free decay tests. The six degrees of freedom (DOFs)
motion response and the mooring line peak tensions are analysed under normal
and extreme conditions.

Results: The results show that both mooring systems provide good motion
performance and stable tilt angles for the platform. Under ALS (single-line failure)
condition, the multi-segment mooring system demonstrates a notable capacity
to resist impact loads, with comparatively minor fluctuations in mooring line
tension. In the multi-segment system, fatigue damage primarily occurs in the
upper mooring chain, with damage approximately 4.5 times greater than that of
the bottom chain over a 1-year period. The effects of mooring line spread angles
and lengths on performance are also analysed. The results indicate that the
mooring line spread angle has slight impact on platform motion response and
mooring line tension, while mooring line length significantly affects the extreme
tension of the lines.

Discussion: The findings of this study can provide some references in the design
of mooring systems for future FOWTs.
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FIGURE 1

Definition of floating platform: (A) compositions of the platform, (B) coordinate definition-top view, (C) coordinate definition-elevation view.

(®)
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1 Introduction

In light of global climate change and the looming energy crisis,
the development of clean energy has become a pivotal area of
scientific inquiry. Wind energy, as one of the most promising
renewable energy sources, is favoured by many countries due to
its abundant reserves and widespread distribution (IEA, 2020).
Among these, offshore wind power is gradually becoming the
focal point of wind energy development, due to a number of
advantages, including higher average wind speeds, large wind energy
reserves, minimal environmental noise pollution, and no land use
requirements (Musial et al, 2022). Nevertheless, offshore wind
resources in nearshore areas are confronted with a lot of challenges,
such as potential conflicts with traditional nearshore aquaculture,
fishing activities, shipping routes, and the saturation of resource
development. Consequently, the expansion of the offshore wind
power into deeper and more distant waters is an unavoidable
trend (GWEC, 2019; WFO, 2022). Furthermore, as offshore wind
power transitions from nearshore to deepwater, the costs and
construction challenges associated with fixed-foundation turbines
increase significantly. Therefore, floating wind power has become
the inevitable choice for the development of deepwater wind energy
resources (Rui et al., 2024b). DNV (2020) projects that by 2050,
the installed capacity of floating wind power will reach to 250 GW,
representing over 20% of the offshore wind power market, and
constituting 2% of the global electricity supply.

A FOWT system typically comprises three main components:
the wind turbine itself, the floating foundation and mooring/anchor
facilities. Regarding the turbine, it is evident that there is a tendency
towards an increase in the power output of the mainframe. While
much of the existing research in this field mainly has concentrated
on the NREL 5 MW reference turbine (Jonkman, 2009) including
numerical modelling and basin tests such as the NREL OC3 Hywind
Spar Buoy (Jonkman, 2010) and the NREL OC4 DeepCwind
(Robertson et al.,, 2014), some studies have also considered the
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TABLE 1 Main parameters of the floating platform.

Parameters Units Value
Water depth m 60
Operational draft m 15
Displacement t 18,624
VCG m 16.94
Diameter of bottom plate m 19.5
height of bottom plate m 5
Diameter of top plate m 11
height of top plate m 5
Length between external columns m 77.5
Diameter of external columns m 12
Height of external columns m 15
Diameter of centre columns m 8
Height of centre columns m 15
Ballast roll inertia about COG kg-m? 5.58e9
Ballast pitch inertia about COG kg-m? 1.28¢10
Ballast yaw inertia about COG kg-m? 1.16e10

larger-scale reference turbines. For instance, the 10 MW turbine
developed by the DTU (Bak et al., 2013) has been the subject of
study with both a semi-submersible platform (Azcona et al., 2017)
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FIGURE 2
Mooring system configuration. (A) top view, (B) elevation view.

and a TLP platform (Pegalajar-Jurado et al., 2016). Additionally, the
15 MW turbine, developed by the IEA, has also been analyzed for a
semi-submersible platform (Pillai et al., 2022). In fact, commercial
floating wind farms have begun to adopt higher-capacity turbines
on a gradual basis. For example, in 2020, Principle Power installed
three 8.3 MW Vestas V164 turbines on the WindFloat platform in
Portugal, and a 9.5 MW turbine at the Kincardine site in Scotland.
Moreover, turbine manufacturers such as Vestas, Siemens-Gamesa,
and Mingyang are developing and deploying FOWT prototypes
with capacities of at least 10 MW (Spearman et al., 2020; Vestas,
2021). As a result, it is imperative for researchers to undertake
preliminary studies on the performance of ultra-large FOWTs.
However, research in this field is still in progress.

The floating platform provides support for the upper wind
turbine structure, thereby ensuring buoyancy and facilitating
maintenance of the system. As FOWT technology has continued
to evolve, new foundation concepts have emerged. These can
be categorized based on their static stability principles into
four types: semi-submersible, spar, tension-leg platform, and
barge. Each corresponds to a different operational water depth
(Xu et al., 2024a; Rui et al., 2024a). In China, the semi-submersible
type of floating foundation is currently the most widely studied and
applied foundation for FOWT systems due to the relatively shallow
continental shelf along its coastal regions. This type is suitable for
a wide range of water depths and generates a notable variation in
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waterplane area through its distributed pontoon structure, which in
turn produces restoring moments to resist platform tilting.

The mooring system, which serves as the load transfer
mechanism connecting the seabed anchors to the floating structure,
plays a pivotal role in FOW'T technology. However, deep-sea FOW'Ts
face considerable challenges due to intricate component coupling
and punitive operating environments, thereby subjecting the
mooring system to rigorous scrutiny. On the one hand, the mooring
system must satisfy the requisite positioning and safety standards.
As documented in the literature, an average of 7.5 tropical cyclones
make landfall in China each year (Wang et al., 2023; Li et al., 2023).
To ensure reliance in the face of extreme conditions and accidental
limit states (ALS), it is essential to incorporate redundancy into the
mooring system design for FOWTs. On the other hand, the design
of the mooring system must also consider economic factors. The
widespread commercialization of floating wind power is impeded
by the significant costs associated with mooring/anchor systems,
which account for over 27% of the total cost, surpassing that of the
wind turbine equipment itself (Stehly et al., 2020). This underscores
the necessity for further optimization and analysis of the mooring
system design.

The diverse force characteristics of mooring lines have led
to the classification of mooring positioning systems into two
main categories: traditional catenary mooring and taut or semi-
taut mooring systems (Wang et al., 2020; Rui et al., 2023b). The
static stability characteristics of semi-submersible floating platforms
render the catenary mooring system is an effective mooring method
(Xu et al,, 2024a; Rui et al., 2024a). In catenary systems, the ratio
of mooring line length to water depth is typically considerable,
resulting in a portion of the mooring line lying on the flat seabed.
The restoring force for the motion of the floater in such a mooring
system is mainly provided by the weight of the cable and changes in
the shape of the mooring line (Smith and MacFarlane, 2001). Due to
the presence of a lying chain, the uplift angle at the seabed contact
point remains zero throughout the service life, and only horizontal
tension acts at the touchpoint. Consequently, the mooring anchor is
only required to resist horizontal forces.

Chains are the most commonly utilized material in catenary
mooring systems due to their high tensile strength and resistance
to wear (Guo et al, 2024; Rui et al., 2024c). However, their
substantial weight makes them costly when employed as standalone
mooring lines. In recent years, multi-segment mooring systems
have been widely used in the construction of floating platforms.
The multi-segment mooring system was first effectively applied in
the positioning and stabilization of deep-sea floating production
storage and offloading units (FPSOs), semi-submersible platforms,
drilling ships, and other floating marine platforms. In the past
decade, with the rapid development of offshore wind energy, these
related technologies have also been utilized to reduce costs and
improve efficiency in FOWT platforms (Pham, 2024; Civier et al.,
2024). In such applications, specific sections of the mooring
line are substituted with alternative chains or materials, thereby
facilitating construction and reducing costs (Qiao et al., 2013;
Xie et al., 2015; Hermawan and Furukawa, 2020). The impact of
multi-segment mooring systems on floating platforms has been
the subject of study by several researchers (Jae et al., 2022).
For example, Ha (2011) investigated the effects of multi-segment
mooring systems on FSPOs, finding that while these systems are
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TABLE 2 Definition of the mooring system.

10.3389/fenrg.2024.1502684

Segment Nominal diameter/(mm) Mass per unit length/(kg) Axial stiffness/(kN) Break strength/(kN)
Upper 76 113.4 7.54 x 10° 4,884
Bottom 100 219.0 1.0 x 10° 8,028

TABLE 3 Load conditions for fatigue and extreme analysis.

Load condition | Wind speed V (m/s) Significant wave Period T, (s) Occurrence Running state
height (m) probability f (%)
LC1 2 1.07 6.03 6.071 Parked
LC2 4 L1 5.88 8.911
LC3 6 118 5.76 14.048
LC4 8 131 5.67 13.923
LC5 10 1.48 5.74 14.654
1C6 12 1.70 5.88 14.272
LC7 14 191 6.07 8.381 Normal
LC8 16 219 6.37 8.316
LCY 18 247 6.71 4186
LC10 20 2.76 6.99 3.480
LCl1 2 3.09 7.40 1534
LC12 24 342 7.80 0.974
LC13 26 3.76 8.14 0.510
LC14 28 417 8.49 0.202
LCI5 30 4.46 8.86 0.096 Parked
LC16 32 479 9.12 0.050
LC17 42 490 9.43 0.019
LC18 50 10.3 14.1 - Parked

capable of enduring extreme sea conditions, they significantly
reduce the vertical loads on the tensioned mooring lines. Ghafari
and Dardel (2018) investigated the effect of mooring line length
on the dynamic response of semi-submersible platforms with
multi-segment mooring systems and indicated that increasing
mooring line length reduces platform motion but accompanying
increases mooring line tension. Neisi et al. (2022) analysed the
influence of multi-segment mooring systems on the 5 MW OC4-
DeepCwind semi-submersible platform, and found that the addition
of buoy and clump weight significantly affects platform heave
and pitch motions. However, there is still a lack of research on
the effects of multi-segment mooring systems on the positioning
performance and tension characteristics of large FOWTs. Although
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multi-segment mooring systems demonstrate good performance
in terms of cost-effectiveness and horizontal restoring force, they
also have certain limitations. These include compatibility between
different materials, adaptability to marine environments (such
as marine corrosion, low temperatures, and ultraviolet radiation
exposure), and the complexity of connector designs (Bastos
and Silva, 2020; Del Vecchio et al, 2024). When selecting and
designing a mooring system, it is essential to consider factors
such as the operational environment, technological capabilities,
economic benefits, and safety to ensure the systems reliability and
performance (Rui et al., 2024a).

The performance of mooring systems is also influenced by
various factors, such as the number of mooring lines, spread
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https://doi.org/10.3389/fenrg.2024.1502684
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org

Huang et al.
A
20
00
—30°
—60°
16 e
_ —120°
& —150°
g 127 —180°
S
Z s
4}
%.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency/(rad/s)
Cc
157
00
—30°
_600
—90°
—120°
:é 1.0 — 1500
g/ —180°
2
0.5¢
0.0 : - ‘
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency/(rad/s)
E
2.0
OO
_300
60°
1.5} —90°
—120°
B —150°
o —180°
g 1.0t
0.5+
0. . : . ‘
%.O 0.5 1.0 1.5 2.0 2.5 3.0
Frequency/(rad/s)

FIGURE 3

RAO/(m/m)

RAO/(°/m)

RAO/(°/m)

10.3389/fenrg.2024.1502684

20 00
_300
—60°
16 —90°
—120°
—150°
12 —180°
8
4t
%.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency/(rad/s)
2.0
OO
—30°
_600
1.5¢ — 9
—120°
—150°
—180°
1.0f
0.5¢
0.0 . . ‘
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency/(rad/s)
1.07
00
—30°
0.8 —o
—90°
—120°
0.6 1500
—180°
VA

RAOs of platform 6 DOFs: (A) surge, (B) sway, (C) heave, (D) roll, (E) pitch, (F) yaw.

angles, lengths, materials, and configurations (Paredes et al., 2016;
Hsu et al., 2017; Rui et al., 2023¢). Pillai et al. (2022) examined
the effect of different mooring footprint and wind-wave incidence
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angles on the anchor loads of a 15 MW turbine in the context of
shallow water mooring conditions. The findings demonstrated that
augmenting the mooring radius can diminish peak anchor loads
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by 56%, and varying wind and wave directions significantly affect
the load magnitude. Zhang et al. (2024) conducted an optimization
on the single-point mooring system, and the results suggested
that changes in mooring line length have minimal impact on the
dynamic response of the platform and mooring system while the
addition of appropriate buoys or sinkers can reduce the motion
response and the mooring line tension. Yu et al. (2024) made an
optimal design of asymmetrically arranged moorings for floating
production system considering the mooring radius, azimuth, spread
angle, number of lines and three segment lengths, and found that
the offset of the floating platform was reduced by 8.29% via the
asymmetrical mooring pattern. The primary objectives of these
analyses of mooring design parameters are to control the motion of
the floating platform, ensure safety, and maintain cost-effectiveness.
Furthermore, for permanent mooring design, it is essential to
consider not only extreme strength design but also the implications
of fatigue under conditions of combined loading (API RP 2SK).

To this end, this paper aims to evaluate the performance of the
muti-segment mooring system of a 15 MW FOWT under normal
and extreme conditions, including the positioning performance of
the mooring system, the fatigue performance of the mooring line,
and the influence of the mooring arrangement parameters (mooring
line spread angle, mooring line length, etc.), etc., by means of an
integrated model through numerical analysis. The findings of this
study can provide some guidance in the design of mooring systems
for future FOWTs.

2 Modelling of a 15 MW FOWT
2.1 Reference turbine

A suitable 15 MW wind turbine developed by IEA that is
well-described in literature is utilised for numerical modelling

(Gaertner et al,, 2020). In comparison to the previously widely
used NREL 5 MW baseline turbine (Jonkman, 2009) and the DTU

Frontiers in Energy Research

06

10.3389/fenrg.2024.1502684

10 MW referenced turbine (Bak et al., 2013), the IEA-15-240-
RWT employs a more sophisticated blade construction and control
system, thereby facilitating enhanced power generation and attitude
control technologies (Pillai et al., 2022).

2.2 Floating support structure

After the preliminary investigation of the FOWT installation
region, the average water depth of the target field is about 60 m,
and the semi-submersible type floating platform is designed to
support the 15 MW turbine. The floater is primarily constituted
by four external and central columns, four bottom and top plates
and a multitude of diagonal struts. The turbine is situated at the
pinnacle of the central column and plate. The centre point of the
reference coordinate system is established as the base of the central
column. The x-axis is oriented in a direction extending from the
farthest outer column, with positive values extending away from
the centre point. The z-axis is oriented in a direction extending
upward from the centre point, while the y-axis is oriented in a
direction extending from the centre point in a manner consistent
with the right-hand rule. The principal geometric and dimensional
parameters are illustrated in Figure 1 and given in Table 1.

2.3 Mooring system configuration

The configuration of the mooring system for the FOWT is
shown in Figure 2A. The mooring system was originally designed to
consist of six identical 100 mm R3 studdles chains (with mass and
geometric properties listed in Table 2). Each chain has a length of
490 m long and spreads out symmetrically from the platform’s three
external columns along the centroid, which is located 3 m below the
stationary water level. The horizontal spread angle of each chain on
the same column was 3° along the x-axis, and the mooring footprint
for each mooring line was 476 m, which is approximately eight times
the water depth.

In consideration of the water depth conditions and the pertinent
economic factors within the target area, the mooring lines were
optimized through the implementation of a multi-segment mooring
system without any alteration to the mooring radius or line length.
Each mooring line consists of two sections, as shown in Figure 2B.
The upper segment, located in the splash zone, is composed of R3S-
grade chain with a diameter of 76 mm and a length of 180 m, directly
connected to the winch. The bottom-resting catenary segment is
consisting of R3-grade chain with a diameter of 100 mm and a
length of 310 m. The incorporation of a thicker chain in the bottom
section serves to increase its weight, thereby ensuring that the
bottom portion remains in contact with the seabed. This prevents
the chain from being pulled taut, which could otherwise result in the
generation of uplift forces on the anchor. The pretension at the top
of each mooring line is approximately 52 t, and the main parameters
of two sections are listed below in Table 2.

2.4 Integrated analysis model

The widespread NREL simulation software OpenFAST, is
employed for integrated analysis of the 15 MW FOWT, which

frontiersin.org
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FIGURE 5
6-DOF motions of the platform: (A) surge, (B) sway, (C) heave, (D) roll, (E) pitch, (F) yaw.

contains the various coupled modules including aerodynamics,  dynamics, aerodynamics, hydrodynamics, and mooring modules
servo-control, elasticity, hydrodynamics, and mooring (Xu et al.,  were modified to align with the specifications of the floating
2024b). The referenced IEA 15 MW wind turbine model, has  platform utilized in this study. The hydrodynamics module was
been built and validated during the OC6 project (Allen et al,  initially analysed in the frequency domain using the hydrodynamic
2020). Based on this model, the input files for the structural  analysis software AQWA (ANSYS, 2019), and the results were then
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TABLE 4 Platform motion under extreme condition.

Incidence angle Minimum Maximum

Single segment Muti-segment

Single segment Muti-segment

Surge/m -7.60 -9.15 3.48 2.71
Sway/m -1.04 -1.09 0.80 0.82
Heave/m -4.72 -4.70 3.63 3.88
0°
Roll/(°) —-0.54 -0.56 0.58 0.58
Pitch/(°) =55 —5.58 0.80 0.75
Yaw/(°) -0.35 -0.61 0.45 0.56
Surge/m -3.62 —6.12 3.79 2.20
Sway/m -12.05 -13.92 0.81 -0.35
Heave/m -4.01 -3.99 3.81 4.10
90°
Roll/(°) 8.48 -1.25 -1.49 8.8
Pitch/(°) -2.3 -2.51 0.85 0.94
Yaw/(°) 9.18 1.10 7.85 12.53

converted to WAMIT format for use as input files in OpenFAST. It
is important to note that since the calculation principles of AQWA
are based on potential flow theory and Morison’s equation, which
do not account for viscous damping, and because it is challenging to
determine the drag force and added mass coefficients for the floating
structure’s members, an overall system damping correction of 8% of
the critical damping was applied in this analysis (Xu et al., 2023).
A portion of the critical damping can be considered as equivalent
viscous damping and the formula for the critical damping can be
expressed as Equation 1:

By =2\(M+M,)C; 1)

where M is the mass or moment of inertia of the structure; M, is
the additional mass or additional moment of inertia, and C, is the
hydrostatic restoring force stiffness. Equation 1 does not consider
the coupling effect of the structure in different directions of motion,
and since the hydrostatic stiffness is 0 in sway, surge and yaw, the
viscous damping is only considered in the three DOFs, such as heave,
pitch and roll (Roddier et al., 2011). The control module was not
modified, so the standard industrial controller was still used as a
reference (Abbas et al., 2022).

3 Load conditions

The extreme value and fatigue analysis of the mooring lines
in this study considered multiple wind-wave combinations and
their probability distributions over the service life of the turbine,
as summarized in Table 3 (Asen et al., 2017; Krathe and Kaynia,
2017). The data presented in the table are derived from a 22-year
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environmental parameter monitoring campaign at an offshore wind
farm observation site in the North Sea. All data were statistically
integrated and categorized into 17 different load conditions. The
Kaimal spectrum and JONSWAP spectrum are used to simulate the
wind turbulence and random nature of wave, respectively (Zha et al.,
2023). For load cases LC 2-12, the average hub wind speed falls
between the turbine’s cut-in (3 m/s) and cut-out (25 m/s) speeds,
meaning the turbine is in normal operation. In the cases of LC 1
(below the cut-in wind speed) and LC 13-17 (above the cut-out wind
speed), the turbine is in a state of parked condition with feathered
blades and idle rotation. Based on the available data for the target
site, LC6 was approximately set as the rated design condition with
largest thrust force (DLC1.2b), and LC19 is additionally considered
as the 50-year return extreme design condition (DLC6.1a). In the
following analysis, the simulation time for each case is 700 s, with
the initial 100 s excluded to ensure the stability of the data. The rotor
hubs are set always face the wind, meaning there is no yaw error.

4 Results and discussion

4.1 RAOS of platform

The Response Amplitude Operators (RAOs) for the
floating platform under different wave incidence angles
are shown in Figure 3. In the absence of mooring forces, the
RAO values for heave and sway motions decrease with increasing
frequency. When the waves act in the direction of heave and sway
motions, the RAOs for these motions are relatively high. The heave
RAO shows significant variation when the wave frequency ranges
from 0 to 0.75rad/s, peaking around 0.28 rad/s. The RAOs for
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different wave directions are generally similar, indicating that the
impact of different wave directions on heave amplitude is relatively
small. At a wave frequency of 0.276 rad/s, both pitch and roll reach
their maximum values simultaneously. A comparison of the peak
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values reveals that the pitch RAO peak is slightly lower than the roll
RAO peak, which can be attributed to minor geometric asymmetries
in the structure for which the moment of inertia is larger in the
pitch direction, and therefore the pitch direction exhibits a better
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restoring stability under wave action. From the overall RAO curves,
it is evident that the platform is particularly sensitive to wave
directions of 0° and 90°. Under extreme conditions, it is essential to
carefully assess the platform’s motion response and mooring tension
in relation to wave directions of 0° and 90°.

4.2 Free decay test

Prior to conducting a time domain analysis, it is necessary to
perform a free decay test on the floater to ensure the accuracy
of the results. By applying an initial displacement to the FOWT
in still water, the natural periods of the platform can be obtained
through Fast Fourier Transform (FFT) analysis of the time history
curves. Figure 4 presents a comparison between the natural periods
of the platform used in this study and those of the VolturnUS-
S Platform (Allen et al., 2020). It can be observed that the heave and
pitch periods of both platforms are almost identical. However, due
to slight geometric asymmetry, the roll period of the platform in this
study is observed to be slightly lower than the pitch period. Both
periods exceed 20 s, thereby avoiding the main wave period range
and meeting the regulatory requirements.

4.3 Effects of multi-segment mooring lines

4.3.1 Normal condition

In a normal operating condition (LC6), where the wind speed
is close to the rated speed of the turbine, the rotor thrust is at
its maximum, and the turbine operates in its least stable state.
Under this condition, the main focus is to assess the extent of the
platform’s motion amplitude. From the aforementioned frequency
domain analysis, it is noted that the motion of this FOWT is
more sensitive under 0° and 90° incidence directions. Accordingly,
this section primarily analyses the platform’s motion under both
incidence conditions, comparing the effects of single-segment and
multi-segment mooring systems.

Frontiers in Energy Research

10

10.3389/fenrg.2024.1502684

The time-history curves for each DOF are shown in Figure 5.
Under normal conditions, the platform displaces in the direction
of the applied load, with the maximum surge displacement for the
two mooring systems being 1.2 m and 2.0 m, respectively, neither
exceeding 10% of the water depth (6 m). In the case of a 0° wind
and wave incident angle, the platform experiences a larger surge
motion, with maximum values of 8.63 m and 8.17 m, respectively.
The vertical motion is relatively small under normal condition,
with the maximum heave displacements of 0.84 m and 0.49 m. The
maximum platform tilt occurs under the 0° incident condition with
a roll angle of 1.3°, which is well within the regulatory limit of
5° (DNVGL-ST-0119). Overall, the difference in motion between
the single-segment and multi-segment mooring systems under
normal conditions is small, and the platform exhibits good motion
performance.

4.3.2 Extreme condition

Extreme conditions serve as the control cases for platform
motion and mooring line tension. Table 4 and Figure 6 respectively
show the platform motion amplitude and fairlead tension
time history curves for single-segment and multi-segment
mooring systems under extreme conditions and at 0° and 90°
incidence angles.

As illustrated in Table 4, the platform experiences a certain drift
in the windward direction as a consequence of wind and waves
at 0° and 90°. The surge amplitude occurs at the 0° incidence
angle, with absolute values of 7.60 m and 9.15m for the single-
segment and multi-segment mooring systems, respectively. The
sway amplitude occurs at the 90° incidence angle, with values
of 12.05m and 13.92 m, respectively. In extreme conditions, the
platform displacements in both directions under the single-segment
mooring system do not exceed 20% of the water depth (12 m).
The multi-segment mooring system shows slightly more drift in
the surge direction, mainly due to its lower mooring stiffness and
smaller restoring force. However, the platform’s overall drift remains
acceptable in both mooring systems under extreme conditions. In
the heave direction, the maximum values are 4.72 m and 4.70 m,
with the multi-segment mooring system showing slightly better
vertical displacement performance.

Under the 0° and 90° wind-wave incidence angles, the main
rotational motions of the FOWT are pitch and roll. The direction
of the rotational amplitude for both mooring systems is contingent
upon the incidence angle. The pitch amplitude occurs at the 0°,
while the roll amplitude occurs at the 90°. The distinction between
pitch and roll is particularly evident at the 90° angle, indicating
that rotational motion is more pronounced at this angle and
therefore merits particular attention in the design process. Due
to the asymmetric load incidence, the yaw angle is greater in the
multi-segment mooring system at the 90°. In general, under extreme
conditions, the maximum in-plane rotational angles for the platform
in both mooring systems are 8.48° and 8.8°, respectively, both within
the 10° limit specified by regulations (DNVGL-ST-0119).

Figure 6 shows that, under extreme conditions, the maximum
mooring tension at 0° wave incidence of two mooring system
occurs in mooring lines #2, with values of 2275 kN and 2717 kN,
respectively. At 90° wave incidence, the maximum mooring tension
occurs in mooring lines #6, with values of 4,583 kN and 3,383 kN,
respectively. The maximum mooring tension at 0° is significantly
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TABLE 5 Fatigue damage of mooring line.

Load condition Fatigue damage per year
Single segment Muti-segment
Upper chain Bottom chain
Line #1 5.19E-10 7.97E-10 1.79E-10
Line #2 5.15E-10 8.45E-10 1.90E-10
Line #3 2.41E-10 6.20E-10 1.40E-10
Line #4 2.52E-10 6.74E-10 1.52E-10
Line #5 6.10E-11 7.63E-10 1.72E-10
Line #6 5.76E-11 7.63E-10 1.72E-10

most disadvantage mooring lines. In the single-segment mooring

0.25¢ system, the tension in the adjacent mooring line spikes to 9,301 kN,
C an increase of 103%. However, in the multi-segment mooring
020l system, the peak load only increases by 20% (from 3,383 kN to
e 4,073 kN). This is because the upper segment of the mooring chain
% has lower stiffness, providing better elasticity and elongation under
E} 0.15¢ load, thus mitigating the impact of environmental forces on the
g mooring system following a line failure (Xu et al, 2023), and
3 0.101 enhancing the overall safety of the system. The ALS conditions
qén highlight the superiority and importance of the multi-segment
g mooring system.
= 0.05¢

D/D—D—E/j 4.3.3 Fatigue analysis
i This section evaluates the annual fatigue damage of each
mooring line in both mooring system under 17 sea states with a

0.00 b=

12345678 91011121314151617

Load Conditions 90° incident angle. In the fatigue analysis of mooring lines, the T-
FIGURE 8 N curve recommended by API RP 2SK is generally used, i.e., only
Fatigue damage under different load conditions of upper chain for the fatigue generated by tension is considered, and other factors

muti-segment mooring system. . . .
E 9 such as bending and torsion are not taken into account. The T-N

curve represents the relationship between the fatigue strength and
fatigue life of a standard specimen under specific cyclic conditions.

The basic form is as Equation 2:
lower than that at 90°, but in both cases, the tension does not exceed

the mooring line’s breaking strength. Under the 90° load incidence NRM =K (2)
angle, the fairlead tension in the multi-segment mooring system is
about 26% lower than that of the single-segment mooring system. Where R is the ratio of tension amplitude to reference failure
Furthermore, the vertical tension component at the anchor in the  strength, which is typically replaced by the minimum breaking
multi-segment system is quite small, meaning almost no uplift force  strength. M and K are the fitting parameters of the material’s T-N
is generated, which helps fully utilize the horizontal bearing capacity ~ curve, representing the slope and intercept, respectively. For studdles
of the anchor foundation (e.g., suction anchors, pile anchors). chains, M is taken as 3.0, and K is taken as 316 (API RP 2SK).
Additionally, under extreme conditions, the API RP 2SK For any fatigue condition listed in Table 5, the dynamic response
standards require further single-line failure analysis of the mooring  of the mooring lines is calculated to obtain the time history of
lines (ALS conditions). Figure 7 compares the calculated remaining  the tension. The rainflow counting method (Matsuishi and Endo,
mooring line tensions at the fairleads after the failure of mooring  1968) is then used to statistically determine the number of cycles
lines #6 in both single-segment and multi-segment mooring  n corresponding to different tension amplitude ratios R. According
systems, under a load incident angle of 90°. It is observed that  to the Miner-Palmgren linear fatigue damage accumulation theory,
after a mooring line failure, the platform experiences displacement,  the fatigue damage caused by each stress amplitude is independent
resulting in the redistribution of tension among the remaining  and can be linearly superimposed. The long-term sea state in which
mooring lines. The tension in adjacent lines increases, making it the ~ the mooring line is located is discretised into a series of short-term
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sea states i = 1, 2, ., k, and the annual fatigue damage of a mooring
line under short-term sea state k is given by Equation 3:

(©)

t 5 ik
Dy =py L ; N

Where pk is the probability of occurrence of short-term sea state
k in the long-term sea states; ¢ is the duration of 1 year, taken as
3.15576 x 107 s; tk is the duration of short-term sea state k; nj,k is
the number of occurrences of the jith tension cycle under short-term
sea state k; and Nj is the number of cycles required for the segment to
fail due to fatigue at the jth tension. D is the fatigue damage, usually
D < 1 means that the structure has not reached the fatigue limit; D
> 1 means that the structure has been fatigued.

It can be observed that in the multi-segment mooring
system from Table 5, the majority of fatigue damage occurs in the
upper segment, with significantly higher fatigue damage in the upper
chain compared to the bottom chain. Over 1 year of long-term sea
conditions, the fatigue damage in the upper chain is approximately
4.5 times greater than that in the bottom chain. It is therefore
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recommended that particular attention be paid to the maintenance
of the upper mooring chain in practical engineering applications.
The fatigue damage of chains in a single-segment mooring
system is greater than that of a same chain in a multi-segment
system, with the maximum damage increasing by approximately
2.7 times. This is because in a catenary mooring system, the restoring
force of the floater is mainly provided by the weight of the mooring
line and changes in the mooring line configuration. For multi-
segment mooring systems, the heavier mooring chain in the bottom
part increases the length of the laid section, better limiting the
range of motion of the floater and thus reducing the magnitude of
the mooring tension cyclic amplitude. Figure 8 depicts the fatigue
damage of the upper mooring chain in a multi-segment system
under different conditions (excluding probability considerations). It
can be observed that under low wind speed conditions, the fatigue
damage of the chain in conjunction with an increase in wind speed
and wave height. However, once the wind speed exceeds the cut-out
wind speed, the fatigue damage of the chain decreases significantly,
as the freewheeling control of the wind turbine effectively reduces
environmental loads. Nevertheless, as the wind speed continues to
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increase, wave and tower wind loads gradually become dominant,
causing a renewed increase in mooring chain fatigue damage.

4.4 Effects of mooring line spread angle

Throughout the service life of a FOWT, it is subjected to
environmental loads from different directions, and the mooring
line spread angles may also influence the platform’s mooring
performance. In addition to the 3° mooring spread angle, this section
additionally compares the motion of the FOWT and mooring line
tensions under three different mooring angles: 4°, 5°, and 6°. Figure 9
presents the maximum displacement, rotation, and the most critical
mooring line tension under extreme conditions with a 90° incident
angle for different mooring spread angles.

As shown in the Figure 9, the platform’s displacements and
rotations are not sensitive to changes in the mooring line spread
angle. As the angle increases, there is virtually no change, indicating
that the change in this angle has a minimal impact on the platform’s
horizontal and vertical displacement stability, and only a minor
improvement in tilt performance. As the angle increases, the peak
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tension in the most disadvantage line decreases, but the overall
reduction is limited (with a maximum decrease of less than 10%).
This indicates that alterations in the mooring spread angle have
a small effect on fairlead tension. Therefore, while increasing the
mooring line spread angle may slightly improve the safety factor
of the lines, considering the practical feasibility of construction
(such as the installation of mooring chains and anchors), selecting a
slightly smaller mooring line spread angle may be more appropriate.

4.5 Effects of mooring line length

It is suggested in some studies that unstretched mooring line
length also play a crucial role in mooring safety (Liang et al.,
2022; Xu et al, 2024a). This section analyses the impact of
different mooring line lengths on the reliability of multi-segment
mooring lines under extreme conditions with a 90° wave incidence
angle. Specifically, without altering the mooring radius or other
parameters, the total mooring line length was adjusted by modifying
the length of the bottom chain, with three additional cases
considered: total mooring line lengths of 480 m, 485 m and 495 m.
It is important to note that the dynamic response of the mooring
line is a stochastic process, and determining extreme loads and
failure probabilities requires statistical methods (IEC 61400-1, DNV
RP-C205). The most commonly employed extrapolation techniques
for extreme loads include the Gumbel distribution and log-normal
distribution predictions. The probability density functions are
expressed as Equations 4, 5:

ﬂ+e’(%)>

flxsp0) = %e< g @)

1 _(n-p?
e 202
xoV2m

where x is random variable, ¢ is mean of the distribution, /3 is scale

flxu,0) = (5)

parameter, o is the standard deviation.

Figure 10 shows the predictions for different mooring line
lengths and segments employing Gumbel and log-normal
distribution methods, respectively. In accordance with DNV
regulations (DNV OS-E301) pertaining to the extreme dynamic
analysis of mooring lines, the minimum requirement of safety factor
is 1.3 (3,812 kN for the upper chain and 6175 kN for the bottom
chain). It can be observed that mooring line length has a significant
impact on the failure probability. Particularly, under the log-normal
prediction, reducing the mooring line length from 480 m to 485 m,
justa 1% decrease, results in an increase in failure probability of over
30%. And increasing mooring line length from 490 m to 495 m leads
nearly negligible occurrents of failure. This is mainly due to the fact
that at 480 m and 485 m, the bottom segment of the mooring line
has a reduced laid length, causing the mooring line to approach full
tension due to its higher axial stiffness. In shallow water mooring
systems, this geometric nonlinearity makes the fairlead tension
highly sensitive to platform displacement. Therefore, for muti-
segment mooring systems, appropriately increasing the initial length
of the bottom resting segment can enhance mooring safety under
extreme conditions.
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5 Conclusion

This paper establishes an integrated analysis model of a
15 MW floating offshore wind turbine (FOWT) and conducts
a hydrodynamic performance analysis of the floating platform.
Furthermore, it compares the performance of single-segment and
multi-segment mooring systems in terms of platform positioning,
mooring line extreme loads, and fatigue response. The impact of
various factors, including wind and wave incident angle, mooring
line spread angle, and mooring line length, on mooring performance
and safety was investigated. The main conclusions are as follows:

1. The natural periods of the DOFs for the floating platform
used in this study are similar to those of the VolturnUS-S
platform, and the RAOs are more sensitive to wave directions of
0° and 90°. Under normal conditions, the motion differences
between the single-segment and multi-segment mooring
systems are minimal, and the platform demonstrates good
motion performance. Under extreme conditions, the platform
experiences greater drift in the multi-segment mooring system
due to its lower mooring stiffness. In all conditions, the platform
maintains good stability, with a maximum tilt angle of 8.8°.

. Under extreme conditions, the multi-segment mooring system
has a certain impact on the peak tension of the mooring
lines, especially under the ALS condition (single-line failure).
The multi-segment mooring system significantly reduces the
impact loads on the mooring lines, highlighting its advantages.
In the multi-segment system, fatigue damage mainly occurs in
the upper chain, with approximately 4.5 times greater than that
of the bottom chain over a 1-year period. In the single-segment
system, the fatigue damage of the same chain is greater than
that in the multi-segment system, with the maximum damage
increasing by approximately 2.7 times.

3. The platform’s displacement and rotation response are not
sensitive to changes in the mooring line spread angle, and
the peak tension in the most disadvantage line slightly
decreases as the angle increases. The mooring line length
has the most significant impact on the fairlead tension, for
reducing the length of the bottom section of the chain greatly
decreases the safety factor of the mooring system. Therefore, in
practical engineering applications, special evaluations should
be conducted on the length of the bottom chain section.
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