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A B S T R A C T

Traditional mooring systems can be unsuitable and uneconomical for floating offshore wind turbines. Load
reduction devices, which are extensible components installed along mooring lines, have been shown to
reduce loads on anchors and mooring lines. This enables the use of smaller and lighter anchors and mooring
components and reduces fatigue damage on the mooring system. Load reduction devices come in various forms,
including ballasted pendulums, polymer springs, and hydraulic dampers, each with unique non-linear stiffness
curves. These non-linear curves typically consist of either a progressively-increasing ‘single-phase’ stiffness, or
a ‘three-phase’ stiffness which exhibit stiff first and third-phase responses with a low-stiffness second phase.
Selecting the correct shape of stiffness curve is key to ensure optimal load reduction performance from the
device. This study compares the impact of 4 different non-linear stiffness curves, including 2 single-phase
curves and 2 three-phase curves, on tension reduction and platform motions through finite element modelling.
Taut and catenary mooring configurations, in both shallow (75 m) and intermediate (150 m) water depths,
during 50-year parked and 50-year operational load cases are considered. The IEA 15 MW reference turbine,
on the reference Voluturn-US semi-submersible platform are adopted for the analyses. Of the 4 non-linear
stiffness curves considered, those with three-phase stiffness offer the maximum load reduction compared to
a base mooring with no load reduction device, and are most effective in reducing fatigue damage. All load
reduction device stiffness curve types have little effect on out-of-plane motions of the platform and acceleration
at the nacelle, but lead to an increase in horizontal offset, or surge, of the floating offshore wind turbine when
compared to the base mooring system. The increase in surge is similar regardless of the load reduction device
stiffness curve shape, and is shown to be mainly driven by the length and rated tension of the device.
1. Introduction

1.1. Motivation

Up to 80% of worldwide offshore wind resources are located in
water depths greater than 60 m (WindEurope, 2017), where traditional
fixed-bottom wind turbines become less economically viable. In these
water depths, offshore wind turbines must be deployed on floating
structures, which are connected to the seabed via mooring systems
composed of mooring lines and anchors. Current floating offshore wind
turbine (FOWT) mooring system designs are derived from decades of
oil and gas practices, and typically employ heavy steel components (Ma
et al., 2021) which are expensive and carbon-intensive to manufacture,
transport and install. As FOWT farms require large numbers of struc-
tures to be moored to the seabed, reducing mooring system material
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costs per unit has the potential to provide significant reductions to
the overall cost of a FOWT project, reducing the carbon footprint and
capacity pressures of its supply chain.

The material cost of a mooring system is typically driven by the
minimum breaking load (MBL) of mooring line components and the
maximum holding capacity of the anchor, both of which must be de-
signed to withstand the extreme loading experienced over the system’s
lifetime. A typical approach to reducing loads on a mooring system
involves increasing the compliance of the mooring system, i.e., reduc-
ing its stiffness (Ma et al., 2019). All spread mooring systems exhibit
some form of compliance, which can be either geometric or elastic.
Geometric compliance describes the ability of the mooring to change
shape under loading, e.g. a catenary mooring line lifting off the seabed,
while elastic compliance determines the capacity of the mooring line
to extend axially, e.g. elastic stretch of a section of polymer rope. By
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maximising the compliance of the system to fit the displacement criteria
(primarily governed by the allowable range of the electrical power
cable), loads on the system can be reduced, thus enabling the safe usage
of more cost-efficient anchors and mooring line components.

In deep waters, taut and catenary mooring systems are inherently
compliant due to the length of suspended line, which provides more
elastic or geometric compliance. However, a significant portion of
European floating wind to the mid-century is forecast to be in relatively
shallow water depths, i.e., 50–150 m, where designing compliant moor-
ing systems is challenging. Catenary configurations require heavier
lines to achieve a reasonable pretension in shallower waters, which,
combined with the fact more line gets lifted off the seabed for a
given offset, leads to excessively stiff mooring systems and large foot-
prints (Xu et al., 2020). For taut configurations, which typically employ
polymer ropes, shallower waters lead to shorter lines for the same
inclination angle, which means less available extension of the polymer
rope, i.e. elastic compliance. More extension can be obtained by using
a line angle closer to horizontal, which increases the length of rope,
however this leads to larger footprints and higher material costs.

Load reduction devices (LRDs) are a nascent technology which
introduce customisable compliance into a mooring system, so that
the mooring system stiffness is not constrained by its physical and
geometric properties (e.g. weight of chain, angle of mooring line, MBL
of rope). This ‘targeted’ compliance provides a solution to the challenge
of achieving a compliant mooring system in shallower water depths,
without resorting to excessively large seabed footprints. LRDs, typically
located close to the fairlead, act as non-linear springs that can safely
operate at high levels of extension, i.e., 50% of the length of component
compared to 5%–10% for traditional polymer rope. The key design
parameter of an LRD is its non-linear stiffness curve, which effectively
governs the stiffness of the mooring system. The non-linear stiffness
curve is highly customisable by LRD manufacturers to provide greatest
possible tension reduction whilst adhering to platform motion criteria.
The devices can be tailored to a specific project environment and can
be incorporated into catenary or taut mooring lines. The effect of the
shape of the LRD non-linear stiffness curve on tension reduction and
platform motions has not yet been comprehensively assessed for FOWT
applications, and is the object of this research.

1.2. Background on LRDs

Current LRD concepts include the Technology for Ideas Seaspring
(TFI), Dublin Offshore LRD (DO), and Exeter Intelligent Mooring Sys-
tem (IMS). The TFI device (Fig. 1a) is formed of a compressive polymer
spring, which provides a low-stiffness, regressive response up until the
steel flanges meet and the device ‘locks-out’. The DO device (Fig. 1b)
is formed of a part-weighted, part-buoyant cylinder which rotates
under axial load to provide extension, counteracted by the restoring
moments created by the weighted and buoyant sections. The IMS
device (Fig. 1c) is composed of a hollow braided rope containing a
water-filled pressurised bladder which resists reduction in the rope’s
diameter. The adjustable bladder pressure means the stiffness response
of the device can be tuned in operation. Existing research around these
LRD technologies has been highly driven by physical testing, and all
three have been shown to successfully withstand the offshore environ-
ment (Harrold et al., 2020; OffshoreWind.biz, 2021; Offshore-mag.com,
2021).

Although the exact non-linear stiffness responses are customisable,
each LRD concept has a characteristic curve shape, shown in Fig. 1,
with two different curves chosen to represent different stiffness profiles
achievable with the IMS device. Overall, the curves can be divided
2

into two categories: ‘3-phase’ curves (TFI, DO), or ‘single-phase’ curves
(IMS 1, IMS 2). 3-phase curves have a high initial stiffness, then a low
stiffness range over which the LRD is intended to operate, and a high
third stage stiffness once compliance is exhausted. The single phase
curves have a gradually increasing stiffness throughout.

Numerical modelling of the whole FOWT and mooring system is
key at the design stage to ensure the optimal stiffness curve and
length (or maximum extension) of the device are found for the specific
application. Various studies, from the LRD developers, have provided
such numerical modelling and assessed the performance of their LRD
for a specific set of mooring and environmental input conditions.
These studies provide little opportunity for comparison across LRDs, as
variations in input conditions lead to vastly different results, ranging
from 10% peak load reduction for the IMS (Harrold et al., 2020) to
59% reduction in peak load for the TFI (Lozon et al., 2022). Some
further studies from the developers of the IMS have compared the
performance of a specific LRD in different water depths, showing that
tension reductions can be up to three times higher in 100 m water depth
compared to 200 m (Khalid et al., 2020). Research by TFI developers
has provided parametric analyses on LRD length, showing that longer
LRDs provide increased tension reduction up to a certain point, with
diminishing returns once sufficient compliance is reached (McEvoy and
Johnston, 2019). The effect of various stiffness curve shapes for the TFI
device has been compared (McEvoy and Kim, 2017), but this was for
a tidal energy converter application rather than a FOWT. No existing
study in the public domain has compared the stiffness curves for each of
these devices, across constant sets of input conditions, for catenary and
taut FOWT moorings. A summary of all numerical studies on LRDs for
FOWTs, wave energy converters (WECs), and tidal energy converters
(TECs) is given in Table 1.

1.3. Comparative analysis workflow

This paper presents a comparative analysis on the effect of different
non-linear LRD stiffness curve shapes, each representative of a specific
LRD concept, on tension reduction and platform motions for FOWT.
To provide a comprehensive assessment with a broad range of appli-
cability, the LRD stiffness curves were considered across a matrix of 8
different mooring scenarios and load cases:

• 4 mooring scenarios: 150 m depth catenary, 150 m depth taut,
75 m depth catenary, 75 m depth taut

• 2 load cases: parked 50-year extreme, operational 50-year ex-
treme

The results were obtained from numerical modelling on a reference
15 MW wind turbine and semi-submersible platform. The model, moor-
ing system, LRD modelling approach and load cases are described in
the methodology. The results are then divided into three sections. The
first two sections consider a fixed LRD length, and study the effect of
the LRD curve shape on fairlead tension reduction and FOWT motions
respectively. The third section compares the effect of varying the LRD
length on fairlead tension and platform motions, for different LRD curve
shapes.

2. Methodology

2.1. FOWT model description

The numerical modelling of the floater, turbine and mooring system
was performed using Flexcom, a commercial finite element (FE) soft-
ware. Flexcom offers fully-coupled aero-hydro-servo modelling using
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Fig. 1. Visualisation of the three different LRD concepts along with their characteristic stiffness curves: (a) Technology for Ideas Seaspring (TFI), (b) Dublin Offshore LRD (DO),
(c) Intelligent Mooring System (IMS).
Table 1
Summary of publicly available numerical studies on LRDs, categorised by the parameterised variable(s).

Parameterised
variable

Load
case

Water
depth

LRD
length

Mooring
configuration

LRD stiffness
curve shape

Studies for
WECs/TECs

Luxmoore et al.
(2016)

Luxmoore et al.
(2016)

McEvoy and Kim
(2017)

Luxmoore et al.
(2016)

McEvoy and Kim
(2017)

Studies for
FOWTs

Lozon et al.
(2022), Khalid
et al. (2020),
Festa et al.
(2022)

Khalid et al.
(2020)

McEvoy and
Johnston (2019),
Harrold et al.
(2020) Festa
et al. (2022)

McEvoy et al.
(2021), Pillai
et al. (2022)

no studies in
public domain
FAST plug-ins INFLOWWIND, AERODYN and SERVODYN, and has been
validated against other commercial and academic software for a 5 MW
turbine as part of an offshore code collaboration project (Robertson
et al., 2020). The FOWT model used in this study is composed of the
International Energy Agency (IEA) reference 15 MW wind turbine on
the Volturn-US semi-submersible floating platform, and has been vali-
dated against the FAST model in Flexcom documentation (FLEXCOM,
2022). The full platform and turbine characteristics are described in
detail in publications from the National Renewable Energy Laboratory
(NREL) (Gaertner et al., 2020; Allen et al., 2020).

2.2. Base mooring description

Two conventional symmetric mooring configurations were stud-
ied, both composed of three evenly-spaced lines: a full-chain catenary
mooring and a taut mooring composed of polyester rope with chain
ends. Each mooring configuration was modelled in two water depths,
75 m and 150 m, resulting in a total of 4 mooring scenarios. Each
scenario is shown in Fig. 2, annotated with the direction of wind
and wave loading. All mooring components for both configurations
(i.e. chain, polyester, and chain links) were given the same MBL of
15 MN for consistency in the comparative analysis. This corresponds
to an R3 Studlink chain with a diameter of 143 mm, and Brydon–
Bekaert MoorLine polyester rope diameter of 234 mm (Brydon, 2022).
Pretension was also kept constant across all configurations and water
depths, at 12.5% of MBL. The taut mooring was set at an inclined
angle of 35 degrees with respect to horizontal, for both the shallow and
intermediate water depth moorings, based on a previous study for taut
FOWT systems (Bach-Gansmo et al., 2020). The mooring parameters
are summarised for both mooring configurations in Table 2.

2.3. LRD modelling

To model the LRD mooring systems, the base mooring configu-
rations were modified by substituting a non-linear spring element,
3

representing the LRD, for a section of the line at each fairlead. No
damping was attributed to the LRDs, aside from the mass damping
of the whole mooring line included in the base Volturn-US Flexcom
model (which was calibrated with the NREL model). This approach is in
keeping with the numerical modelling from the various studies listed in
Table 1. As the aim of this study is to compare different non-linear stiff-
ness curves rather than the physical LRDs designs, physical properties
such as diameter, linear mass and LRD length were equalised to provide
a meaningful comparison. In practice, these parameters vary depending
on the LRD concept considered, but also on the desired stiffness curve
of the LRD. For the two spring-like devices, values of diameter and
dry linear mass ranging from 0.3 m and 71 kg/m for IMS (Khalid
et al., 2020), to 1.43 m and 1759 kg/m for TFI (Lozon et al., 2022)
have been quoted in literature. The diameter of the cylindrical DO
device, Fig. 1(b), typically ranges from 2.9–5.1 m, and the buoyant
section is designed such that the full device is neutrally buoyant in
water (Dublin Offshore, 2020). For this study, the LRD spring sections
were all given a diameter of 1 m, and the dry linear mass was then
set to 785 kg/m for neutral buoyancy in seawater. The lengths of LRDs
considered also vary across different studies, ranging from 4 m (Harrold
et al., 2020) to 30 m (McEvoy and Johnston, 2019). A length of 20 m
was taken as the reference length for the LRD spring sections in this
study, with subsequent comparison of additional lengths from 10 m to
30 m. By using standardised physical properties for all LRD concepts,
the impact of the LRD stiffness curve on the system was isolated, which
is key for this study. For more advanced studies on a specific LRD,
a detailed, geometrically accurate LRD model should be employed to
capture additional hydrodynamic or mechanical characteristics.

Non-linear stiffness curves for each LRD concept were reproduced
from developer documentation, and normalised such that all LRDs
exhibit the same tension at 0.5 strain (i.e. 10 m extension for the 20 m
spring sections considered). For each of the 4 curve shapes, shown in
Fig. 1 for the 3 devices, the stiffness is scaled depending on its ‘rated
tension’, which is defined in this study as the tension in the device at 0.5
strain. DO and TFI refer to the rated tension as the ‘Safe Working Load’
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Table 2
Mooring parameters of the base mooring system. See Appendix for stiffness of the full mooring systems.

Mooring configuration Taut inclined (35 deg) Catenary

Pretension 1.875 MN 1.875 MN
Material type Brydon Moorline Polyester R3 Studlink Chain
MBL 15 MN 15 MN
Diameter 234 mm 143 mm
Stiffness (EA) 100 MN 3750 MN
Mooring radius (m) 252 (150 m depth); 145 (75 m depth) 640
Fig. 2. Top-down and side views of the 3D Flexcom model of the IEA 15 MW wind turbine on the Volturn US platform, for the four mooring scenarios considered in this paper.
and ‘Target Load’ respectively. In practice, these different rated tensions
are obtainable by changing the dimensions and/or material properties
of the LRD. Higher rated tensions often apply to locations with more
severe environmental loading, which typically require higher MBLs,
but the LRD’s MBL and rated tension are not inherently coupled. The
MBL of the LRD can be can be adjusted to whichever value meets
safety requirements, whereas the rated tension is a separate design
variable which drives performance of the device. In this study, selected
rated tensions range from 2.5 MN, which is just above the mooring
pretension, to 7 MN, which is just below the maximum expected tension
with no LRD, determined from an analysis on the base-case mooring
system. The 10 rated tensions considered in this study are shown for
each of the 4 stiffness curve shapes in Fig. 3. Each combination of
LRD stiffness curve shape, rated tension and mooring scenario then
leads to a different stiffness curve of the mooring system as a whole.
Full mooring stiffness curves are shown for each combination in the
Appendix.

2.4. Design load cases

The load cases applied in the model are representative of the New
York Bight area (Lozon et al., 2022). Two load cases were considered:
a 50-year return period load case for an operational wind turbine,
and a 50-year return period load case for a parked turbine, i.e., with
feathered blades to reduce wind loading. For the operational load case,
the wind speed equals the turbine’s rated wind speed of 10.59 m/s,
generating the highest amount of wind thrust on the system (Gaertner
et al., 2020). This scenario can sometimes cause higher tensions on the
4

Table 3
Operational and parked load cases used in this study (Lozon et al., 2022).

Load case 50-yr operational 50-yr parked

IEC load case reference IEC 1.6 IEC 6.1
Wind speed (m/s) 10.59 41.10
Turbulence intensity 0.085 0.154
Significant wave height (m) 4.72 8.70
Peak wave period (s) 10.03 12.73
Peak shape parameter 2.02 2.03
Current not considered not considered

mooring system than more extreme conditions with a parked turbine,
hence both load cases require consideration as potential design driving
scenarios. The parameters of each load case are summarised in Table 3.

The two load cases were run on all 4 base mooring scenarios for the
IEC-recommended duration of 3600 s (International Electrotechnical
Commission, 2019), with wind and waves acting in the direction shown
in Fig. 2. For the irregular wind and wave seeds considered, the highest
loads on the windward mooring line occurred in the first 1200 s of
the simulation. The resulting time-series of fairlead tension and surge
(i.e. horizontal platform offset), were cropped to the first 1200 s and
are shown in Fig. 4.

The fairlead tensions are highest for the taut moorings in 75 m water
depth (Fig. 4d), due to the lowest compliance in the mooring system.
These high fairlead tensions, which are essentially restoring forces
maintaining the platform in position, translate to much lower surge
of the platform (see Fig. A.1 in Appendix for additional discussion).
Conversely, the catenary mooring in 150 m depth (Fig. 4c), is the
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Fig. 3. : Tension–strain plots for the 4 non-linear curve shapes considered in the study, which are attributed to the spring elements representing the LRDs in the FE model. 10
different rated tensions are modelled for each curve shape, from 2.5 MN to 7 MN, which determine the tension at 0.5 strain (i.e., at 10 m extension for the 20 m spring length).
Fig. 4. Time-series of fairlead tensions and platform surge for the four base-case mooring scenarios, for parked and operational load cases.
most compliant and shows the highest surge and lowest tensions at
the fairlead. Under the 50-year parked load case, the shallow taut
configuration also exhibits numerous ‘slack’ events, where the fairlead
tension momentarily reaches zero. These events can potentially be
damaging to the mooring system. In practice, this mooring system
would not be viable without an LRD for the given conditions, and a
line angle much closer to horizontal would have to be considered to
increase the line length and deliver more compliance. However, this
steep line angle was maintained for the taut-line model as it provides
two advantages for this study: 1. The taut-line angle is similar to the
catenary line hang-off angle at the fairlead, leading to comparable
5

ratios of vertical to horizontal forces across both configurations; 2. Less
contribution of synthetic rope towards the compliance of the system
puts more emphasis on the behaviour of the LRDs.

3. Effect of the LRD stiffness curves on tension reduction

3.1. Significance of the LRD rated tension in stiffness curve comparison

To compare the LRD stiffness curves, the loading time-series shown
in Fig. 4 are applied to the LRD mooring system, for each of the 4
different stiffness curve shapes and 10 rated tensions shown in Fig. 3.
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Fig. 5. Stiffness curves plotted for each rated tension and curve type, and colour graded according to the slope of the stiffness curve. The operating strain region of the LRD, for
the 75 m water depth and parked load case, is plotted on top of each curve. The 3 MN and 5 MN rated tension curves are shown with thick lines.
For the 3-phase curves, the rated tension defines the point at which the
LRD enters its third-phase stiffness. However, in a more general sense,
the rated tension defines the overall steepness of the non-linear stiffness
curve, i.e. its slope 𝑑𝑇 ∕𝑑𝜀. This impacts the performance of the LRD, by
affecting the phase of the stiffness curve over which it operates and is
effective in reducing tension. This is depicted in Fig. 5, which shows the
span between the mean LRD strain and the maximum LRD strain over
the course of the time-series, defined as the ‘operating strain region’.
For brevity, the operating strain regions are shown only for the highest
load conditions, i.e. 75 m water depth and parked load case.

For all 4 stiffness curve shapes, the lower rated tensions lead the
LRD to operate in higher strain regions. For the two single-phase curve
shapes (Figs. 5c & 5d) this has limited significance, as the slope of
the stiffness curve is similar regardless of the operating strain region.
However, for the 3-phase curve shapes (Figs. 5a & 5b), the slope of the
stiffness curves varies considerably depending on the operating strain
region. The lowest maximum tensions, i.e. tension at maximum strain,
are found when the LRD operates in the second phase stiffness, which
has the lowest stiffness curve slope. Thus, to obtain the full benefit of
the LRD in extreme 50-year conditions, the rated tension of 3-phase
curves must be low enough for the LRD to stretch past its first-phase
stiffness, but high enough such that it doesn’t exceed its rated tension
and operate in its stiff, third phase.

To visualise the effect of different LRD stiffness curve shapes and
rated tensions on the system, Fig. 6 shows a time-series of fairlead
tension for the LRD moorings plotted against the base-case mooring,
for all 4 mooring scenarios in the parked load case. For each of the
stiffness curve shapes, 2 rated tensions are considered, 3 MN and 5 MN.
The time-series are cropped to capture the peak loading events, which
occur between 450 s and 550 s in the parked load case, for the wind
and wave seeds considered (see Fig. 4). For the conditions considered,
all LRDs offer peak tension reduction, and eliminate slack line events in
the taut mooring configurations. Greater tension reduction is apparent
in mooring scenarios with less inherent compliance in the base-case
6

mooring configuration, i.e. in the taut line and shallow water moorings
(Fig. 6d).

As expected, LRDs with 3-phase stiffness curves, TFI and DO, show
different fairlead tension responses depending on their rated tension,
whereas the single-phase stiffness curve LRDs show similar responses
for the two rated tensions considered. For the DO device, the 3 MN
rated tension LRD is too soft, thus operating in the third phase stiffness
and not reducing tension as much as the stiffer 5 MN LRD which
operates in the second phase as intended. Conversely, the 5 MN TFI
device is too stiff, thus operating in the first phase of its stiffness curve
and not reducing tension as much as the 3 MN device. However, as
shown by the operating strain region of the 3 MN TFI curve (Fig. 5a)
the device momentarily exceeds its rated tension and enters its third
phase stiffness at the maximum load for the 75 m water depth case.
This is visible in the time-series of the TFI device (Fig. 6d, at 490 s and
510 s), where a secondary peak in tension appears, caused by the device
‘locking-out’ at 50% strain as it suddenly enters the high-stiffness third
phase.

3.2. Maximum fairlead tension reduction

In the following results, the maximum fairlead tension reduction
provided by different LRD curve shapes is compared across all rated
tensions, to ensure the optimal rated tension is captured for each curve
shape. Maximum fairlead tension is recorded over the full time-series
for each LRD curve shape, and compared to the tensions in the base
mooring for the same conditions (Fig. 7).

Across all 8 sets of input conditions, the 3-phase stiffness curves
(TFI, DO) show better maximum tension reduction than the single-
phase curves (IMS 1, IMS 2), as long as a suitable rated tension is
selected. The window of suitable rated tensions, which allow the LRDs
to operate in their second phase stiffness, is smaller for the TFI curve
(3–4 MN) than for the DO curve (4–6.5 MN). This is due to the low,
regressive slope of the TFI stiffness curve in its second phase (less
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Fig. 6. Peak fairlead tension event in parked turbine load case. Time-series for each LRD is plotted against no LRD case, for two values of rated tension.
than 5 MN/m), which is highly effective at reducing tension, but also
translates to rapid extension of the device the as it approaches its rated
tension. The DO curve has a stiffer second-phase response, leading to
slightly lower tension reduction, but enabling a greater range of rated
tensions to operate within the second phase.

In the scenario where peak loads are design-driving, the rated ten-
sion which provides the highest tension reduction would theoretically
be the most advantageous. However, in some cases, selecting this rated
tension could lead to the LRD exhausting its compliance and exceeding
its rated tension. For instance, with the TFI LRD in the taut 150 m
case (Fig. 7b), a rated tension of 3 MN provides the highest tension
reduction. However, the maximum fairlead tension when using this
device is of 3.2 MN, meaning the LRD has exceeded its rated tension
and entered its third-phase, ‘lock-out’ stiffness. If the ‘optimal’ rated
tension for the specific application is defined as that which provides the
highest tension reduction without the LRD exceeding its rated tension,
a rated tension of 3.5 MN should be chosen for the TFI curve. Similarly,
the ‘optimal’ rated tensions for this application would be taken as
4.5 MN for the IMS and DO LRDs.

In general, all curves offer better tension reduction in the parked
load case than in the operational load case. This can be put down to two
factors: 1. The higher waves in the parked case create more dynamic
tension, which in turn increases the effectiveness of the LRDs (Festa
et al., 2022); 2. the lower wind thrust in the parked case leads to a
lower effective strain range in the LRD, meaning more compliance is
left to reduce the peak wave-induced loading. The wind thrust in the
7

operating case causes a constant, ‘background’ load, which displaces
floater from its reference position, stiffening the mooring system in the
process. This offset increases the mean strain of the LRD, meaning less
compliance is available to reduce peak dynamic wave loads. This is
especially apparent with lower rated tensions on the 3-phase curves,
where the LRD has exhausted its compliance under the background
load, leading to an increase in maximum tension.

3.3. Fatigue damage reduction

In addition to reducing the tension caused by the maximum loading
event, which can lower the required material cost of a FOWT moorings
and anchors, LRDs also reduce the tension on the mooring system
caused by other, lesser, loading events. The damage caused by these
lesser loads can accumulate over the structure’s lifetime, causing fa-
tigue in the mooring components which constitutes the leading cause
of chain failure for permanent moorings (Fontaine et al., 2014). The
reduction in lower-amplitude loads is apparent in the time-series shown
in Fig. 6, where ‘smaller’ peaks in tension occurring at 450 s and 475 s
are reduced by the LRDs. This tension reduction reduces the overall
damage caused on the chains, ropes, and mooring components, which
can extend their fatigue life and reduce the risk of failure. To portray
this, the magnitude and timestamp of every fairlead tension peak were
measured from the original time-series of the base-case moorings, for
each of the time-series shown in Fig. 4. For each peak, the resulting
tension reduction for the LRD moorings is measured and scattered
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Fig. 7. Maximum fairlead tension for each of the 4 LRD curve types across a range of rated tensions. Each of the 8 subplots represents a same set of input conditions, covering
all 4 mooring scenarios and 2 load cases.
Fig. 8. Reduction in tension provided by each LRD (with rated tensions of 3.5 MN for TFI, and 4.5 MN for DO, IMS1, and IMS2) for individual fairlead tension peaks across the
time series, plotted against magnitude of the peak in the base-case mooring scenario, i.e. without LRD.
against the magnitude of the original peaks (Fig. 8), using the optimal
rated tensions determined in Section 3.2.

These results show a strong correlation between peak load mag-
nitude in the base-case mooring, and the resulting tension reduction
provided by the LRD. The moorings with more inherent compliance
(Fig. 8 a & b) do not experience loads above 35% MBL, thus do
not obtain the full benefit of the LRDs. Peak load reductions in the
operational load case follows the same correlation, albeit with slightly
lower reductions due to more of the LRD compliance being consumed
by the background wind load. The 3-phase stiffness curves, TFI and DO,
8

are shown to offer the best tension reduction across all load magnitudes
above 20% MBL, regardless of the mooring scenario or load case, which
suggests they provide the highest damage reduction.

The total fatigue damage caused over a specific duration can be
estimated by a metric known as the damage equivalent load (DEL). For
a given irregular loading time-series, the DEL represents the amplitude
of a constant cyclic load that results in the same cumulative fatigue
damage as the irregular loading time-series itself (ASTM International,
2011). This was calculated using a rainflow counting algorithm, with
a fatigue slope of 5 (Lozon et al., 2022), for each full time-series. The
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Fig. 9. Damage equivalent load over the full time-series for each of the 4 LRD curve types and 10 rated tensions considered. Each of the 8 subplots represents a same set of input
conditions, covering all 4 mooring scenarios and 2 load cases.
resulting DEL is shown in Fig. 9 for each rated tension and stiffness
curve type.

As with maximum load reduction, the DEL reduction is highest in
the taut moorings and shallower waters, where there is less inherent
compliance in the base-case mooring system. The effect of the LRD
stiffness curve shape on the DEL follows a similar pattern to its effect
on the maximum tension, with the three-stage stiffness curves offering
the most DEL reduction, as long as suitable rated tensions are selected.
However, the rated tensions which provide highest DEL reduction are
slightly lower than the rated tensions which provide highest maximum
load reduction, as the lower stiffness can better reduce the impact of
lesser loads. In the taut 75 m case for instance (Fig. 9d), the 3 MN
TFI and 4 MN DO curves provide highest DEL reduction, whereas the
3.5 MN and 4.5–5 MN curves provide highest maximum load reduction
(see Fig. 7d). In the scenario where fatigue is design driving, the lower
rated tension could be considered, at the cost of the device potentially
exceeding its rated tension and entering its third phase stiffness under
the maximum load. Whether this trade-off is acceptable would depend
on the type of LRD and developer guidance.

4. Effect of LRD stiffness curves on platform motions

4.1. Significance of platform motions

In the offshore environment, the FOWT platform exhibits motions
in 6 degrees of freedom (DOFs), as depicted in Fig. 10. When altering
the stiffness response of a mooring system, such as by introducing an
LRD, it is crucial to consider the subsequent impact on the motions
of the platform. Since the wind and wave loads considered in this
study are acting along the same axis (surge axis in Fig. 10), only
the DOFs in the plane parallel to this axis are considered, i.e. only
the surge, pitch and heave DOFs. FOWT projects typically have strict
9

Fig. 10. Visualisation of the 6 DOFs of the FOWT platform. Rotational motions are
shown in italics.

criteria regarding the maximum allowable motions in these 3 DOFs, as
they can cause undesirable effects to the system: surge (i.e. horizontal
platform offset) can damage the power cable if its allowable range is
exceeded; pitch affects the efficiency of energy production; and high
nacelle accelerations can cause structural and mechanical damage to
turbine components (Taboada et al., 2020).

Mooring designs for FOWTs must allow the system to safely operate
within the maximum motion criteria. This is particularly important
for surge, as the maximum surge under a given set of environmental
loads is directly dependent on the stiffness of the mooring system (see
Appendix). Motions and accelerations outside of the water plane such
as heave and pitch are typically more influenced by the hydrodynamics
of the platform than by the mooring system, but must be considered
in mooring design nonetheless. This section studies the effect of LRD
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Fig. 11. Effect of regular wave-only loading on platform surge, heave, pitch and nacelle accelerations.
stiffness curves on platform motions and nacelle accelerations. For
brevity, IMS 1 is omitted, and one rated tension is selected for the 3
other LRDs, which correspond to the ‘optimal’ rated tensions described
in Section 3.2: 3.5 MN for TFI and 4.5 MN for DO and IMS 2.

4.2. Wave-induced motions

To isolate the effect of the LRDs on wave-induced motions of the
structure, wind loading was disabled, and the full FOWT and mooring
system were subjected to a set of regular Airy waves with varying
frequency and fixed amplitude of 2.36 m. The amplitude of motion was
measured, normalised with respect to the wave amplitude, and plotted
against the frequency of the waves. The resulting statistic forms the
Response Amplitude Operator (RAO). RAOs for the 4 key motions are
shown in Fig. 11, for each mooring scenario and LRD stiffness curve
type.

For the catenary configurations, the RAOs of the LRD moorings are
near identical to those of the base moorings. This is in agreement with
the full mooring system stiffness curves shown in Appendix, which
suggest that at low offset, the base moorings and LRD moorings have
the same stiffness (i.e., same gradient of tension–offset curve). This is
not the case for the taut moorings, which are much stiffer without the
LRD, and hence highly sensitive to the introduction of an LRD, leading
to a more visible effect of the LRD on the RAO curve.

These results show that the addition of the LRDs does not introduce
problematic frequencies for wave-induced motions, irrespective of the
LRD stiffness curve shape. In fact, for the taut moorings, surge, heave
and pitch motions are slightly reduced across key wave periods, 10–
15 s. This reduction is higher in the shallow water scenario. Heave
response is increased by LRDs at very high wave periods, 20–25 s, but
these are typically not experienced in realistic sea states so should not
be of concern.
10
4.3. Wind-induced motions

To isolate the effect of the LRDs on wind-induced motions of the
structure, the full FOWT and mooring system were subjected to the
same irregular wind conditions used in Section 2.4, but without waves.
Resulting time-series of surge (i.e. horizontal platform offset), heave,
and horizontal nacelle accelerations are shown in Fig. 12, cropped to
show the peak loading event, which occurs at different timestamps for
the parked and operational cases. Only 75 m water depth mooring
scenarios are displayed, as these are most sensitive to LRDs as shown in
Fig. 11. The vertical degrees of freedom (heave, vertical acceleration)
are omitted as the absence of waves means loading is purely horizontal.

The wind generates a constant ‘background’ load on the structure,
especially in the operational case where the thrust on the turbine is at
its highest. The subsequent moment on the turbine also leads to high
mean pitch (Fig. 12 c & d). During the parked case (Fig. 12 a & b), the
blades are feathered to shed load, but the wind speed is much higher
(41.10 m/s vs. 10.59 m/s for operational) and less regular, leading
to a more varying response for both surge and pitch. In both parked
and operational cases, the negligible dynamic loading means nacelle
accelerations are low.

In both cases, with the absence of waves, the relationship between
fairlead tension and platform surge is essentially quasi-static: the plat-
form finds an equilibrium position, which is determined by the stiffness
of the mooring system. Hence, the presence of an LRD, which reduces
the mooring stiffness, increases the mean surge (or horizontal offset) of
the platform. However, the mean pitch, which is mostly influenced by
platform design rather than mooring stiffness, is not increased by the
LRD. Overall, when similar rated tensions are considered, these trends
do not depend on the shape of the LRD stiffness curve.
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Fig. 12. Effect of wind-only loading on platform surge, pitch and horizontal nacelle accelerations, for 75 m water depth.
Fig. 13. Effect of combined wind and waves on platform motions in 3 DOF and nacelle accelerations in 2 DOF (vertical and horizontal), for 75 m water depths.
4.4. Combined wind and wave motions

Having studied the effect of LRDs on the motion response to wind
and wave loading individually, the next step is to analyse the response
to combined wind and wave loading. The same design load cases as
described in Section 2.4 are considered, and time-series of the relevant
platform motions in the wind/wave plane are recorded for each LRD
curve type. Resulting time-series of platform motions are shown in
Fig. 13, cropped to show the peak event. For brevity, only the 75 m
11
water depth mooring scenarios are displayed, as these are the most
sensitive to LRDs.

The general effect of the LRDs on platform motions and nacelle
accelerations, regardless of stiffness curve shape, can be summarised
as follows:

• Although the wind-induced surge component is increased by LRDs
(as shown in Section 4.3), the damping effect from the LRDs
results in a lower wave-induced dynamic surge response. This
leads to a higher increase in surge in the operational case with
higher wind loading (Fig. 13 b and c) than in the parked case with
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higher wave loading (Fig. 13 a and b). Thus, the governing design
case, i.e. case of maximum surge, can become the operational case
when incorporating an LRD.

• Heave motions caused by the lower frequency waves, occurring
at 500 s in the parked condition, are reduced by the LRDs, which
is consistent with the RAO results. As the heave motion is driven
by wave height, amplitudes are higher in parked condition with
a higher significant wave height.

• Pitch oscillations are due to wave loads, whereas the mean pitch
is caused by the moment from the wind thrust on the rotor,
leading to much higher mean pitch in the operational load cases
compared to the parked load cases. The wave-induced pitch os-
cillations are reduced by the LRDs, but the mean pitch is not
affected, as was shown in Section 4.3.

• Wave-induced accelerations at the nacelle are reduced by LRDs
for both the horizontal and vertical components, especially in the
parked load case.

Overall, as was shown in the RAOs, the variation in stiffness curve
hape of an LRD has very little effect on the motion response of the
latform when compared to the response with the base-case mooring,
.e. without the LRD. All LRD curve shapes reduce oscillatory motions
or pitch, heave and nacelle accelerations, but increase maximum surge
i.e. horizontal platform offset) of the platform. The surge motion is the
nly case where slight differences could be noted between the three
RD curve shapes. This is due to differences in the extension of the
RDs, which are minimal as the rated tensions considered across the 3
evices (3.5 MN, 4.5 MN, 4.5 MN) were similar.

. Sensitivity analysis of LRD length

.1. Significance of LRD length in stiffness curve comparison

Previous analyses in this paper have considered two LRD design
arameters: stiffness curve shape and rated tension. Another key design
arameter is the maximum extension of the LRD, which is defined by
he length of the LRD section in the FE model. This determines the
mount of compliance introduced by the LRD, and can make a sig-
ificant difference to the overall tension–offset profile of the mooring
ystem (Festa et al., 2023). The LRD length has been fixed at 20 m in
he results presented so far, i.e., a maximum extension of 10 m when
he LRD reaches its rated tension at 50% strain. In practice, the ‘length’
f the LRD section, or its maximum extension, would be increased by
ombining multiple devices in series, or in the case of the mechanical
O device, by increasing the distance between its hinge points.

.2. Influence of LRD length on tension reduction

Fig. 14 shows the effect of varying the length of the LRD section
n the maximum tension reduction, in the parked load case, for two
ated tensions. For each curve shape, one rated tension is set 0.5 MN
elow the ‘optimal’ rated tension defined in Section 3.2, the other is set
.5 MN above.

For all stiffness curve shapes, increase in LRD length leads to higher
eductions in maximum tension. The gains in tension reduction tend
o be greater in the scenarios where the base-case mooring has little
ompliance (Fig. 14d). However, these benefits are regressive: once
ufficient compliance is reached, increasing the length of the LRD has
ess effect on the tension reduction.

These trends also vary across the three curve shapes considered.
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n particular, for the 3-phase stiffness curves, varying the LRD lengths
can change the optimal rated tension of the LRD. This has significant
implications for LRD design: using shorter LRDs, which provide less
compliance, requires higher rated tensions to avoid extending into the
third-phase stiffness. Conversely, with longer LRDs, the lower rated
tensions can provide greater tension reduction. This benefit is especially
significant for the 3 MN TFI curve, which is operating in its stiff, third
phase stiffness when the LRD is too short, thus not providing adequate
compliance, but can provide much higher tension reduction when the
length of the device is increased.

5.3. Influence of LRD length on maximum platform surge

The wind-induced surge (i.e. horizontal platform offset) increase
introduced by LRDs, which constitutes additional ‘quasi-static’ platform
offset along the axis of loading, is expected to be driven by the exten-
sion of the LRD (see Fig. 12). The extension of the LRD, as was shown
in Fig. 15, is itself dependent on both its length and rated tension.
Thus, to get a better idea of the effect of the LRD stiffness curves
on surge, multiple combinations of lengths and rated tensions should
be considered. Fig. 14 shows the effect of varying the length of the
LRD section on the added surge, in the operational load case, for two
rated tensions. For each curve shape, one rated tension is set 0.5 MN
below the ‘optimal’ rated tension defined in Section 3.2, the other is set
0.5 MN above.

As expected, the increased length of LRDs leads to more surge of the
operational turbine, across all 4 mooring scenarios. However, Fig. 15
also shows that the increased surge can be mitigated by using a stiffer
LRD, i.e., with a higher rated tension. This is especially true for the
3-phase stiffness curves, where a 1 MN higher rated load can lead to
over 60% reduction in additional surge. This is due to the slightly stiffer
LRD not fully entering its second phase stiffness when in operation,
and consequently extending much less, which can come at the cost
of sightly lower tension reduction (see Fig. 14). For the three-phase
stiffness curves, this trade off is not linear, and using the stiffer LRDs
can be beneficial as it significantly reduces surge for only small increase
in tension. For instance, in the taut 75 m depth case with a 20 m TFI
device, using a 4 MN curve instead of 3 MN leads to 45% less surge
increase (Fig. 15d), at the cost of only 5% less tension reduction benefit
(Fig. 14d).

The underlying principle here is the coupling between variables:
the rated tensions which provide optimal tension reduction for a 20 m
LRD, as defined in Section 3.2, may not be optimal for other LRD
lengths. Similarly, the LRD lengths which provide acceptable surge
(i.e. horizontal platform offset) increase for a given rated tension and
stiffness curve shape, may not be acceptable for other rated tensions.
Hence, LRD design should be attempted holistically, where different
combinations of LRD length, stiffness curve shape, and rated tension are
assessed in parallel, to obtain the required reduction in fairlead tension
which fits platform motion constraints.

6. Conclusion

The LRDs with 3-phase non-linear stiffness curves, featuring a high
initial and final stiffness with a low-stiffness second phase, performed
better than ‘single-phase’ curves both in terms of maximum tension and
DEL reduction. This was true regardless of the water depth, mooring
configuration, and load case. However, optimal tension reduction for
3-phase curves is highly dependent on finding the right rated tension,
to ensure the LRD operates in the second phase of the curve. The single-
phase stiffness curves were shown to offer similar tension reduction

performance regardless of rated tension. In terms of platform motions,
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Fig. 14. Effect of varying the LRD length on maximum tension reduction compared to the base-case mooring, for the parked load case. Two rated tensions are considered, either
side of the optimal rated tensions defined in Section 3.2.
Fig. 15. Effect of varying the LRD length on surge increase (i.e. horizontal platform offset difference) compared to the base-case mooring, for the operational load case. Two rated
tensions are considered, either side of the optimal rated tensions defined in Section 3.2.
all LRD curve shapes had similar effects on the system. Amplitudes of
wave-induced surge (i.e. horizontal platform offset), heave, pitch and
nacelle accelerations were reduced. Wind-induced surge was increased,
especially in the operational load case, and was shown to be mainly
affected by LRD length rather than curve shape.

Finding the optimal LRD design for a specific application involves
determining the combination of rated tension and device length that
provide suitable tension reduction whilst maintaining allowable plat-
form surge. For 3-phase stiffness curves, there will typically be an
interval of rated tensions that provide highest tension reduction. This
interval is dependent on the length (or maximum extension) of the LRD,
and thus must be determined with a multivariate analysis.

Two further conclusions can be drawn, valid across all LRD curves
for the specific set of input conditions considered in this study: 1.
LRDs provided more tension reduction in mooring systems with lower
compliance, i.e. high modulus taut moorings, and shallower waters; and
2. LRDs provided more tension reduction in extreme parked conditions
than extreme operational conditions. In future work, investigating a
wider range of environmental conditions could be beneficial, to further
assess how the LRD’s performance and optimal design parameters vary
depending on the expected wave height and wind speed.
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Appendix. Stiffness of full mooring systems

The stiffness of a full mooring system, including all of its compo-
nents (in this case, LRD and rope or chain) is defined as the relationship
between the position of the platform and the subsequent restoring force
imparted on the platform (i.e. fairlead tension). The mooring stiffness
dictates the equilibrium position of the platform for a given mean load,
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Fig. A.1. Stiffness curves of the full mooring system (i.e., mooring line + LRD) for all combinations of mooring scenarios, LRD curve shapes, and LRD rated tensions.
and the slope of the stiffness curve about this mean load then affects
the dynamic response of the mooring.

The full mooring system stiffness is highly dependent on the stiffness
of the LRD, but is also driven by the response of the catenary chain or
taut rope which forms the rest of the mooring line. To obtain the stiff-
ness profile of the full system, the platform was slowly displaced along
the surge axis, and the fairlead tension required for static equilibrium
was calculated at every step. Resulting plots of fairlead tension against
surge (i.e. horizontal platform offset) are shown in Fig. A.1. These plots
illustrate some useful concepts:

• The shallower and taut mooring systems exhibit higher stiffness,
which translates to lower surge (i.e. horizontal platform offset)
for the same value of fairlead tension.

• The taut moorings are generally less compliant than the catenary
mooring, and their stiffness is more dominated by the stiffness of
the LRD. In other words, the stiffness curve of the taut mooring
system is very similar to that of the LRD, as the rope does not
contribute much to the compliance.

• In the case of a 3-phase LRD stiffness curve (TFI, DO), low rated
tensions can actually lead to much stiffer mooring systems once
14
a certain value of surge is reached, as the LRD compliance is
rapidly exhausted, leading to operation in the stiff, third-phase
of the curve.
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