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A B S T R A C T

Offshore wind energy, as a form of renewable power, has seen rapid development in recent years. While fixed-
bottom wind turbines are typically used in water depths less than 50 m, the utilization of floating offshore
wind turbines (FOWTs) becomes essential for deeper waters. Secure and effective mooring systems play a crucial
role in making FOWTs commercially viable. The concept of a shared mooring system offers an innovative solution
for deploying floating wind farms in clusters or arrays, which can reduce overall construction costs for large-scale
floating wind farms. It is imperative to optimize the shared mooring arrangement for maximum cost-effectiveness
and wind farm stability. However, implementing a shared mooring system introduces complexity to the dynamics
of FOWTs, requiring the development of advanced simulation tools to meet modelling requirements. Under the
shared mooring arrangement, mooring lines and anchors face more significant challenges, such as chain-seabed
interactions, soil cyclic weakening, and anchor out-of-plane loading, which underscore the need for innovative,
reliable, and efficient shared anchor designs. This article offers an overview of the current research status on
shared mooring systems for floating wind farms, which might serve as a valuable reference for the construction of
large-scale floating wind farms worldwide.
1. Introduction

A rising energy demand and mounting environmental challenges
render traditional fossil fuel sources facing increasing limitations in
meeting sustainability requirements [1,2]. Renewable energies, e.g.,
solar energy [3], wind energy [4], hydrogen [5], and geothermal energy
[6], have received widespread attention. Over recent years, offshore
wind power has gained prominence in the global renewable energy
market due to its abundant reserves, minimal environmental impact,
renewable nature, and enhanced stability [7–9]. Statistics reveal a sig-
nificant surge in the global offshore wind power sector over the past
decade, with an average annual growth rate of 36%. The cumulative
installed capacity has now reached 56 GW, with annual new installations
growing from 1 GW in 2011 to 21.1 GW in 2021, a twentyfold increase
[10]. The outlook for offshore wind power in the medium to long term
remains highly optimistic [11]. Projections from BNEF and 4C Offshore
[12] suggest that by 2031, the cumulative global offshore wind power
capacity could reach 260–290 GW, exceeding the current total capacity
by more than fivefold.
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Compared to nearshore areas, deep offshore regions (with water
depths exceeding 50 m and located more than 50 km offshore) offer more
stable wind speeds and abundant wind energy resources (see Fig. 1a and
b). Additionally, these areas are far remote from human habitats, mini-
mizing human activity impact and reducing potential conflicts associated
with nearshore utilization. Consequently, the development of deep
offshore wind energy presents the predominant trend in offshore wind
power. Floating offshore wind turbines (FOWTs) have emerged as the
logical choice, considering current technological and economic assess-
ments. According to DNV [13], it is projected that by 2050, the installed
capacity of floating offshore wind power will reach 250 GW, representing
over 20% of the offshore wind power market and contributing approxi-
mately 2% to global electricity supply. Currently, four commercial
floating offshore wind farm projects are operational worldwide, namely,
Hywind Scotland, WindFloat Atlantic, Hibiki Floating Offshore Wind
Farm, and Kincardine Offshore Wind Farm (see Fig. 2a–d). However, it is
essential to acknowledge that the overall development of global floating
offshore wind farms is still in its early stages and has not yet achieved
widespread commercial viability, primarily due to the challenge of cost
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Fig. 1. Distribution of coastal wind energy.
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control.
Based on existing reports and data, it is evident that foundation costs

for FOWTs can represent up to 30% of the total cost [14,15]. For FOWTs,
the cost allocation for mooring systems, including winches, cable han-
dlers, mooring lines, anchors, clump weights, and buoyancy, is expected
to be even higher, potentially surpassing the cost of the wind turbine
equipment itself [16]. As the scale of commercial FOWTs increases to
hundreds of units, it is anticipated that manufacturing and installation
costs for the mooring system will become considerably more expensive.
This presents a pressing challenge that requires attention in the field of
2

floating offshore wind power.
Recently, the introduction of shared mooring design has presented a

novel solution for deploying clustered or arrayed floating offshore wind
farms. This concept departs from the conventional’ one anchor to one
line’ approach by connecting different FOWTs or anchors. This innova-
tion significantly reduces mooring system construction, transportation,
installation costs, and associated seabed geotechnical survey expenses. It
holds substantial potential for advancement in the floating offshore wind
power sector. However, as a relatively new mooring method, the shared
mooring approach is currently in the conceptual design stage and lacks
specific design standards. In contrast to single FOWTs, the shared
mooring approach treats the entire wind farm as a unified entity, intro-
ducing more complex challenges, including turbine dynamics, mooring
system coupling effects, and anchor load design. In-depth research and
comprehensive evaluations are crucial to properly assess the feasibility of
this approach.

This article offers an overview of the current research status on shared
mooring systems for floating wind farms, covering layout forms of shared
mooring wind farms, methods for analysing the dynamic behaviour of
shared mooring FOWTs, characteristics of load transmission in shared
mooring lines, and the load-bearing properties of shared anchors. This
paper can serve as a reference for future floating wind farm construction
worldwide.

2. Overview of floating wind farm

Floating wind farms are a type of offshore wind power generation
system that uses an array of wind turbines on floating platforms instead
of fixed foundations rooted to the seabed [17]. In addition to the turbine,
an individual FOWT primarily comprises three major marine compo-
nents: a floating platform, mooring lines, and mooring anchors.

2.1. Floating platforms

The designs of floating wind turbine platforms, including their asso-
ciated components (moorings, anchors), are mainly derived from the
technologies used in the oil and gas industries. Typologies of floating
platforms for offshore wind currently can be divided into four general
categories, namely Barge, Semi-submersible, SPAR and Tension Leg
Platform (TLP), as shown in Fig. 3a. The different types of platforms are
characterized by their hydrostatic stabilities andmooring system features
[18–20], and Fig. 3b shows principal stabilized methods of these types of
floating support platforms described above. In practice, all floating
concepts are actually hybrid designs that gain static stability from all
three methods, although generally relying on one primary source for
stability [21].

2.2. Mooring lines

Each floating platform is tethered to the seabed with mooring lines
that prevent it from drifting off and transfer the loads from the marine
environment to the mooring anchors. From the geometric configurations,
the mooring system includes two main categories: catenary mooring and
(semi) taut mooring [23,24], as shown in Fig. 4. Catenary moorings are
generally utilized in shallow water, and the restoring forces are mainly
provided by the mooring line gravity [25]. Therefore, chain is usually
used for catenary mooring for increasing the stiffness of mooring line and
reducing the lying length to improve mooring performance and reduce
the costs. And taut mooring is generally applicable to deep water [26].
Taut moorings usually adopt mooring lines with lightweight, such as
steel wires or synthetic fiber ropes to resist vertical leads, which bring
challenges to anchor design, especially in deep sea especially for TLP.

From the fairlead connections, the mooring systems include multi-
point and single-point moorings. A multi-point mooring is to distribute
mooring lines from different attached points (fairleads) and is main
mooring form used in FOWTs. In the case of a FOWT, employing a multi-



Fig. 2. Commercial floating wind farm.
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point mooring system can distribute the force points, thereby enhancing
the stability of the structure. Furthermore, it allows for alleviating po-
tential weaknesses associated with relying solely on a single point.
However, it should be noted that this approach introduces an unavoid-
able redundancy in the mooring design, which may lead to inefficiencies
and wastefulness [27].
2.3. Mooring anchors

Anchors provide the final resistances to fix the floating structures.
Different anchors are adopted based on the force characteristics trans-
ferred from the mooring line, design requirements and soil properties,
which will be further discussed in Sections 5 and 6. Nowadays, the
principal anchors employed in floating wind farms include suction an-
chor, pile anchor, plate anchor and gravity anchor, and their installations
and capacities are two main aspects. Due to the complex load conditions
in which the FOWTs operate, several novel anchors are currently being
developed, such as suction embedded plate anchor (SEPLA), dynamically
installed anchors (DIAs), screw anchors, etc [28–30]. Ultimately, anchor
choice will be project and site-specific, often dictated by the seabed
conditions.

3. Shared mooring wind farm layout and optimization method

3.1. Relationship between layout and economy

A shared mooring system is a novel design aimed at reducingmooring
system costs for a floating wind farm, which can be implemented through
two fundamental forms: shared anchors and shared lines, or a combi-
nation of both, as depicted in Fig. 5.

Fontana et al. [31]first introduced the concept of “Multiple-Line
Anchor System”, which involves connecting mooring lines from different
FOWTs to a shared anchor, thereby reducing the number of required
anchors. For shared mooring floating wind farms with a symmetric
geometrical structure, Fontana et al. [31] defined the relationship for
mooring efficiency. Disregarding the edges that are not part of the shared
anchor, the relationship can be expressed as follows:

nA ¼ nT
nAT
nTA

(1)

where nAT represents the number of anchors connected to each FOWT,
generally nAT�3. nTA represents the number of FOWTs connected to each
anchor, nT is the total number of FOWTs in the wind farm, and nA is the
number of anchors required for the wind farm. Taking a typical
3

symmetric 3-line shared mooring system as an example, when the wind
farm is sufficiently large and edge effects are neglected, nA is equal to nT,
meaning that the number of FOWTs and the required number of anchors
are the same. From the equation, it can also be observed that nTA is
inversely proportional to nA, indicating that a larger multi-line shared
anchor design leads to a more significant optimization of anchor numbers
[32], as shown in Fig. 6. Fontana et al. [31] further noted that while the
use of multi-line anchors may reduce the number of anchors required for
the wind farm, it may necessitate changes in anchor size, type, and
installation method. Nevertheless, the number of anchors remains a
decisive criterion for evaluating the mooring efficiency and economic
viability of the wind farm.

In addition to shared anchors, adjacent FOWTs can also share
mooring lines, thereby further reducing the number and length of
required cables[33,34]. Although the implementation of shared mooring
lines in floating offshore wind farms has not been realized yet, the
concept has been explored in early-stage arrayed wave energy converter
(WEC) projects [35]. Goldschmidt & Muskulus [33] investigated the
dynamic properties and the cost-saving potential of shared mooring
systems for a row, triangular, and rectangular arrangement of FOWTs in
the frequency domain, and found that significant cost reductions of up to
60% in mooring systems and 8% in total system costs could be achieved.
Hall et al. [36] made a comprehensive comparison between the total
array station-keeping costs for a ten-turbine floating wind farm utilizing
shared mooring lines and shared anchors, and a conventional design
using three or four separate mooring lines. The results showed a relative
reduction in mooring system installation costs of 26% and 34% for the
shared mooring line and shared anchor designs, respectively. Overall, the
economic benefits of both shared mooring anchors and shared mooring
lines are evident.

3.2. Layout optimization method

To further reduce the number of mooring lines or anchors in floating
wind farms, different layouts of shared mooring systems have been
proposed and compared in search of the optimal arrangement. Connolly
& Hall [37] proposed an initial dimensioning design algorithm for a
shared mooring system suitable for small-scale floating offshore wind
farms. They designed and analyzed a floating offshore wind farm con-
sisting of four wind turbines, considering three alternative shared
mooring layouts and four water depth environments. Factors such as
platform displacement, mooring line tension, and construction costs were
compared under different conditions. The findings indicate that with the
appropriate design of shared mooring layouts, platform displacement,
and mooring line tension can be maintained at lower levels. Additionally,
significant cost reduction is achieved when water depths exceed 400 m.

Based on a linearized model of the mooring line force-displacement
response, Wilson et al. [38] proposed a rapid and optimal layout
design method for the mooring lines in an array-based floating offshore
wind farm. They compared the restoring force contribution of mooring
lines in regular and irregular layouts. The results reveal that a regular
polygon layout generates uniform restoring characteristics for all wind
turbines, resulting in collective array displacement. In this case, shared
mooring lines are solely used to maintain mooring line tension, and their
contribution to the restoring force can be neglected. In addition, for
irregular layout configurations, the optimal mooring system becomes
more complex and places higher demands on the restoring capabilities of
shared mooring lines. Devin et al. [39] combined multivariate genetic
algorithms with Bayesian optimization to conduct predictive analysis and
reliability optimization of construction costs, mooring system failure
rates, and maintenance costs in extreme operating conditions for
shared-array floating offshore wind farms. The results indicate that the
reliability of the shared mooring system is highly sensitive to variations
in wind turbine costs and downtime. This finding highlights the impor-
tance of further research on the failure modes of FOWTs. Hallowell et al.
[40] conducted 100,000 simulations of Monte-Carlo simulations on



Fig. 3. Typologies of floating platforms [22].
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FOWTs with single-line anchor system only and FOWTs with 3-line an-
chor system, and indicated that progressive failures were a contributing
factor in the decrease in multiline system reliabilities when compared to
the single-line system, and should be taken into account in the design of
multiline FOWT systems. Hallowell et al. [41] also proposed that modest
(10%) increases in the design anchor capacity in a 3-line wind farm can
completely mitigate the risk of cascading or progressive failure of the
interconnected anchor system and restore reliability equivalent to that in
a wind farm using single line anchors. Yamamoto & Colburn [42] dis-
cussed the layout of shared mooring lines and shared anchors, suggesting
that wind farms are generally configured in triangular or hexagonal
shapes. However, further practical evidence is required to support this. It
is worth noting that in currently commercially operational floating wind
farm projects, the predominant approach involves each FOWT being
equipped with three mooring lines and three anchors [43]. Therefore,
future development may focus on the design optimization of shared an-
chor systems based on the configuration of a single wind turbine with a
three-line mooring arrangement.

4. Dynamic analysis method for shared mooring wind farm

4.1. Numerical methods

Considering that shared mooring floating offshore wind farms are still
in the conceptual design stage, numerical simulations are currently the
primary method for optimizing the design and conducting dynamic
analysis of shared mooring systems. Compared to onshore or fixed-
bottom offshore wind turbines, FOWTs experience larger loads and dis-
placements under the combined effects of wind and waves [44]. The
operating environment of deep-water FOWTs is highly variable, with a
complex system configuration and prominent coupled dynamic issues
[45]. The complexity of the coupled dynamic issues in shared mooring
FOWTs arises from the coupling between the upper wind turbine and the
lower floating foundation on each FOWT, as well as the significant
coupling effects between different FOWTs. This necessitates the inclusion
of the entire wind farm in a unified analysis framework when conducting
4

numerical simulations of FOWTs, taking into account the coupling effects
between different modules such as aerodynamics, servosystems, elastic-
ity, hydrodynamics, and mooring systems. This can be achieved by
further developing or expanding upon existing commercial or
open-source software based on some fundamental theories and
principles.

For example, the aerodynamic modelling of wind turbines often
employs the blade element momentum (BEM) theory, which has been
proven to be highly applicable in practice [46]. Similarly, the hydrody-
namic loads on floating platforms are typically modelled using
well-established methods previously used in the oil and gas industry,
such as potential flow theory and the Morison equation. For the analysis
of the overall dynamic response of FOWTs, methods such as multibody
dynamics or finite element analysis are commonly employed [47].
Currently, there are three main categories of integrated analysis software
for individual FOWTs (see Table 1) [48]: 1) commercial software rep-
resented by Bladed and HAWC2; 2) open-source software represented by
FAST/OpenFAST; 3) combined computational software developed by
universities or research institutions that integrate commercial and
open-source tools, such as SIMA, CHARM3D-FAST. It is worth noting that
some traditional floating structure analysis software, such as OrcaFlex,
have also developed simulation modules specifically for floating wind
turbines in their latest versions [49].

Prevailing methods for an individual FOWT provide the support
technology for the dynamic analysis of shared mooring wind farm while
some special key points should be cared. First of all, the most important is
the definition of sharedmooring lines between interconnected FOWTs. In
other words, an approach is required to define the coupled response of
both FOWTs from shared mooring lines [50]. For a simplified analysis, it
can be easily achieved by defining the catenary shape of the line and the
relative FOWT positions under the Quasi-static model[38,51]. For dy-
namic analysis, nevertheless, it is more complicated that the mooring
tension is fully coupled with platform motions, which implies that the
displacements between different FOWTs must be exchanged in time after
completing the dynamic analysis of each individual FOWT. Zhang & Liu
[52] employ the coupling between FAST and AQWA to establish a reli-
able framework for data transfer through transformation of reference
coordinate systems between different structures. Lozon & Hall [50]
developed an open-source method by creating input and output meshes
and converting local and global motions to overcome the limitations in
OpenFAST and FAST. farm and consider the impacts of shared moorings
on line tensions, platform motions, tower and anchor loads, and failure
scenarios. However, few research on this aspect is available currently.
Existing research on shared mooring line dynamics mostly used pro-
prietary simulation tools like Ocaflex, and HAWC2 as mentioned before,
and focused on smaller arrays of two to four turbines.

In addition, it is also significant to consider the potential coupling
effects between different FOWTs in terms of aerodynamics and hydro-
dynamics. For example, there is a noticeable “aerodynamic wake effect”
present among different wind turbines in the wind farm. The wake effect
refers to the phenomenon where a wind turbine extracts energy from the
wind, resulting in a downstream region of reduced wind velocity, known
as the wake zone [53]. This uneven distribution of wind speeds in the
wind farm can affect the operational performance of each wind turbine,
subsequently impacting the overall operation and power output of the
wind farm [54]. The wake effect is influenced by various factors,
including the size of the wind farm, rotor diameter, thrust coefficient,
wind speed, and wind direction [55]. This effect can be mitigated by
increasing the distance between different FOWTs [56]. However, this
approach also requires larger wind farm sizes and longer mooring line
lengths, posing significant challenges in terms of construction costs.
Additionally, having adjacent floating platforms situated too closely
together can induce vortices and turbulence, altering the wave energy
field and potentially affecting platform stability. These factors should be
taken into consideration as well.



Fig. 4. Two main mooring categories.
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4.2. Dynamic influence

In general, there is currently a relatively limited amount of literature
available on the simulation of floating offshore wind farms, as well as a
lack of established design standards and unified simulation tools or
methods. As a complex system, FOWTs simultaneously under aero-
dynamic loads on the wind turbine (both rotor and tower) and hydro-
dynamic loads on the floating platform, and these loads will interact with
the motion and the deformation (wind turbine only) of the FOWT, which
is one of the major concerns in the analysis of the responses of FOWTs
[52]. For the turbine-related loading analysis above the tower base
flange, these concerns mainly focus on the evaluation of bending mo-
ments, shear force amplitudes, or fatigue damage at the tower top, tower
base, and blade roots under extreme conditions (like typhoon scenarios),
and the reinforcement design of local structures and intelligent control of
wind turbines with numerous studies been conducted [57–59]. As for the
shared mooring system, the current research primarily emphasizes the
dynamic response of the floating foundation below the tower base, as
well as the mooring tension of the shared lines.

The existing numerical simulations are often based on fundamental
theoretical assumptions and simplified layout configurations. Hall &
Connolly [60] conducted response simulations of a square-shaped
floating offshore wind farm with four FOWTs utilizing the coupling be-
tween FAST V7, MoorDyn, and a program for precomputed wave kine-
matics and loading for the entire wind farm considering irregular waves
Fig. 5. Implementation form o
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and turbulent wind conditions. It is important to note that the simula-
tions by Hall & Connolly [60] primarily focused on the structural
coupling of the mooring system and the FOWTs, without including the
wake effect.

G€ozcü et al. [34] extended the commercial software HAWC2 to
HAWC2. Farm and simulated the operation of two IEA 15MW SPAR-type
FOWTs under shared mooring lines and shared anchors based on the
actual conditions of the two sites. The results showed that by adjusting
the length of the mooring lines, the shared mooring system could achieve
a similar natural frequency as a single mooring system. However,
compared to a single mooring system, the shared mooring system
exhibited higher mooring line tensions and platform displacements. Pillai
et al. [61] employed the latest version of the Orcaflex software to perform
coupled modeling of a semi-submersible floating wind farm, based on the
IEA 15 MW design. Ding et al. [62] conducted simplified numerical
simulations of the hydrodynamic performance of a square 3 � 3
SPAR-type floating wind farm using the commercial software AQWA by
ignoring the rotational movement of the blades. It was discovered that
the proposed floating wind farm exhibits reduced sway response
compared to a single FOWT under both extreme and normal operating
conditions, with the degree of change being less significant as the
severity of the operating conditions increases. Similarly, Yue et al. [63]
established an array-type offshore wind farm using the AQWA software
for a semi-submersible platform. They employed the DLL (dynamic link
library) to calculate the aerodynamic loads. The results revealed that the
array semi-submersible floating wind farm not only exhibits reduced
sway amplitude but also demonstrates remarkable resistance to yaw and
roll. Additionally, it shows enhanced stability in terms of nacelle vibra-
tion. However, the stability in heave and pitch is comparable to that of a
single FOWT condition.

Moreover, He et al. [64] analyzed the frequency response charac-
teristics of the Barge type platform for the second-order array floating
wind farm under varying wind and wave directions. The results indicated
that the sway and roll responses of each platform increased with the
incident wave angle, while the pitch response decreased. The heave and
surge responses were practically unaffected by the direction of wave
incidence. Zhang & Liu [52] proposed a coupling analysis framework for
FOWTs considering the interaction between aerodynamic and mooring
forces at the tower base using the FAST and AQWA software. It was found
that the anisotropic stiffness and the displacement of FOWTs are deter-
mined by aerodynamic loads. Meanwhile, the tension in mooring lines is
influenced by both wind loads and wave loads. Further analysis of
mooring line failure in the shared mooring system indicated that the
tension response in mooring lines is highly sensitive to mooring failure
and subsequent progressive failure. Munir et al. [65] conducted a study
on two semi-submersible FOWTs with shared anchor lines using SIMA,
considering the impact of different distances between platforms. The
results revealed that shared mooring lines magnified the maximum surge
f shared mooring system.



Fig. 6. Calculation of anchors corresponding to different multi-line anchor
layouts (Adapted with permission [32]. Copyright 2018, Wiley).

Fig. 7. Modules of FAST. farm.
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and sway motions, as the mooring restoring stiffness decreased. The
spacing between platforms had no significant impact on the motions,
indicating that the contribution of shared anchor mooring to platform
restoring characteristics is minimal.

It should be noted that different software or models have varying
capabilities due to their underlying theories. Currently, the most
advanced simulation tool for floating offshore wind farms is FAST. Farm,
developed by the National Renewable Energy Laboratory (NREL). FAST.
Farm uses OpenFAST to solve the aero-hydro-servo-elastic dynamics of
each turbine, but considers additional physics for wind farm-wide
ambient wind in the atmospheric boundary layer; a wind-farm super
controller; and wake deficits, advection, deflection, meandering, and
merging [66], as shown in Fig. 7. The open-source nature of FAST. Farm
allows easy accessibility to its example models online, greatly facilitating
the modeling work for floating offshore wind farms and contributing to
Table 1
Single FOWT integrated analysis software.

Codes Developer Availability Aerodyn

Bladed DNV-GL Commercial
use

BEM/Generalized dynamic wake model
þ Dynamic inflow þ Dynamic stall

HAWC2 DTU Commercial
use

FAST/
OpenFAST

NREL Open source

Flex5 DTU Commercial
use

Simo/Reflex/
AeroDyn

NTNU Indoor

CHARM3D-
FAST

TAMU Indoor

Note: 1- Dynamics of multi-body system, 2-Finite element method, 3-modal analysi
Lumped-mass method.

6

its widespread adoption.

5. Load transfer characteristics of shared mooring system

5.1. Load calculation method of shared mooring line

For shared mooring system, the mooring line tension is typically
calculated using two methods: static analysis [67], and dynamic analysis.
The dynamic analysis methods, e.g., the lumped mass approach repre-
sented by MoorDyn, is widely used and takes into account the combined
effects of gravity, hydrodynamic forces, and elastic forces [68]. The latest
mooring module, MoorDyn V2 [69], integrated into OpenFast, further
extends the linear elastic model and develops the methods for dynami-
cally simulating mooring line failures.

It is worth noting that due to the lack of consideration for the
geological properties of the seafloor, nearly all commercially available
hydrodynamic analysis software lacks the modelling of the soil-
embedded section of the mooring lines, as illustrated in Fig. 8. Howev-
er, the line-seabed interaction influences the load magnitude and direc-
tion acting on the anchor padeye, which changes its failure mode [70].
Furthermore, the interaction between the mooring lines and the seabed is
influenced by the soil properties and types, e.g., sandy or clayey seabeds.
In the case of a clayey seabed, the clay rate effect, strain softening, and
cyclic degradation are basic properties, which are partly considered in
some studies [71–75] and need to be comprehensive considered [76]. As
for sandy seabed, though some interesting tests have been conducted in
cyclic chain-sand interaction [77,78], 3D chain-sand dynamic interaction
is still unrevealed, which limits the analysis of the load direction on the
anchors in sand.
Hydrodyn Elastodyn Servodyn Mooring

Potential flow theory þ
Morison equation

MBS1 DLL4 FEM

Morison equation MBS/FEM2 DLL þ
Simulink

FEM

Potential flow theory þ
Morison equation

FEM
þ(Modal3/
MBS)

DLL þ
Simulink

QSCE5þLM6þFEM

Morison equation DLL –

Potential flow theory þ
Morison equation

FEM DLL FEM

s method, 4-External dynamic link library, 5-Quasi-static catenary equation, 6-



Fig. 8. Forces on the mooring line.

Fig. 9. Simplified calculation method of shared anchor load.
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For the shared mooring system, in order to accurately capture the
load on the mooring line, it is necessary to consider the accurate repre-
sentation of the timing of wave loads across the array [50] after defining
the coupled motion response of the FOWTs (as stated in section 4.1). It is
worth noting that due to the influence of wave propagation speed and the
relative positions of the FOWTs, there may be phase differences in the
relative motion of different FOWTs, leading to an impact on the tension
in the mooring lines. For wind farms with shared anchors, the effect on
anchor loads may be even more pronounced. Herduin [79] proposed a
simplified estimation method for loads at padeye. As shown in Fig. 9,
considering a three-line shared mooring system subjected to regular
waves with a wavelength of λ, with the incident wave at an angle ε to the
line connecting two FOWTs. The distance between FOWT A and B is
denoted as W, and the projection distance parallel to the wave direction
between them is LA-B,project. α is the angle between themooring lines of the
FOWT (for the three-line shared mooring system, α is 120�), and β is the
phase angle of the wave from A to B. The load generated by FOWT B at
anchor (3, 4, 5) is equal to the load of FOWT A at anchor (1, 2, 3) after
considering the time difference. The loads at the three anchors of FOWT
A can be taken as the reference mooring load, Fref, and then transformed
into the shared anchor load, Fn, for the calculation of the tension on the
shared anchor using Equation (2).
7

Fn ¼Fref sinð2πωtþωnÞ (2)
where:

ωn¼ 2π
W cosðεÞ

λ
(3)

In fact, the aforementioned calculation methods are based on several
assumptions, such as neglecting wave radiation, second-order wave ef-
fects, wake influence, wind-wave coupling, etc. Fontana et al. [80]
investigated the spatial coherence of ocean waves in multiline anchor
systems for FOWTs with the irregular wave fields, and the results
revealed that no consistent trends that differentiated multiline anchor
force dynamics generated by spatially independent versus coherent
waves. Fontana et al. [80] also pointed out that the analysis is funda-
mentally linear and based on simple superposition, and the correlation
and the maximum loads might be different for non-linear waves.
Advanced simulation tools and further research are still needed to ac-
count for these factors adequately.

5.2. Net force characteristics of shared anchor

For an individual floating structure, the tension in themooring lines is
coupled with the platform motion. The anchor of the mooring system
bears the load controlled by the tension at the end of each mooring line.
However, for shared mooring systems, the shared anchor simultaneously
experiences the tension from multiple mooring lines, and the load on it
varies both in time and space. To describe the load characteristics on the
shared anchor, Balakrishnan et al. [15] introduced the concept of anchor
net force, which is the vector sum of the different tensions acting on the
padeye from different mooring lines. Balakrishnan et al. [15]’s research
primarily focuses on catenary mooring systems, where they concluded
that uplift load does not exist on the anchor. Similarly, Herduin [79]
employed a similar approach and expanded the anchor load analysis into
three-dimensional space, defining the uplift load angle. As shown in
Fig. 10, in the global coordinate system of the anchor, the total force of
the load components acting on each shared anchor can be expressed as
the summation of the tension components of each mooring line, as rep-
resented by Equations (4)–(6):

FRx ¼
Xn

i¼1

Fi cosðαiÞ ⋅ cosðβiÞ (4)

FRy ¼
Xn

i¼1

Fi sinðαiÞ ⋅ cosðβiÞ (5)

FRz ¼
Xn

i¼1

Fi ⋅ sinðβiÞ (6)

where n denotes the number of mooring lines connected to the shared
anchor, Fi represents the tension in the i-thmooring line, αi represents the
horizontal angle between vector Fi and the origin of the coordinate sys-
tem, and βi represents the vertical angle between vector Fi and the origin
of the coordinate system. The net force on the shared anchor FR, the
horizontal static direction angle of the anchor αR, and the uplift net force
direction angle of the anchor βR, can be calculated using Equations
(7)–(9). By defining these parameters, FR, αR, and βR, the magnitude and
spatial characteristics of the net force load on the shared anchor can be
defined accordingly.

FR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
Rx þ F2

Ry þ F2
Rz

q
(7)

αR ¼ tan�1

�
FRy

FRx

�
(8)



Fig. 10. Net force in the anchor coordinate system.

Fig. 11. Net force change of 3-line shared anchor under different load incidence
angles (Adapted under the terms of the CC-BY license [15]. Copyright 2020,
IOP Publishing).
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β ¼ tan�1B@ FRzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiq CA (9)
R

0

F2
Rx þ F2

Ry

1

The scale of a floating offshore wind farm, the type of turbine foun-
dation, variations in water depth, and the layout of the shared mooring
system can all impact the net forces on anchors. Generally, due to the
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symmetry in conventional shared mooring system layouts such as
squares, triangles, hexagons, etc., the net forces acting on the shared
anchor in certain directions may cancel each other out. This can be highly
advantageous when the entire wind farm is subjected to extreme con-
ditions with wind, wave, and current loads acting in the same direction. It
means that the peak loads on the anchors will be reduced, and these peak
loads often determine the size of the anchors, directly affecting their cost.

Pillai et al. [61] conducted a series of numerical simulations for a
shared mooring system under shallow water conditions (70 m) consid-
ering both normal operating and shutdown scenarios. The results showed
that using a layout with three-line shared anchoring significantly reduced
the peak loads on anchor points when wind, wave, and current loads
were aligned along a specific mooring line. Specifically, compared to a
single FOWT, the peak load on the most disadvantaged anchor was
reduced by up to 67%. In addition, adjusting the mooring radius to
reduce the peak load on a single FOWT could achieve a maximum
reduction of 56%.

Balakrishnan et al. [15] also arrived at similar conclusions regarding
the computation of three-line shared anchor systems. As shown in
Fig. 11, under the most disadvantaged environmental conditions, the net
force on the anchor is significantly lower than the maximum tension in a
single mooring line. Furthermore, at different incident angles, the net
force on the anchor experiences varying degrees of reduction. Balak-
rishnan et al. [15] also compared the magnitude of net anchor tension
between SPAR and semi-submersible shared mooring configurations.
They found that the SPAR-type FOWT exhibits lower net anchor tension,
primarily due to the smaller waterline area of the SPAR-type turbine,
which results in reduced hydrodynamic loads from waves.

The presence of shared mooring also alters the directionality of the
anchor loads. Balakrishnan et al. [15] calculated that for a
semi-submersible wind farm with shared mooring, and found that the
load direction experienced a standard deviation of approximately 17�

within one computational cycle. This effect may be even more significant
when considering asymmetric loading conditions. Additionally, Pillai
et al. [61] found that, compared to a single FOWT, the alignment of the
anchor loads is no longer always aligned with a single mooring line or a
specific environmental load, but represents the integrated effects of
environmental conditions and mooring responses for three FOWTs, as
shown in Fig. 12. The impact of load directionality should be taken into
consideration for factors such as wind turbine power generation effi-
ciency, turbine scale, and mooring anchor design.

6. Bearing characteristics of shared anchor

6.1. Capacity influence of shared anchor

Due to the connection of multiple mooring lines in shared mooring
systems, the loadmagnitudes acting on eachmooring line vary with time.
Moreover, the net load magnitude and direction acting on the shared
padeye will also exhibit periodic variations over time [81]. These cyclic
load variations can decrease the reliability of the entire mooring system.
Under the changing loads and directions in the mooring lines, the an-
chors are prone to evolve into an out-of-plane loading state, where the
mooring line tensions deviate from the originally designed plane
(Fig. 13). The applied out-of-plane conditions that induce torsional mo-
ments potentially lead to an increased level of load on the anchor [82]
and significantly impacts the lateral bearing capacity of the anchor.
Saviano & Pisano (2017) [83] systematically simulated the influence of
installation eccentricity (out-of-plane loading condition) on the suction
anchor bearing capacity in clay using a three-dimensional finite element
method. Notable results from their study in Fig. 14 revealed a significant
reduction in the ultimate lateral capacity of suction anchors due to the
out-of-plane loading effect. In particular, when the eccentricity angle
reaches 90�, the bearing capacity is reduced by as much as 80%. Addi-
tionally, it was observed that the sensitivity of the bearing capacity
reduction is highest within the range of 10�–30� of out-of-plane angle.



Fig. 12. Load direction changes of shared anchor (Reproduced with permission [61]. Copyright 2022, Elsevier).
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This shift in behavior is characterized by a transition from translational
failure to torsional failure as the dominant mode of suction anchor failure
[84]. Similarly, plate anchors subjected to out-of-plane loading can also
have an impact on the bearing capacity [85–87].

During the service life of a FOWT, the shared mooring anchor is
subjected to multidirectional loads that undergo millions or even tens of
millions of cyclic actions. Previous studies on cyclic loading of individual
anchors have got some findings. Firstly, at the scale of soil elements,
deep-sea soils are prone to have pore pressure generation and cumulative
deformation under cyclic dynamic loads. Their stiffness and strength tend
to deteriorate, necessitating the use of more complex constitutive models,
such as bounding surface model [88], hypoplasticity model [89], and
anisotropic viscoplastic model [90]. Secondly, cyclic shear can lead to
9

significant displacement weakening and deterioration of the
structure-soil interface, resulting in the loss of bearing capacity [91,92].
In terms of the cyclic loading characteristics of suction anchors, model
tests have shown that cyclic loading results in a reduction of approxi-
mately 10%–20% in the bearing capacity of suction anchors [93–95].
Additionally, Andersen et al. [96] conducted field tests and found that
the bearing capacity of suction anchors in clayey soils under cyclic
loading decreased to approximately 66%–82% of their static bearing
capacity. Singh & Ramaswamy [97] conducted preliminary research on
the tension-load behaviour of plate anchors subjected to sustained ten-
sion and cyclic loading in saturated soft clay and suggested that the
amplitude of cyclic loading should be kept below 30 % of the static an-
chor capacity to prevent degradation of soil structure and subsequent



Fig. 13. Out-of-plane loading of suction anchor (Reproduced with permission
[84]. Copyright 2023, Elsevier).
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loss. In a series of centrifuge tests, Herduin [79] investigated the
behavior of short, rigid pile anchors in saturated fine silica sand under
multidirectional cyclic loading. The results showed that the strength and
direction of cyclic loading significantly influenced the failure mode of the
pile anchors. Following multidirectional alternating cyclic loading, the
ultimate bearing capacity of the pile anchors was reduced. Compared to
single-line anchors, the reduction in bearing capacity reached 56% for
two-line shared pile anchors and 86.5% for three-line shared pile an-
chors. Herduin et al.[79,81]also conducted centrifuge model tests to
investigate the behavior of suction anchors under multidirectional cyclic
loading. The results similarly indicated a certain degree of loss in the
ultimate bearing capacity of suction anchors after multidirectional cyclic
Fig. 14. Lateral bearing capacity of the suction anchor varied with the out-of-
plane angle (Adapted with permission [83]. Copyright 2017, Elsevier).
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loading. Currently, research on anchors subjected to multidirectional
loading is still very limited.

Another potential risk associated with shared anchors is the increased
interaction between lines and the seabed. As the number of lines around
the anchor increases, their cyclic action can lead to the erosion of shallow
soil layers, resulting in two main effects. Firstly, the repeated motion of
the lines can cut through the seabed, leading to the formation of trenches
in the front of the anchor. Secondly, due to the sediment transport in the
shallow seabed, there is more severe overall scouring around the anchor
[98]. Seabed trenches have significant inverse influences on the anchor
capacity [99–102]. Wang et al. [103] summarized the history cases of
seabed trenching near the mooring anchor. Rui et al. [104] and Sun et al.
[105] employed finite element or large deformation analysis methods to
reproduce the process of suction anchor chains cyclically cutting through
the seabed and forming trenches. Sun et al. [106] also proposed plastic
upper bound and finite element solutions for the bearing capacity of
suction anchors under trench conditions. They found that the undrained
ultimate bearing capacity of suction anchors decreases as the trench
width increases. A trench with the same width as the suction anchor
diameter can result in a maximum reduction of 83% in the bearing ca-
pacity, as illustrated in Fig. 15. Similarly, Rui et al. [98] conducted
centrifuge model tests using Particle Image Velocimetry (PIV) techniques
to investigate shallow loss of suction anchors, and verified that the trench
reducing the anchor capacities by changing the anchor failure modes.

6.2. Novel probable shared anchor

The load-bearing characteristics of shared anchors urgently demand
innovative, efficient, and reliable designs. Traditional maritime anchor
types, commonly employed in offshore engineering, seem to be inappli-
cable. In consideration of both load-bearing capabilities and economic
viability, shared anchors must meet at least two critical requirements:
omnidirectional load-bearing and a substantial capacity of anchor.
Omnidirectional load-bearing signifies that shared anchor must possess
excellent torsional resistance to withstand high-frequency directional
changes or out-of-plane loadings. The significant holding capacity of
anchor necessitates, on one hand, that these foundations maintain good
installation performance and operability, similar to conventional
offshore anchors, to meet the requirements of large-scale, cost-effective
deployments. On the other hand, they must provide greater load-bearing
capacity to mitigate the risk of anchor failure caused by cyclic loading,
seabed trench, and other factors.

In light of these requirements, traditional anchors (such as suction
anchor, pile anchor plate anchor and gravity anchor) should be under
novel design and feasibility assessments. As the most widely utilized
anchor type in deep-sea floating structures, suction caisson has under-
gone extensive practical implementation and analysis regarding its
installation and load-bearing capabilities over the past two decades
[107–109]. It holds promising potential for development into a funda-
mental configuration of shared anchor foundations. Fu et al. [82] have
proposed a novel form of suction anchor with fins. By adding outer fins,
they have extended the traditional suction anchor’s ‘anchor-soil shear
plane’ under torsional torque to a ‘soil-soil shear plane’ (Fig. 16a). This
effectively reduces the disturbance caused by the disturbed soil against
torsional bearing capacity after anchor installation and increases the
shear area of undisturbed native soil. In comparison to traditional suction
anchors with the same shear diameter, this design significantly enhances
torsional resistance. Lee & Abuney [110] have also introduced a Multi-
line Ring Anchor (MRA, Fig. 16b) composed of an embedded ring anchor
and multiple wing plates. Numerical simulations indicate that, at the
same diameter, its lateral load-bearing capacity can match that of a
suction anchor three times its length. Rui et al. [111] has proposed a
caisson-plate gravity anchor (CPGA) based on a gravity anchor and
caisson-shaped foundation (Fig. 16c). This design effectively addresses
the mismatch between anchor installation and load-bearing, significantly
increasing its capacity.



Fig. 15. Trench for suction anchor system (Adapted with permission [106].
Copyright 2022, Emerald Publishing).

Fig. 16. Novel probable shared anchors.
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Unlike the suction anchor, anchor pile padeyes are usually fixed near
the mudline to bear both lateral and vertical loads. The anchor has good
adaptability in various types of soil, e.g., clay, sand, and silt [112]. Its
installation is typically accomplished through pile driving. Therefore, for
floating offshore wind farms in shallow-water regions (e.g.,
semi-submersible platforms), anchor piles are also considered a suitable
choice for shared anchors. Plate anchors with many variants of this type
of anchor, e.g., DEA (drag embedded anchor) and SEPLA, are typically
triangular or rectangular in shape, with anchor flukes connected through
ship movement or chain tension during installation, e.g., drag embedded
anchor [113]. Plate anchors have a high capacity and can resist signifi-
cant vertical uplift forces, making them a cost-effective choice for taut
mooring in floating offshore wind farms [114]. The problem of the plate
anchor lies in its geometric asymmetry, loading direction sensitivity and
positioning inaccuracy, thus the design of this kind of shared anchor
needs further improvement. For gravity anchor, their load-bearing ca-
pacity primarily relies on their own weight and the friction with the
seabed [115,121]. Despite their relatively lower load-bearing efficiency,
it is undeniable that their load-bearing performance is the most stable.
Therefore, there is also a possibility for them to be developed as shared
anchor solutions. Currently, there is limited research on the shared an-
chor for these configurations.

Indeed, besides improvements made to traditional anchor types, there
is also great potential for the application of new forms of anchors in
shared anchor system. For example, the dynamic penetration anchors
(DPA), typically composed of some flukes, which penetrates the soil
layers by kinetic energy release [116–118]. Consequently, it possesses
the ability of omnidirectional loading. Lieng et al. [119] explored the
11
feasibility of DPA (Fig. 16d) as shared anchors. The results indicate that
an appropriate layout of shared DPA can effectively reduce load ampli-
tude, and the bearing capacity is relatively high, thereby reducing anchor
manufacturing and offshore operation costs. But it is noted that DPAs can
usually be adopted in temporary moorings, but may not be suitable in
permanent moorings due to the difficulty in controlling the installation
quality. Another example is screw anchors, which originated from
onshore engineering with considerable uplift capacity and can also be
considered to be applied in TLP wind farms to resist significant vertical
loads [120].

7. Conclusions

This paper provides an analysis of the pertinent literature concerning
shared mooring systems for floating wind farms, outlines the current
state of research in this field, and highlights the existing challenges and
issues in their development. The key findings are as follows:

1. The shared mooring design concept presents a fresh solution for
clustered or arrayed floating wind farms by reducing the number of
anchors and mooring lines, effectively reducing construction costs. It
is further revealed that additional comparative studies between
various shared mooring layout forms are necessary, and more
advanced methods for enhancing the reliability of shared mooring
systems need to be developed.
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2. The shared mooring approach introduces greater complexity due to
the dynamic interaction between FOWTs, aerodynamic wake effects,
and hydrodynamic influences. Conventional single FOWT numerical
simulation tools are inadequate for simulating the entire wind farm.
The motion responses of arrayed FOWTs under equivalent environ-
mental loading conditions are influenced by factors such as mooring
layout, turbine size, and wind farm scale.

3. In shared mooring systems, tension loads acting on anchors from
multiple mooring lines lead to varying net forces at the padeye both in
time and space. Symmetric layouts of shared mooring configurations
can reduce peak anchor loads under certain coherent wind, wave, and
current conditions. The net force direction for shared moorings de-
pends on a combination of environmental conditions and mooring
responses.

4. Under multidirectional loading, shared anchors experience out-of-
plane tension from mooring lines, resulting in increased torque
loading and potential reduction in load-bearing capacity. Cyclic dy-
namic loading weakens the anchor-soil interface and the seabed’s
stiffness and strength, potentially leading to soil loss around shared
anchors and reduced bearing capacity.

5. Future innovations should focus on developing more efficient and
reliable forms of shared anchors, such as suction anchors with fins,
caisson-plate gravity anchors, and others. These designs should be
suitable for diverse geological strata, economically viable, and pro-
vide reliable bearing capacity to withstand complex loading condi-
tions. Emphasizing omnidirectional load-bearing capabilities is
crucial for addressing multidirectional load scenarios and promoting
widespread applicability.
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