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Design optimisation of mooring systems with load reduction devices for floating offshore
wind

by Oscar Festa

Floating offshore wind (FOW) has introduced new technical challenges to mooring system
design including shallow waters and extreme wind loading relative to oil & gas installations,
which contribute to high mooring stiffness and require expensive mooring and anchoring
systems. Non-linear extensible mooring components known as load reduction devices (LRDs)
enable significant cost reduction for FOW moorings, which introduce new design variables
including a range of non-linear stiffness curves that must be optimised for each project. Current
modelling and design methods are not adapted to rapidly screen these design variables, making
it difficult for developers to understand the benefits of LRDs, leading to over-conservative
design choices and reluctance to adopt innovative designs. For FOW, the financial risk
associated with selecting an over-conservative design is higher than in hydrocarbon projects, as
tens or hundreds of structures need to be moored for a single project. This thesis proposes a
design optimisation framework for FOW mooring systems with LRDs, which can be applied to
any project-specific location parameters, constraints and objectives. This was achieved by
analytical modelling, numerical finite element modelling, surrogate modelling with neural
networks, and optimisation using genetic algorithms. The output framework includes: 1) the
development of a novel analytical model for catenary moorings with LRDs; 2) a parametric
study of LRD design variables using dynamic analysis software; 3) the development of an
optimisation methodology. The framework is applied to the design of taut moorings with
3-phase stiffness LRDs, and demonstrates reductions in peak loads by 58 %, fatigue damage by
74 %, nacelle accelerations by 59 % and seabed footprint by 78 % compared to traditional
mooring designs. The analytical and optimisation models have been converted into free-to-use
web applications, providing an efficient means for mooring designers to consider the benefits of

innovative mooring systems.
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Chapter 1

Introduction

1.1 Background on floating offshore wind (FOW)

To reach net zero by 2050, the world may need up to 200,000 offshore wind turbines [1] [2]. Up
to 80% of worldwide offshore wind resources are located in water depths greater than 50 m [3]
where traditional fixed architectures such as monopiles or jackets become more technically
challenging. In these deeper waters, offshore wind turbines must be deployed on floating
platforms, which are connected to the seabed via mooring lines and anchors (Figure 1.1). These
mooring systems are key to station-keeping of the floating structure, i.e. minimising the floating

structure’s offset from its designated location.

Monopile
0-30 m Jacket
25-50 m Floating structures > 50 m

A,

FIGURE 1.1: Fixed and floating offshore wind concepts.

Mooring systems have long been essential for the station-keeping of floating offshore structures,
particularly within the offshore oil and gas (O&G) industry. In this sector, a single floating
structure — requiring just one mooring system — can generate high energy yield, returning over 5
billion USD in a year [4]. Consequently, mooring systems for O&G have not posed a significant
economic challenge, and have typically prioritised redundancy and proven technology above
cost efficiency and innovation. In contrast, FOW will require hundreds of structures to be
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moored to the seabed for the same energy yield as an O&G platform, and current mooring
systems are not fit for this significant scale-up [5]. Innovation in mooring design is critical for
improving cost-efficiency and enabling FOW to reach commercial viability. To achieve this,
mooring systems must focus on overcoming a series of technical challenges and addressing
design considerations unique to FOW.

1.2 Mooring design considerations for FOW

Current FOW mooring systems are derived from established practice for floating O&G
moorings [6], as the basis of their design is similar: to ensure sufficient reliability and platform
offsets below a specified threshold. However, FOW mooring design requirements have key

technical differences:

1. FOW targets shallower water depths: 60 - 300 m, compared to often 300 m + for O&G. This
results in stiffer mooring systems than deep waters for the same mooring configuration
[7], i.e. a bigger increase in restoring force on the platform for a given offset from its

reference position.

2. FOW structures are subjected to a unique set of loads, in particular high wind-induced
horizontal loading, which increases mean platform offsets and further stiffens the mooring

system response [8].

3. Platform offset thresholds are usually more lenient for FOW, and consequence of
exceedance is lower [6]. Thus, stiff mooring systems which are highly resistant to platform

motion are suitable for O&G, but can be over-conservative for FOW projects.

Points 1. and 2. combine to increase the stiffness of mooring systems, resulting in extreme loads
on mooring lines and anchors [9]. Resisting these loads then requires large diameter lines and
anchors: typical chain diameters currently considered for FOW mooring lines are up to triple
those used in O&G, leading to nine times the mass per unit length (just under a ton per link of
chain); similarly, drag anchors designs for FOW typically weigh 30 - 40 tons, compared to 10 - 12
tons for O&G [10]. These components are currently too expensive and carbon-intensive to

manufacture, transport, and install at the scale required for FOW.

Crucially, point 3. suggests a route to reducing loads on FOW moorings, by reducing
over-conservatism, and adjusting mooring system stiffness to mitigate the impact of
environmental loads [9]. This means allowing as much compliance, i.e. extensibility, in the
mooring as is permitted by platform motion constraints. The compliance is then available to
reduce the impact of extreme waves, which can lower the dynamic tension in the mooring lines
and anchors, leading to reduced material requirements. This can enable significant reductions in
capital expenditure of a FOW project, whilst also reducing the carbon footprint, seabed

disruption, and pressure on supply chains [11].
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1.3 Challenges and advancements in compliant mooring design

Designing a mooring with optimal compliance is not always feasible if limited to traditional
mooring systems. The stiffness of traditional mooring systems typically increases with the
breaking strength of its chain or rope components, which can make it difficult to achieve
sufficient compliance as it is not an independent variable. For instance, in rough and/or shallow

water sites, a sufficiently strong mooring is often too stiff [7].

The recent development of load reduction devices (LRDs, see figure 1.2), which are in-line
extensible components fitted in mooring lines, addresses this challenge by providing bespoke
compliance to mooring systems. Typically located towards the upper extremity of the mooring
line (the fairlead), LRDs can provide significant extension under tension (5 - 15 m), which does
not compromise their breaking strength [12] [13]. LRDs have highly customisable non-linear

stiffness curves, which can be tuned by varying the physical parameters of the device.

FIGURE 1.2: Load reduction device designed by TFI, formed of a compressive elastomeric spring,
with a typical unstretched length of 7.5 m [12].

LRDs provide an additional source of compliance to mooring systems, but in doing so, extend
the design space, as multiple LRD design variables (maximum extension, stiffness at design
load) need to be considered alongside traditional mooring system variables (depth, line
diameter, pretension etc.).

1.4 Design optimisation for FOW mooring systems

Current analysis methods for assessing the suitability of a mooring design require considerable
computational resources and time to capture a large number of environmental load cases,
typically achieved through dynamic finite-element (FE) or lumped-mass (LM) analyses [14].
These computational approaches are not well-suited for finding an optimal design at concept
level, especially when considering a large design space. This results in engineers either: a) not
performing optimisation, and settling for the first “acceptable” design; or b) considering fewer
design variables, i.e. restricting their design space. Both lead to convergence on a final solution

which is sub-optimal.

Recent studies have addressed this challenge by employing surrogate models, which are
mathematical models (e.g, artificial neural networks) that can accurately capture the

input-output relationship of more complex physics-based models (in this case, dynamic FE or
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LM models) in a fraction of the time [15] (e.g., [16], [17]). Once trained, these surrogate models
are able to efficiently explore large and complex design spaces with multiple objectives (typically
with the aid of search algorithms such as Genetic Algorithms), to find optimal mooring design
solutions. However, these surrogate models are typically built for project-specific locations,
constraints, and objectives, thus requiring re-training from project to project. This limits their
applicability to concept design, where project-specific parameters may not yet be fixed.

1.5 Research aim & objectives

Existing methods make it difficult for FOW mooring designers to easily identify the benefits of
using LRDs to optimise mooring system compliance at concept design level. This leads to
detailed design being undertaken on base mooring configurations which may be sub-optimal,
whilst more cost-effective areas of the design space remain unexplored. The overall aim of this
PhD research is to develop a concept design optimisation framework for FOW mooring systems
with LRDs, which can be applied to any project-specific location parameters, constraints and
objectives. This will enable designers to rapidly screen mooring designs, and asess the benefits

of optimised mooring systems using LRDs.

This aim will be achieved through the three objectives, O1-3. The output of objectives O1 and
02 inform the work undertaken in objectives O2 and O3 respectively, as depicted in Figure 1.3.
As part of the PhD research, the outcomes of objectives O1 and O3 have also been converted

into free-to-use web-based applications. The objectives are defined as follows :

¢ OI: Development of a quasi-static analytical model for initial sizing of mooring systems

including non-linear load reduction devices.

¢ (O2: Comparison of mooring configurations and non-linear LRD stiffness curves using

commercial dynamic analysis software.

¢ O3: Development of a neural network surrogate model, based on dynamic analyses, for
holistic optimisation of FOW mooring systems with LRDs according to project-specific

platform motion constraints, loads, and water-depths.

Objec.tlve .1: Tool for initial Objectlv.e z Refined design Objective 3:
tat D & )
Quas1-§ ane L sizing, basis for ~ —» ynamie L space, basis for  — | Surrogate-based
analytical . comparative R S
model dynamic analysis analysis optimisation optimisation

FIGURE 1.3: Flowchart of PhD research objectives. Outcomes of each objective (italics) are used
to inform following objectives.
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1.6 Novelty of PhD research

The novelty of this PhD research lies both in its technical findings, which involve modelling and

analysis of FOW moorings with load reduction devices, and in the introduction of a novel

machine-learning-based methodology for designing these mooring systems:

¢ Technical novelty: Although there are numerous derivations of analytical models for

traditional mooring systems in the public domain, these have not yet been extended to

accommodate the recent development of non-linear load reduction devices. This is

addressed in objective O1, with the development of an analytical model which interfaces

existing mooring equations with novel equations for non-linear load reduction devices.

Moreover, no existing research proposes a comparison of load reduction device

performance for FOW moorings, across a comprehensive set of environmental parameters

and mooring configurations. This is addressed in objective O2, using traditional design

and analysis techniques, as a basis for optimisation and innovation of the methodology.

* Methodological novelty: Traditional mooring design approaches involve running iterative

simulations with varying mooring design input parameters until output parameters such
as platform motions and mooring line tension meet the design requirements. The novelty
of the methodology presented in this research resides in the reversal of this traditional
design approach, with the development of an automated machine learning-based concept
design approach (objective O3) which can take mooring requirements as an input and
provide the optimal mooring design ‘input’ parameters as an output. This methodology is

generaliseable for any pre-defined station-keeping requirements and project-specific

variables such as water depth and environmental loads.

The of noverlty innto the novel framework is shown in figure Figure 1.4

Existing body of research

Novel research

Quasi-static analytical model of mooring
systems with linear components

Analytical model with non- !

—

linear components (LRDs)

Dynamic numerical analyses of load reduction
devices by each supplier

Comparative analyses
across different LRDs

Project-specific surrogate-based mooring design
optimisation

Location & objective .
agnostic surrogate-based
design optimisation

Qutcome

Concept design
framework for
optimisation of
moorings with
LRDs

FIGURE 1.4: Visual summary of novelty with respect to existing bodies of research. Novel re-
search in objectives O1, O2, and O3 combine to create the full concept design framework for
optimisation of moorings with LRDs.
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1.7 Outline of the thesis

The main body of this thesis comprises four chapters. The first chapter presents a literature
review, which provides a technical background and critical analysis of existing research, for each
of the four technical topics introduced in this chapter (sections 1.1, 1.2, 1.3 and 1.4). The
following three chapters of the thesis, 4, 5 and 6, contain the main body of research, and address
the three objectives O1, O2 and O3 outlined in section 1.6 respectively.

Chapter 4 presents an analytical model which enables initial sizing of LRDs, and analysis of the
quasi-static stiffness of the resulting mooring system. This is the typical starting point for
mooring design, which must be followed by dynamic analyses to provide insight on dynamic
tensions. The following chapter, Chapter 5 addresses this, by providing a comparative analysis
of the effect of LRDs on dynamically-induced mooring line tensions and platform motions, for
various mooring arrangements. This comparative analysis enables refinement of the design

space, and is used as a basis for the holistic optimisation performed in Chapter 6.

1.8 List of publications

Five conference papers and two journal papers, associated with the research presented in this

thesis, are published or in review:

Journal papers:

¢ Festa, Oscar, Gourvenec, Susan and Sobey, Adam (2024) Comparative analysis of load
reduction device stiffness curves for floating offshore wind moorings. Ocean Engineering,
250, Mar 2024. (doi:10.1016 /j.oceaneng.2024.117266) (see section A.1 of appendix)

¢ Festa, Oscar, Gourvenec, Susan and Sobey, Adam (2024) A flexible neural network-based
surrogate model for optimisation of floating wind moorings. Ocean Engineering. (under

review)
Conference papers:

¢ Festa, Oscar, Gourvenec, Susan and Sobey, Adam (2023) Analytical model of non-linear
load reduction devices for catenary moorings. In Proceedings of the ASME 2023 42nd
International Conference on Ocean, Offshore and Arctic Engineering (OMAE 23).
(d0i:10.1115/0mae2023-100845) (see section A.2 of appendix)

¢ Festa, Oscar, Gourvenec, Susan and Sobey, Adam (2022) Proxy model for the design of
extensible floating offshore wind turbine mooring systems. In Proc. 32nd International
Symposium on Ocean and Polar Engineering (ISOPE), June 5 — 10 (virtual).
(d0i:10.6863 /ISOPE-I-22-030) (see section A.3 of appendix)
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¢ Kwa, Katherine, Festa, Oscar, White, Dave, Sobey, Adam and Gourvenec, Susan (2023)
Design benefits for plate anchors for floating offshore wind through coupling floater,
mooring and geotechnical responses. 9th International SUT OSIG Conference “Innovative
Geotechnologies for Energy Transition”, Imperial College, London, United Kingdom. 12 -
14 Sep 2023. (d0i:10.3723 /xtom8787) (see section A.4 of appendix)

¢ Kwa, Katherine, White, Dave, Festa, Oscar and Gourvenec, Susan (2023) Dynamic
seabed-anchor capacity enhancements for taut-moored floating offshore wind. In
Symposium on Energy Geotechnics 2023. TU Delft OPEN Textbooks.
(d0i:10.59490/seg.2023.619). (see section A.5 of appendix)

¢ Kwa, Katherine, Festa, Oscar, White, Dave, Sobey, Adam and Gourvenec, Susan (2023)
Integrated numerical modelling of soil-anchor-mooring line-floater response for floating
offshore wind. Zdravkovic, Lidija, Kontoe, Stavroula, Tsiampousi, Katerina and Taborda,
David (eds.) In Proceedings 10th NUMGE : 10th European Conference on Numerical
Methods in Geotechnical Engineering. (d0i:10.53243 /NUMGE2023-129). (see section A.6
of appendix)






Chapter 2

Literature Review

2.1 Background on FOW

2.1.1 Introduction to FOW substructures

FOW turbines are reliant on a substructure to maintain station-keeping and stability in the

offshore environment. FOW substructures can be divided into three systems [8]:

¢ Floating platform: maintains buoyancy and supports the turbine structure
* Mooring line: provides restoring force to the floating platform to keep it in place

¢ Anchor: fixes the mooring line to the seabed

Currently, there are over 80 different structural FOW concepts in various stages of development
[18], which can be classified according to the platform, mooring, and anchoring concepts they
employ. An overview of the aforementioned systems and their variations in the context of
floating wind energy is given in sections 2.1.2 and 2.1.3. Section 2.1.4 offers a summary of
completed and ongoing FOW projects in industry and the specific platform, mooring and

anchoring configurations they employ.

2.1.2 Floating platform concepts for FOW

In contrast to fixed concrete or steel substructures which rely on their mass (self-weight) and
resistance of the seabed to provide stability to the turbine, floating platforms rely on buoyancy,
ballasting, and moorings for station-keeping and stability [8]. The substructure of a FOW
turbine must be designed to withstand a range of operational and environmental loads: weight
of the wind turbine structure, moments from the wind thrust on the rotor, dynamic wave loads,

and tidal and current loads.
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Of these loads, the overturning moment due to the wind on the rotor can be considered as the
primary concern when designing the basic platform structure. The platform typically fits one of
the basic concepts shown in Figure 2.1, which are distinguished by their different approaches to

countering this moment [8]:

¢ Spar-buoy, i.e. ballast-stabilised: The platform is formed of a slender steel cylinder filled
with ballast to maintain the centre of gravity below the centre of buoyancy, thus stabilising

the structure in an upright position.

¢ Semi-submersible, i.e. buoyancy-stabilised: the platform is a large surface platform,
typically constructed of three interconnected columns. The distributed buoyancy stabilises
the platform, by providing a restoring force similar to that of the righting arm of a

catamaran.

¢ Tension-leg, i.e. mooring-stabilised: a compact platform is entirely submerged, and
tension-moored to the seabed using vertical taut mooring lines which provide the required
stability.

Although many other platform concepts exist, they typically employ a combination of the three
main approaches listed above. The barge type can be considered to behave similarly to a
semi-submersible in that it uses distributed buoyancy to maintain stability, but is often

mentioned as a distinct concept due to its wider water plane and shallower draft.

(a) (b) () (d)

FIGURE 2.1: Basic concepts of FOW platforms [19]: (a) spar-buoy, (b) barge, (c) tension-leg, (d)
semi-submersible

The various platform concepts have their own design, manufacturing and installation
characteristics, and also respond differently to environmental laoding. Table 2.1 lists the main

advantages and disadvantages of each design [9].

2.1.3 Mooring and anchoring

The principal objective of a mooring and anchoring system is to provide a connection to the
seabed which ensures the platform stays within a set distance, i.e. offset, from its designated
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TABLE 2.1: Advantages and disadvantages of main platform concepts [9]
Platform type | Semi-submersible Spar-buoy TLP
Simple installation and maintenance Good stability, adjustable with fluid ballast Highly stable in heave motion
Can be easily towed and disconnected Small water plane surface reduces wave loads | Minimal pitch during operation
Advantages
Suitable for a range of water depths Simple to design and manufacture Compact structure
Versatile to different anchors Versatile to different anchors Small seabed footprint
Cannot be easily disconnected
. Large surface and ballast increase motions | Draft makes it unsuitable for shallow waters
Disadvantages Tether failure causes loss of stability
Complex structure Offshore assembly requires a crane vessel
Requires driven piles or suction caissons

position [9]. A wide range of mooring configurations exist, which are all typically derived from

three fundamental concepts (see Figure 2.2):

¢ Catenary moorings: Typically characterized by significant amounts of chain on the seabed.

The mooring lines then adopt a catenary curve between the platform and the seabed. The
point of contact between the chain and seabed is well in advance of the anchor, thus
subjecting the anchor to predominantly horizontal forces. Due to their reliability and
simplicity (basic materials, straightforward installation) [8], catenary moorings are the
most commonly used configuration for oil & gas applications in intermediate water
depths (100 - 500m) [9], and by extension, have become the most common for FOW [20].

Taut moorings: Fully suspended mooring lines under tension, which arrive at the seabed
at an angle 6 of typically 15-45 ° . The anchor is thus subjected to both horizontal and
vertical forces. Taut lines typically employ synthetic rope which reduces their overall
weight, thus making the configuration more suitable for deeper waters where the weight

of a catenary configuration would be impractical.

Vertical moorings: Taut steel lines which apply tension to the platform, specifically for the
use of TLPs. The lines travel vertically down from the platform to the seabed, thus
reducing the seabed footprint and subjecting the anchors to predominantly vertical forces.

(a) (b) ()

FIGURE 2.2: Three fundamental mooring configurations: (a) catenary, (b) taut and (c) vertical.
[21]

The ratio of vertical to horizontal forces exerted on the anchor, along with the soil conditions,

determines the most suitable anchor type. The most common types of anchors employed in the

offshore industry can be divided into the following 5 categories (shown in Figure 2.3), based on
their installation method [21]:
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¢ Drag-embedded: can be either fixed fluke anchors (fluke is rigidly connected to shank) or
plate anchors (the fluke/plate is held by wires, allowing the anchor to be rotated once
embedded).

¢ Driven: hollow steel pipes (piles) that are driven and sometimes grouted into the seabed.

¢ Suction-installed: suction caisson anchors are large open-bottom cylinders with a valve in
the sealed top cap. The self-weight of the anchor allows it to initially penetrate into the

seabed. Full penetration is then achieved by pumping water out via the top cap valve.

¢ Dynamically penetrated: involves releasing a rocket-shaped anchor that freefalls through

the water column under self weight to penetrate the seabed.

¢ Hybrid: some concepts have been more recently developed to get the best out of a
combination of designs. For instance, the suction embedded plate anchor (SEPLA)
combines a suction caisson with a plate in its lower end, where the caisson is retrieved

after installation of the plate.

I_E]

Suction SEPLA
caisson

Drag anchors

Dynamically penetrating anchors

Anchor pile

FIGURE 2.3: Types of embedded anchors
[21]

Catenary mooring configurations tend to employ traditional fixed fluke anchors as they are
designed to resist horizontal loads. Taut moorings predominantly use deep pile anchors and
suction caissons [22] to resist both vertical and horizontal loads. TLPs typically employ piles

which provide sufficient shaft friction to resist the primarily vertical uplift loads.

2.1.4 FOW substructures in industry

The platform, mooring and anchoring concepts described in sections 2.1.2 and 2.1.3 convey the
breadth of design options available to the FOW industry. As of 2024, the FOW industry counts
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over 10 active projects: Table 2.2 lists all the projects with publicly available data, along with the
platform and mooring concepts they employ. The data for this table has been obtained from two
recent reviews of the industry [20] [23].

TABLE 2.2: Selection of active FOW projects along with the platform, mooring and anchor types

employed.

No. of Platform Water Mooring Mooring
Project Location | Installation

turbines | type depth (m) | configuration | materials
Unitech Zefyros Norway | 2010 1 Spar 186-204 Catenary Steel chain
TetraSpar Demo Norway | 2021 1 ‘Semi-spar” | 200 Catenary Steel chain, synthetic rope
Hywind Tampen Norway | 2022 11 Spar 260 Catenary Steel chain, synthetic rope
Hywind Scotland UK 2017 5 Spar 100-120 Catenary Steel chain
Kincardine Tranche2 | UK 2018 5 Semi-sub 70 Catenary Steel chain
Floatgen France 2019 1 Barge 33 Catenary Steel chain, nylon
Provence Grand Large | France 2023 3 TLP 97 TLP Steel wire
Windfloat Portugal | 2019 3 Semi-sub 92 Catenary Steel chain, dyneema rope
Toda Haenkaze

Japan 2016 1 Spar 100 Catenary Steel chain

(Sakiyama)
Hibiki Japan 2018 1 Barge 55 Catenary Steel chain

Most of these projects have acted as ‘demonstrator” or “pilot” projects, providing
proof-of-concepts of their relevant substructure technologies. In particular, as the challenge of
building a floating platform capable of counteracting the wind thrust moments and forces
generated by a wind turbine is new to offshore engineering, these projects have focused
primarily on testing innovative platform concepts. As such, platform types can vary from one
FOW project to another, including some combinations and variations of the fundamental
concepts shown in Figure 2.1, such as the TetraSpar Demo ‘Semi-spar’, which features a
tetrahedral tubular steel structure with a suspended keel, combining the properties of the
semi-submersible and spar concepts.

In contrast, the mooring system designs currently employed in these projects have responded to
‘standard’ station-keeping criteria and established practice for offshore permanent mooring
systems. This is manifested by all but one active project employing catenary mooring
configurations. Some have employed synthetic rope on the upper end of the line (sometimes
described as a semi-taut mooring), e.g. Floatgen, which uses sections of nylon [24] to reduce
stiffness, or WindFloat which includes sections of high-modulus Dyneema rope to reduce
weight [25].
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2.1.5 Summary of FOW substructures

Designers of FOW substructures have a wide range of platforms, mooring and anchoring
designs at their disposal. Current designs have pushed for innovation in platforms, but the the
majority employ less innovative mooring systems, often composed of steel chains for the whole
length of the mooring line. Although functional for reduced-scale projects, current mooring
systems require large footprints, chain sizes, and anchors which will be difficult to upscale to
much larger commercial arrays [26] [10], thus highlighting mooring design as a key avenue for

optimisation.

2.2 Mooring design considerations for FOW

221 Overview of design considerations and standards

The objective of this section is to present an overview of the mooring design process and outline
the main design considerations and the industry standards which accompany them, in view
gaining a better understanding of the design variables for optimisation. The design
methodology and criteria for FOW moorings are often a natural extension of those from the oil
& gas industry, and as an emerging technology, the number of standards specific to the floating
wind industry is limited. Most of the latest standards for offshore permanent moorings do not
offer any specific guidance for the design of FOW moorings [8].

As mentioned in section 1.2, FOW presents a unique station-keeping challenge due to significant
wind thrust loads and shallow water depths compared to oil & gas moorings. Mooring systems
are generally designed with a focus on stiffness to resist motions of the floating structure [27],
which in the case of FOW is heavily dependent on the selected platform configuration.
Therefore, the starting point for designing a FOW turbine is usually the platform design

(Figure 2.4). The first phase of design hence includes all considerations regarding the
characteristics of the floating platform and its stability. Once the initial stability /motion analysis
of the platform is completed, a typical second-phase design process involves refining the
mooring design criteria until it satisfies given requirements [28].

Mooring system design requirements differ from project to project, in particular due to the high
variability in environmental loads and water depths across different locations. Once all
location-specific parameters are assessed, a suitable design must meet design criteria regarding
three main considerations: 1. platform motions; 2. mooring line tensions; 3. anchor loading.
These design considerations are interlinked: mooring line tension creates the restoring force that
limits platform displacements, but also leads to loading at the anchor, thus governing the design
of both mooring line and anchoring components. The following subsections review current

guidance and standards relating to location-specific parameters and these three main design
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FIGURE 2.4: Typical iterative mooring design process [28]

considerations, in order to assess the significance of each in the overall system and determine
which variables and metrics should be used to represent them.

2.2.2 Location-specific parameters

In this thesis, the terms ‘location-specific parameters’ refer to water depth and environmental
loading parameters (e.g. wave height and period, wind speed, etc.), in other words, design
parameters which are dependent on geographical location. The most critical location-specific
parameter for FOW moorings is arguably water depth, which is typically one of the first
considerations in a site assessment [20]. Current projects demonstrate high variability in this
aspect, ranging from shallow waters (e.g. Floatgen, 33m [24]) to more intermediate depths (e.g.
Hywind Tampen, 260m), with further projects in development in waters up to 500 m [29].
However, the majority of FOW projects in development will be on the shallower end of this
spectrum, with many high potential sites identified between 50 and 150 m [23]. These shallower
water depths for FOW present a significant design challenge, which will be discussed in more
detail in Section 2.3.2.1.

Other critical location-specific parameters relate to environmental loads, which, along with the
water depth, drive the sizing, configuration and cost of the mooring system. As shown in
Figure 2.5, peak wave heights exhibit high-variability depending on the location, further
justifying the importance of a method that enables project-specific optimisation for a range of
locations. The most significant environmental loads affecting FOW turbines (and most other

floating structures) belong to three categories, each characterised by specific parameters [9]:



16 Chapter 2. Literature Review

18
16

%

14 B

=

o

g

12 g

o

<

[¢]

110 B

(1]

=

=

B 8 ;

B
- 6

FIGURE 2.5: Variability in peak significant wave height (Hs) across: (a) the Atlantic, (b) the North
Sea and (c) the Mediterranean [30]

1. Waves: significant wave height (H;), peak period (T),), spectral shape parameter (gamma),
and direction. These parameters define the sea state and are crucial for determining
wave-induced loads on the structure. The JONSWAP spectrum is commonly employed to

model these conditions.

2. Wind: velocity, direction, velocity profile (magnitude as a function of height), and
turbulence. Wind conditions directly impact both turbine performance and platform
motions. The velocity profile is typically modeled using logarithmic or power law
distributions, while turbulence is characterized by intensity and spectral properties.

3. Current: velocity, direction, and velocity profile. Currents contribute significantly to the
static and dynamic loads on mooring systems. Current velocity profiles are typically
approximated using empirical models such as the power law or logarithmic profile, as for

wind.

These parameters form a complex, multivariate problem with no fewer than 10 parameters
which must be considered in conjunction to accurately assess the total environmental loading on
the FOW structure. These are typically simplified in initial analysis, by selecting "worst cases’
[31], but for detailed design, a full load matrix typically requires hundreds of combinations of
these loads to be considered, and each combination must be modelled for a sufficient duration
to obtain the worst-case scenario — typically 1 to 3 hours [31]. Additionally, when evaluating
load cases, it is crucial to account for various turbine configurations, which can significantly
influence the loads experienced by the turbine and its components. The two most common
turbine configurations are: a) Normal operation, i.e. power production, where wind loads
generate high thrust on the turbine, and b) Parked, or idling, where turbine blades are pitched to

reduce the effect of wind loading. These cases are covered by the design load case (DLC) matrix,
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DLC Winds Waves Controls / Events Load
Model ISpeed Model IHeight |D|rect|on Factor

1) Power Production

1.1 INTM  |Via < Viw < Vou NSS |Hs=E[H;s|Vhw] [B=0° Normal operation 1.25%1.2

1.3 IETM |Vin < Vhw < Vou NSS |Hs=E[H|Vhw] |B=0° Normal operation 1.35

1.4 |ECD |Viw =V, Vi¥2m/s NSS [Hs = E[Hs|Vhw] [B=0° Normal operation; +A wind dir'n. 1.35

1.5 |EWS |Vih < Viw < Vou NSS |Hs=E[H;s|Vhw] [B=0° Normal operation; +A ver. & hor. shr.  |1.35

1.6a INTM  [Vin < Vi < Vou ESS |Hs=1.09"Hss0 [B=0° Normal operation 1.35

2) Power Production Plus Occurrence of Fault

21 INTM Vi = Vi, Vour NSS |Hs=E[H|Viw] |B=0° Pitch runaway — Shutdown 1.35

23 |EOG |Viw =V, ViE2m/s, Vo [NSS |Hs = E[Hs|Vhw] |B=0° Loss of load — Shutdown 1.10

6) Parked (Idling)

6.1a [EWM |Vhu = 0.95%Vs ESS [Hs=1.09"Hss0 |B=0° £30° |Yaw = 0°, +8° 1.35

6.2a [EWM |Vhup = 0.95*Vs ESS Hs = 1.09"Hss0  |B = 0° £30° |Loss of grid — -180° < Yaw < 180° 1.10

6.32 [EWM |V = 0.95%V, ESS |Hs=1.09*"Hss |B=0° £30° |Yaw = 0°, £20° 1.35

7) Parked (ldling) and Fault

7.1a [EWM |Vi = 0.95%V, |[ess [H.=1.09"H,; [B=0° +30° |Seized blade; Yaw = 0°, +8° |1.10

NSS — Normal sea states
ESS — Extreme sea states

EWS - Extreme wind shear

NTM - Normal turbulence model
ETM - Extreme turbulence model
NWP - Normal wind profile model

ECD - Extreme coherent gust with direction change
EDC - Extreme direction change

EOG - Extreme operating gust

EWM - Extreme wind speed

FIGURE 2.6: Selected cases from the IEC design load case (DLC) matrix [32] [14]

produced by the International electrotechnical commission (IEC), which are one of the main
standards providers in the sector [14]. A selection of cases from the full matrix are shown in
Figure 2.6. Usually, the key design driving cases for initial design are 1.6 (worst-case
operational) and 6.1 (worst-case parked) [8]. For each of these scenarios, platform motions, and

mooring and anchor loading must be assessed with respect to chosen criteria.

2.2.3 Platform motions

In the offshore environment, a floating platform exhibits motions in 6 degrees of freedom (DOEF),
as depicted in Figure 2.7. FOW projects typically have strict criteria regarding the maximum
allowable displacements in these DOF, as they can cause undesirable effects to the system [27]:
surge, i.e. horizontal platform offset, can damage the power cable if its allowable range is
exceeded; pitch affects the aerodynamic performance of the turbine blades; heave can also affect
the power output of the turbine by altering the angle of attack of the blades. In addition to
displacements in these DOFs, accelerations at the nacelle of the turbine must be kept as low as
possible, to avoid structural damage to the turbine [33].

As a general rule, mooring systems aim to keep the floating structure as close as possible to its
reference location in the water plane, i.e., limiting maximum surge and sway motions [34].

These motions are highly sensitive to the mooring system stiffness, whereas rotational motions
are more sensitive to platform buoyancy and hydrodynamics. Restricting water plane motions
is especially important for oil & gas platforms, which are connected to the seabed by risers and
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roll Pitch

FIGURE 2.7: Visualisation of the 6 DOFs of the FOW platform. Rotational motions are shown in
italics

drill pipes which offer limited compliance, especially in shallow waters [6]. The catastrophic
consequences of riser failure, i.e. hydrocarbons spilling into the ocean, lead to high safety factors
and strict station-keeping constraints. Designing FOW mooring systems to these requirements
could lead to over-engineering and over-expenditure. There are two key factors to consider
when comparing oil & gas and FOW mooring design criteria: 1) FOW moorings can be designed
with lower reliability and do not have the same need for redundancy as oil & gas systems [35];
2) Station-keeping requirements are not identical for both applications — whether higher
displacements are tolerable for FOW is the subject of ongoing research, which is discussed
hereafter.

For FOW, maximum allowable surge is primarily limited by the allowable offset of the power
cable. Unlike fixed-bottom wind turbines which house power cables inside the tower, FOW
turbines use dynamic power cables which are suspended between the platform and seabed and
exposed to the marine environment. These cables are not designed to bear any load other than
their self-weight, i.e., they must always be “slack’. This can be achieved in various ways, but the
most common approach involves using buoyancy modules installed along the line to create a
‘lazy wave” which can extend as the floater is displaced (see Figure 2.8). Similar to mooring lines,
these cable configurations can typically provide more extension in deeper waters than shallower
waters, hence surge constraints are often given as a function of water depth. Fundamentally,
allowable cable displacements are a design variable, rather than a hard constraint, i.e., these can

typically be adjusted depending on the desired the complexity and cost [36].

Although updates are in progress to cover FOW, the ISO (ISO 19901-7:2013) [38] and API (API
RP 2SK) [39] station-keeping standards for offshore engineering were developed for the oil &
gas industry, and currently offer no FOW-specific station-keeping standards. In recent years,
guidance has been made available for FOW mooring design, notably from ABS (E12PC00027)
[40], DNV (DNV-0S-J103, DNVGL-5T-0119) [41], LR (LR-RP-003) [42] and BV (NI 572 DT R01 E)
[43]. However, these guidance reports give limited insight into specific station-keeping criteria
for FOWSs: the DNV report only considers floating stability (i.e. no capsizing) as the general
requirement of the system, while ABS and BV offer no guidance on maximum platform
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FIGURE 2.8: Dynamic cable configurations, in increasing order of complexity and cost [37]

motions, as these criteria are deemed highly project-specific, and must be determined based on
the specific turbine, floater and cabling technologies used. More specific guidance is usually
available in research publications and technical reports, but this typically varies highly across

different projects, as shown in Table 2.3.

TABLE 2.3: Compilation of surge, pitch and nacelle acceleration limits mentioned in publicly
available technical reports and research papers.

Ref. | Survival surge (% of water depth) | Operational pitch (deg) | Survival nacelle acc. (g)
[20] | 50 -25 (< 250m); 12 - 5 (> 250m) no guidance no guidance

[44] | 30-35 no guidance no guidance

[45] | 30-12 +/-5.5 0.45

[46] | 33 +/-5.0 0.3

[47] | no guidance +/-7.5 0.3

[17] | 7.5 +/-5.5 no guidance

The overall conclusion from existing literature is that although platform motions are
undesirable as a whole, they may be more tolerable than in oil & gas systems, and can be
specified on an individual basis depending on the project. This supports the purpose of this
research, which aims to develop an efficient and versatile method to maximise the compliance in

the mooring system whilst not exceeding the project-specific platform motion criteria.

2.24 Mooring line tension
2.2.4.1 Mooring line tension — ultimate limit state (ULS)

In offshore engineering, the ultimate limit state (ULS) is a failure criterion defined by the
maximum load-carrying capacity. Criteria are typically well-established for ULS mooring line
tension: the design tension T; must stay below the characteristic strength S, of the mooring line
[8]:

Sc>Ty (2.1)



20 Chapter 2. Literature Review

where S, is a function of the minimum breaking load, MBL, and its coefficient of variation,
COV. For simplicity, S, can be calculated by [41]:

Sc = 0.95- MBL (2.2)

To define the maximum design tension T in the mooring line, ABS rules [40] require the
mooring design to consider both operational and survival load cases. Although the typical ULS
conditions are selected for a parked turbine with 50-year conditions, operating conditions
should also be considered as the turbine thrust can cause loading comparable to those of
survival conditions [27].

Once the ULS conditions are determined, the mooring line design tension T; can be calculated
such that it complies with the limiting technical design criteria. DNV guidance [41] suggests
that T; should be calculated as the sum of mean and dynamic tension terms, both arising from

50-year ULS conditions:
Ti = Ymean Tc,mean + Ydyn Tc,dyn (2.3)

Where T, ;ean is the characteristic mean tension, based on pretension and mean environmental
loads, T4y, is the characteristic dynamic tension, which incorporates oscillatory wave effects,

and 7Ymeqn and 4y, are load factors which depend on the chosen safety class [41].

For a steel chain, the MBL is given in kN by:

MBL = cd?(44 — 80d) (2.4)

Where d is the chain diameter in mm and c is a coefficient based on the steel grade used. Both of
these parameters directly influence the cost of the chain per metre (USD/m), which in turn can
be estimated as a function of the MBL [48]:

CoStepgin/m = 0.0591 - MBL — 89.69 (2.5)

Equations similar to 2.5 exist for cost of synthetic ropes and steel wire, which can also be written
as a function of MBL. Equation 2.6 gives the cost of polymer rope per metre as a function of the
MBL [48]:

Cost oty /m = 0.0138 - MBL + 11.281 (2.6)

Equations 2.3-6 convey the fact that the maximum mooring line tensions are crucial to the
mooring line design, which in turn directly affects the cost of line. This justifies the need to
reduce peak line tension, which would subsequently contribute to reducing the required MBL
hence reducing the cost of the mooring lines themselves [20].
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2.2.4.2 Mooring line tension — fatigue limit states (FLS)

Fatigue limit states (FLS) refer to the long-term damage caused by cyclic tensions due to
repetition of wave, wind and current loading [43]. Statistics from the oil & gas industry suggest
that fatigue damage is one of the main causes for mooring line breakage in floating offshore
platforms [34].

The underlying principle of fatigue design is that individual mooring components should have
fatigue lives that exceed the field life of the installation in question by a given safety factor.
Rather than the ULS conditions based on 50-year storms (or 10,000-year storms for o0il & gas),
fatigue design conditions consist of a number of discrete conditions which represent the long

term environment for a given location [27].

Fatigue life calculations for mooring components typically employ T-N or S-N curves, which
characterise the relationship between number of cycles, N, and failure of a component as a
function of constant normalised tension range (T for tension or S for stress), based on

experimental data. An example T-N curve is shown in Figure 2.9 [49].
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FIGURE 2.9: T-N curves for various mooring line materials, including polyester rope fatigue data
[49]

API and ABS use similar criteria, both based on general format T-N curves [34]. The equation

for a representative T-N curve is given by:

NRM =K (2.7)

where N is the number of allowable load cycles, R the ratio of cyclic tension amplitude to the
breaking strength of the line, M is the slope of the T-N curve and K is a mean load dependent
coefficient [40].

The total fatigue damage is then calculated by accumulating all the fatigue damage which has
occurred in each of the sea states chosen to represent the long-term conditions. Both ABS and
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DNV suggest the use of Miner’s sum to predict cumulative damage (assumed to be linear) [40]
[41], whereby the annual fatigue damage D; for a design state i is given by:

D; =) ni/N; (2.8)

where 7; is the number of load cycles per year within the tension range interval i, and N; is the
corresponding number of cycles to failure according to the T-N curve. The total cumulative
fatigue damage is then calculated as the sum of all D; components over the chosen set of design
states.

Overall, as can be noted from the presence of a tension range term in equations 2.6 and 2.7,
higher tensions in the mooring line lead to more fatigue damage. A useful metric for assessing
this is the Damage Equivalent Load (DEL), which represents a constant-amplitude load cycle
that causes the same fatigue damage as the actual variable loads over a given period. DEL
simplifies fatigue assessment by converting complex load histories into a single value, making it
effective for both in normal operation sea states (DLCs 1.1, see Figure 2.6) and in more extreme
sea states (DLCs 6.1 and 6.3) [50].

Alternative fatigue assessment methods offer varying advantages and drawbacks. Rainflow
cycle counting, which is at the core of DEL, provides a detailed breakdown of stress cycles and
forms the basis of many fatigue life prediction models. However, its direct application requires
extensive data processing and post-analysis of stress cycles. DEL builds upon rainflow counting
by aggregating the results into a single representative load, simplifying comparisons across
different designs and loading conditions. Spectral fatigue analysis offers computational
efficiency and is suitable for long-term fatigue estimation but may not fully capture non-linear
effects in mooring dynamics. Probabilistic methods enhance fatigue life predictions by
accounting for uncertainties, but their complexity and reliance on statistical distributions can

limit their practicality in an optimisation context.

DEL remains the most suitable choice for mooring system optimisation. It ensures accuracy by
directly capturing fatigue damage from time-domain simulations, without relying on statistical
assumptions. While it requires full time series data, its single-value output makes it
computationally feasible for optimisation workflows, where multiple design iterations must be
evaluated efficiently. This balance between accuracy and practical implementation makes DEL a

reliable and effective metric for fatigue assessment in offshore mooring systems [51], [52].

2.2.5 Anchor loads

Anchor design is influenced by a number of factors including anchor type, seabed conditions
and loading conditions. Codes and standards offer in-depth guidance for anchor design

depending on these considerations [27]. However, the principal concern for this research
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regards the mooring loads on the anchor and the holding capacity required to resist the dynamic
loading from the mooring lines.

DNV guidance defines an overall anchor design resistance R; [41], given by:

Ry =Rc/vm (2.9)

where R, is the characteristic geotechnical anchor resistance and 7y, is a material factor which is
dependent on soil properties and the anchor type, and type of loading. The design resistance is
then expressed in the following design criterion:

T; < Ry (2.10)

Similarly, for drag-embedded anchors, BV defines the maximum holding power required as a
function of the horizontal component of line tension at the anchor when the design tension is
applied to the fairlead (i.e., the upper extremity of the mooring line) [43]. Thus, by reducing the
design tension, the anchor design resistance can be reduced. In turn, this lowers the overall cost
of the anchor system, which can be considered as directly related to the minimum breaking load

(MBL) of the mooring line in kN by the following expression [20]:

Cost gpenor = 10.198 - MBL (2.11)

Equation 2.11 only applies to catenary lines and drag-embedded anchors, but the underlying
principle that anchor cost is directly related to mooring line load would also be valid for other
configurations. Overall, these simplified equations help to convey the importance of mooring
line tension and anchor loading as a consideration of mooring system design. Reducing
mooring line tensions not only leads to a reduction in the required material cost of mooring

lines, it also contributes to reducing the cost of anchoring systems [20] .

2.2.6 Summary of design considerations

This section has presented the location-specific parameters, constraints, and objectives that must
be considered for mooring design. In particular, several key design considerations were
discussed, including fairlead tension, surge, pitch, and nacelle accelerations. The effect of these
design considerations on the FOW system are summarised in Table 2.4.

Tension reduction was shown to be a key design objective for cost reduction, as it enables lower
weight and cost of mooring lines and anchors, and increased reliability and longevity of these
components. Although the benefit of minimising them is harder to quantify, platform motions
were also discussed as both a constraint and an objective: developers may have limits regarding
maximum motions, but these are often guidelines which can be accounted for in design. For
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TABLE 2.4: Key outputs for FOW mooring design, along with the system benefits obtained from
minimising these outputs.

Key outputs to minimise Positive effects of minimisation on FOW system

Fairlead tension (T) Reduced size of mooring line and anchor required (peak load),
increased reliability and longevity of mooring (fatigue)

Surge (S) Ensures safety of the power cable

Pitch (P) Improves aerodynamic performance of the turbine

Nacelle accelerations (A)  Reduces structural damage to the turbine

instance, maximum allowable surge can be increased or reduced depending on the cost and
teasibility of employing more complex dynamic cable configurations. Crucially, the literature
discussed in this section indicates that identifying the optimal compliance on a project-specific
basis is crucial to balance these trade-offs and finding the most cost-effective solution.

2.3 Challenges and advancements in compliant mooring design

2.3.1 Stiffness vs. compliance: a key trade-off for mooring design

As discussed in section 2.2, designing a mooring system should involve finding a balance
between stiffness and compliance to fit project-specific station-keeping requirements [8]. A
stiffer mooring system will maintain the floating structure closer to its reference position, at the
expense of higher loads on the mooring lines and anchors. A compliant mooring system will
allow more motion of the floating structure in response to environmental loads, reducing forces
in the mooring line and anchor, in turn allowing for smaller, cheaper anchors and a reduced

chance of mooring line failure (Table 2.5).

TABLE 2.5: Effect of compliance on FOW system

Mooring design: stiff compliant
Platform displacements low high
Mooring and anchor loads high low
Mooring and anchor cost high low

Ideally, mooring design optimisation would involve considering mooring system stiffness as a
design variable, and platform motions and anchor and line tensions as conflicting objectives, to
ensure the most cost-effective balance is found. However, traditional mooring configurations
and materials often cannot deliver optimal mooring system stiffness when applied to FOW.
Sections 2.3.2.1 and 2.3.2.2 discuss traditional approaches to delivering mooring system
compliance, and their limitations within the context of FOW mooring design optimisation.
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2.3.2 Compliance in traditional mooring systems
2.3.2.1 Geometric compliance

All taut and catenary mooring systems exhibit some form of compliance, which can be either
geometric or elastic, allowing the platform to move under loading. Geometric compliance
describes the ability of a mooring line to change its overall shape under loading, and generally
refers to a catenary mooring line lifting off the seabed. This is shown in Figure 2.10, which
depicts the change of profile of a catenary mooring line as the fairlead is subjected to an offset x¢
of 20 m [53]. As the mooring line lifts of the seabed, its suspended weight creates a larger
restoring force on the fairlead to bring it back to position. The initial configuration of the
mooring line must be slack enough to allow some offset of the platform, but this must be
balanced with enough initial suspended weight to provide sufficient “pre-tension” stiffness to
the mooring system.
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FIGURE 2.10: Change of shape of a catenary mooring line to accommodate a fairlead offset of
20m [53]

This balance is straightforward to achieve for catenary moorings in intermediate water depths
(e.g. 200 m), but not in shallower waters, where the suspended length of line is much shorter.
This is depicted in Figure 2.11, which shows 2D profile views of catenary mooring lines in 50 m
and 200 m water depths. Both lines have the same top angle (i.e. ratio of horizontal to vertical
forces), but the magnitude of this force will be lower in the 50 m depth case due to the lesser
weight of suspended line, thus requiring clump weights (weighted modules connected to the
line) or a larger chain to reach a suitable pretension [54].

When the platform is offset from its reference position, the shallow water configuration which
lacked initial restoring force will then lift much more line off the seabed than the deeper water
for the same offset, thus leading to much higher restoring force and high stiffness (i.e. high slope
of tension-offset curves in Figure 2.11b). A smaller chain weight would reduce this, but this
would require a very large seabed footprint, and would exacerbate the problem of lack of initial
pretension. Crucially, adjusting the weight of chain (i.e., adjusting line diameter) also implicates
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changing its breaking strength, making lighter chains unsuitable for the high-load scenarios

where compliance is most critical.
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FIGURE 2.11: Differences between catenary moorings in shallow and intermediate depths [54]

This challenge has significant implications for overall cost and feasibility of catenary moorings
in shallow waters, and has been widely identified as a key area for innovation [36]. One
approach to overcoming this challenge, which was employed by the Floatgen pilot FOW
turbine, moored in 33m water depth, is to incorporate a section of nylon rope close to the
fairlead to provide some extensibility, i.e., elastic compliance [24].

2.3.2.2 Elastic compliance

Elastic compliance describes the ability of a mooring system to extend axially under loading,
and is typically obtained through the use of synthetic materials, in particular fibre ropes. In
theory, steel chain does exhibit a minimal axial extension under tension, but this is usually
negligible compared to that which can be obtained by polymers such as polyester or nylon [8]
(Figure 2.12).
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FIGURE 2.12: Stiffness properties of various synthetic mooring materials [8] [55]
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Over the last three decades, synthetic fibre ropes have proven to be a reliable and versatile
option for permanent deep-water moorings [56]. This is mainly due to their near-neutral
buoyancy, which keeps self-weight of the system at an acceptable level in water depths where a
full-chain mooring would be too heavy [8]. However, when driven by weight-saving, synthetic
rope designs usually employ the higher-modulus ropes due to their much their much higher
breaking strength (Figure 2.12b). Although high-modulus synthetics provide some elasticity
compared to inextensible chains, this does not to have a significant impact on reduction of
anchor loads and mooring tensions [57] [58], and this impact is typically not accounted for in

initial design [59].

However, low-modulus ropes such as Nylon and polyester can be employed to increase
mooring system compliance. This elastic compliance is particularly crucial for taut moorings,
which exhibit very little geometric compliance [55]. Research has shown that using
low-modulus ropes in taut-compliant moorings can reduce the overall cost of the mooring
system compared to standard catenary moorings [60] [61], and these cost savings are
particularly significant in shallow waters [54]. Several studies have shown that these materials
can provide additional compliance to catenary mooring systems for wave energy converters
(WECs) [62] [63] [64]. Nylon ropes are shown to reduce peak loading from both computational
and experimental data, at the expense of increased platform movements [62] [61]. This can lead
to peak load reductions at the anchor of over 75%, when compared to a full-chain catenary for a
typical operational sea-state. The weight of the anchor in question can then theoretically be
reduced by 10 tons when incorporating nylon ropes to the mooring system, in turn leading to a

64% reduction of the overall anchoring cost [61].

Similar studies have been undertaken for FOW, where hybrid chain-polymer-chain catenary
configurations have been shown to effectively reduce weight and add compliance to a mooring
system [65]. Hybrid nylon lines, which have lower axial stiffness than polyester, enable

significant mooring line tension reductions for both ULS and FLS [65] (Figure 2.13).
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FIGURE 2.13: Modelled tension responses for nylon and polyester hybrid mooring lines in ULS
(left) and FLS (right), for the Floatgen project [65].

However, the addition of elastic compliance through low-modulus ropes does not fully solve
the shallow water mooring challenge. The total quantity of elastic extension available is
determined by the length of synthetic rope, and in shallower waters, it can be difficult to obtain
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sufficient length of rope [54]. For taut systems, more compliance 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.

In theory, this issue could be resolved by employing ropes with lower equivalent axial stiffness
EA by using smaller cross sectional area A, i.e. smaller diameters, for the same modulus E [66].
However, using smaller diameters leads to lower minimum breaking load (MBL) of the rope
[66], meaning lower stiffness ropes would not be applicable to locations with extreme
environmental loading, which are those that may require the most compliance. In this sense,
Nylon is the most promising material, as its low modulus E relative to the other rope fibres
enables low stiffness EA without resorting to weaker diameters.

Using low-modulus ropes for compliance does come with another limitation however: their
stiffness response is load-rate dependent, and stiffer in dynamic scenarios than under static
tension. This is the case for most polymer ropes, but especially true for Nylon, where dynamic
stiffness has been measured at up to 4 times the quasi-static stiffness [67]. Figure 2.14 shows the
original working stiffness curve (OWC), the working stiffness curve (WC) which the material
adopts when loaded below T4y, the dynamic stiffness about a given working point (WP), and
the bi-linear stiffness which is a piecewise combination of the original working stiffness and the
dynamic stiffness. This low static stiffness and high dynamic stiffness is counter-productive to
finding the right balance in mooring system compliance, as it leads to high displacements under
lower loads, but limits the extension available to reduce peak dynamic loads.
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FIGURE 2.14: Stiffness curves of polymer ropes in different scenarios [67]

In summary, the elastic compliance provided by synthetic ropes is not fully independent as it is
coupled to both strength and load rate. Although low-modulus ropes such as Nylon have
shown promise for load reduction in some applications, a more customisable and reliable source

of compliance would be advantageous.
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2.3.3 Load reduction devices
2.3.3.1 Background on load reduction devices

Load reduction devices (LRDs) are a nascent technology which introduce targeted compliance
into a mooring system, so that the mooring system stiffness is not constrained by its physical
and geometric properties (weight of chain, angle of mooring line, MBL of rope, load-rate).
Various load reduction device concepts exist, including ballasted pendulums [13], thermoplastic
springs [68] and hydraulic dampers [69], all of which are designed to provide a low stiffness
response under loading, without sacrificing strength.

Although interest and advancements in LRD technology has greatly accelerated due to their
applicability for FOW, these respond to a challenge that has been identified in mooring design
over 60 years ago [70]. Some early designs of elastic tethers date from the 1980s, where short
rubber strands were grouped and connected to taut mooring systems for data measurement
buoys [70]. A schematic of a buoy mooring incorporating an elastic tether is shown in

Figure 2.15 [71].
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FIGURE 2.15: Configuration of GLOBEC test buoy incorporating an elastic tether, deployed in
winter of 1994-1995 [71].

At the turn of the 21st century, the applications of elastic tethers gradually evolved from buoy
moorings to more complex systems such as pontoons and yacht moorings. Companies such as
Hazelett, Supflex and Seaflex have designed commercial devices for these marina-based
applications, including novel mechanicsms which ensures low-stiffness in highly dynamic
scenarios to effectively reduce mooring loads [72].

It is not until 2010, following research from both University of Exeter and TFI Marine, that
extensible devices were seriously considered for load reduction in offshore renewable energy
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applications. Initiatives have continued since then, with the development of four distinct yet
comparable concepts : 1) The TFI Seaspring; 2) The Exeter tether; 3) The Intelligent Mooring
System (IMS); 4) The Dublin Offshore LRD. The following subsections provide a brief overview
of each of the four concepts along with publications that have accompanied them.

2.3.3.2 Technology for ideas (TFI) Seaspring

In 2012, TFI developed an extensible tether combining elastomeric and thermoplastic elements
[68], as shown in Figure 2.16 [73].

Thermoplastic compressive elements Elastomeric elastic element

FIGURE 2.16: Prototype TFI Seaspring, composed of a central elastomeric load-bearing element
combined with thermoplastic compressive elements[73].

As discussed in section 2.3.2.2, purely elastomeric materials have difficulty balancing the
stiffness requirements for operational sea-states with those of extreme weather events. The size
of elastomeric tether required to keep a floating structure on station during a storm would make
it excessively stiff for normal operation [68]. Combining the high stiffness of an elastomeric
element at maximum strain with the low-strain stiffness of a thermoplastic element addresses
this challenge. The individual and combined stiffness responses are shown in Figure 2.17 [73].
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FIGURE 2.17: Stiffness curve of the TFI Seaspring, combining the elastomeric and thermoplastic
responses. The 'corrected’ terms refer to experimental results which have been corrected to ex-
clude the disturbance in measurements caused by stiction forces in the bearings. [73].
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From computational analyses, various stiffness responses have been compared in an attempt to
determine the configuration which most effectively reduces mooring tensions. A "sublinear’
force-strain curve as shown in Figure 2.18 offered the largest mooring line tension reductions
[12]. Further research from TFI [11] provided case studies of the component for the Maine Aqua
Ventus 1 pilot FOW turbine. Cost saving analysis of the LRD showed it could reduce the
levelised cost of energy (LCOE) by 17%.

450.00
L ’
» = 400.00 -
A £ 35000
ol 4 c
/s .2 300.00 -
=k %
Stepped |eansnassssssansassanntt ] & 250.00 -
ot" il / e 2
.- P £ 20000 |
- — > ©
. . >
. = S 10000 |
L = I
: Sk SR = ‘ : 0.00 - ‘ ‘

0% 10% 20% 30% 40% 50% 60%
Elongation (%)

Load
.

Chain Catenary Stepped Sub-Linear

FIGURE 2.18: Three load-extension curves for the TFI tether (left) and the corresponding dynamic
tension for each curve over the course of a simulation (right) [12].

2.3.3.3 Exeter tether

An alternative approach to achieving extensibility without sacrificing strength was provided by
the “Exeter tether’, developed at University of Exeter [74] (Figure 2.19). The Exeter tether
combines an elastomeric core with an outer layer of polyester rope, thus ensuring the high loads

are carried through the rope rather than the core, whilst obtaining the low-stiffness benefits of
the elastomer.

Elastomeric core

N

Helically wound tape

Rope

FIGURE 2.19: Cross-sectional view of the Exeter tether. The combination of materials enables
decoupling of the tether’s stiffness and strength [74].
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Associated publications have discussed durability assessments and sub-component tests on the
Exeter tether [75] [76]. It was tested on the South-West marine testing facility (SWMTF), and
demonstrated reliability in operation and successful load reduction [74] [77].

2.3.3.4 Intelligent Mooring System (IMS)

As identified by the developers of the TFI SeaSpring [68], different environmental loads or
operating conditions require different levels of compliance, and although the Exeter Tether
decouples compliance and breaking strength, its stiffness curve shape is still constrained [78].
The IMS aims to solve this problem by employing a hydraulic system to provide an adjustable
stiffness is response. The component is shown in Figure 2.20 [79].

® Braided Rope Ball Valve litre Accumulator
: "W \
= e

FIGURE 2.20: IMS configuration used for physical testing [79].

The braided rope holds a pressurised bladder filled with water, whilst the 20-litre accumulator
on the other side is filled with gas. When tensile forces stretch the system, the braided rope
extends, and the bladder is compressed. In the process, water is transferred to the accumulator,
storing energy from the peak load and dissipating tension developed in the line. Pre-charge
bladder pressure can be varied, allowing a multitude of possible stiffness responses [79]. Four
different stiffness responses are plotted in Figure 2.21 , with nylon and wire rope responses also
included for comparison [80].
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FIGURE 2.21: IMS stiffness curves for 4 different configurations [80].

These various curves were incorporated in an Orcaflex model, with simulations run for each
curve to analyse its effect on surge and peak tension for two different wave heights (2.44 m and

6.51 m). Plots are shown on Figure 2.22, which convey an effective reduction in tension in taut
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and catenary moorings for all except curve B which was hindered by its high stiffness at low

extension.
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FIGURE 2.22: Amplitude plots of peak line tension vs maximum buoy excursion for various IMS
configurations, for catenary and taut moorings, with 2 different wave heights [80].

Subsequent publications for the IMS have provided in-depth physical performance and
reliability testing of the component [81], as well as computational analyses of its performance
when included in a FOW mooring system [69] [79]. Computational parametric analyses have
concluded that a longer component would further reduce peak tensions at the expense of
additional surge motion [79].

2.3.3.5 Dublin Offshore (DO) load reduction device

The Dublin Offshore LRD (Figure 5.1b) is distinct from other LRD concepts, as it provides
geometric compliance rather than elastic compliance. Thus, its stiffness response has the
advantage of being unaffected by the load rate, load history and temperature induced variations
which can affect thermoplastics and elastomers. The device provides compliance through a
part-weighted, part-buoyant cylinder which rotates under axial load to extend the overall length
of mooring line. The restoring force is created by counteracting weight and buoyancy moments
Figure 2.23. By varying physical properties of the device such as position of hinges, density of
ballast, and length of the device, a wide range of stiffness curves can be obtained, which are not
dependent on the strength of the device (determined by the metalwork). Figure 2.23 shows a
typical stiffness curve of the device, along with its safe working load, minimum breaking load
(SWL, MBL) and serviceability, accidental and ultimate limit states (SLS, ALS, ULS). Similarly to

the TFI SeaSpring, the resulting stiffness curve is composed of multiple phases, one initially stiff
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phase when the LRD is near vertical, a lower-stiffness phase when the LRD rotates and the
incident angle of the mooring line approaches 90 degrees (highest moment on the hinges) and a

stiffer 3rd phase as the device approaches full extension.
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FIGURE 2.23: Physical mechanism and stiffness curve of the Dublin Offshore LRD [82]

The Dublin offshore device has recently obtained DNV third-party certification status [83], and
is due to be deployed in the Malin Sea project [84].

2.3.4 Summary of challenges and advancements in compliant mooring design

The challenge of delivering compliant mooring systems to FOW has been addressed in this
section: the stiffness of traditional catenary or taut mooring systems is inherently coupled to key
variables such as water depth or breaking strength of steel chain or polymer rope components.
As FOW turbines are often located in shallow waters compared to other permanently moored
structures, and are subjected to extreme horizontal wind loads which increase dynamic wave
loading, it can be difficult for traditional mooring systems to achieve sufficient compliance as it

is not an independent variable.

Load reduction devices provide a solution to this problem, by delivering independent,
customisable compliance to mooring systems. These device offer a promising route to reducing
anchor loads, mooring lines and overall cost of FOW mooring systems. However, the
counterpart to having a customisable source of compliance with a wide range of stiffness curves
is that this adds further complexity to an already highly multivariate design problem, and

requires careful optimisation to ensure maximum benefit is obtained.
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2.4 Design optimisation for FOW mooring systems

2.4.1 Introducing design optimisation in the context of FOW moorings

A traditional mooring design process involves iteratively assessing various combinations of
design variables until a design that meets the constraints is found, as shown in Figure 2.24. This
guarantees a safe solution, but not necessarily an optimal solution. For instance, in this case,
many combinations of chain weight, line length, and anchor radius could satisfy ULS and FLS
criteria, but these designs may not perform well with respect to the design objectives listed in
Table 2.4. Design optimisation, by definition, is the process of identifying which combination(s)
of design variables lead to the optimal solution(s), for one or more optimisation objectives [15].

Environment: Configure mooring:
Water depth Mooring pattern, profile, number of lines, line lengths, size, fairlead <
Metocean conditions coordinates and anchor locations.

Floating structure:
Geomelry Generate mooring system modelling

execute the mooring line ULS analysis

Inertial properties (mass,
center of gravity etc.)

Simulation tool:
Computation and design
analysis software to be used

Check platform stabllity results
with MOSS load case

Y—> Final design of mooring system
es

FIGURE 2.24: Traditional iterative mooring design process [85].

In the case of multiple optimisation objectives, which is common in mooring design, these can
either be combined into one overall objective through a mathematical formulation, or ‘cost
function’, or optimized separately using the concept of Pareto optimality. Pareto optimality
involves finding solutions where no objective can be improved without worsening another,
resulting in a set of optimal trade-offs known as the Pareto front [86]. This approach is depicted
in Figure 2.25.

Overall, as shown in Figure 2.25, a design optimisation routine requires both a design space of
all possible designs (i.e. combinations of design variables, such as (x1, x2)), and a model (i.e
functions fi, f,), that map the designs to their performance in the objective space. In most cases,
it is inefficient to model every possible design to generate a complete objective space from
which to identify an optimal solution. Instead, an optimisation algorithm is usually employed
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FIGURE 2.25: Overview of typical multi-objective optimisation problem, using the concept of
pareto optimality [87] [88].

to identify which individual designs to model based on the performance of previous designs,

thus finding an optimal from few points in the objective space.

The design space and objectives for FOW mooring system design have been discussed in
sections 2.2 and 2.3 respectively. The next step is to establish a means of modelling designs,
which, for mooring systems optimisation, implies finding an efficient and reliable way of
assessing mooring line tensions and platform motions for a given design. Obtaining a valid
model of the system can be considered the most important step of the optimisation process [86],
as it then dictates which optimisation algorithms can be used, and influences the quality of the
final result. Section 2.4.2.1 provides an overview of available modelling methods, and their prior
applications to FOW mooring design optimisation. Section 2.4.2.5 then discusses optimisation

algorithms.

2.4.2 Modelling and optimisation methods for FOW moorings
2.4.21 Static and quasi-static analysis

To simplify the analysis of a mooring system, dynamic loads (i.e. damping and inertial forces)
on the mooring line can be ignored and environmental loads from wind, waves and current
combined into a mean horizontal force acting at the fairlead. All the forces acting on the system
are then constant, which means they can be resolved to find the equilibrium position of the
mooring lines and platform and the tensions at each point of the mooring line independently of
time. This constitutes a static analysis. The static equations can then be incorporated into a
’quasi-static’ mooring model. This involves calculating the static equilibrium position of the

platform for two or more time-steps, and assuming uniform and linear motion of the system
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between consecutive time-steps, giving a simple relationship between axial displacement of the

floater (i.e., surge, sway, or heave) and mooring line tension.

Although computationally efficient, the quasi-static modelling approach is limited due to its
inability to account for damping and inertia of the mooring system. This is appropriate for slow
varying loads and low-frequency platform motions, but is inaccurate when predicting the
mooring line response to wave-frequency (WF) loads [34]. Under high-frequency wave
excitation, the mooring line would not adopt the static catenary shape, as shown in Figure 2.26
[89]. In general, static and quasi-static analyses under-predict mooring tension due to their
inability to capture these high-frequency oscillations, and studies of semi-submersible platforms
in the oil & gas industry have shown this under-prediction can be significant during storm
events [56]. Nonetheless, offshore engineering standards suggest static and quasi-static analyses
as the first step of mooring system design, as long as greater safety factors are used to account
for the added uncertainty [90] [91].
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FIGURE 2.26: Comparison of quasi-static mooring profile vs.likely profile if wave-frequency (WF)
motions are considered [89].

The computational efficiency of static and quasi-static calculations, which can be as simple as
solving a closed-form set of non-linear equations, makes them a viable option for optimisation.
Two existing studies have successfully employed quasi-static mooring system models as part of
design optimisation routines for FOW moorings [92] [93]. However, these were mainly based on
traditional full-chain catenary moorings, with an emphasis on number of lines and
configuration rather than novel compliant designs to reduce loads. In fact, whereas quasi-static
equations are well-established for traditional full-chain catenary moorings [32], these employ
linear elastic stiffness terms, hence not capturing the non-linear extension of LRDs. To enable
the use of quasi-static modelling for mooring design optimisation with load reduction devices,
novel quasi-static mooring equations for LRDs are derived in Chapter 4, as part of objective O1
of this thesis (see section 1.5).
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2.4.2.2 Dynamic modelling

Whereas the previously described methods calculate mooring forces at static equilibrium
(Newton’s 1st law), dynamic modeling of the mooring line in the time domain is formulated
based on Newton’s 2nd law of motion, which is inherently time-dependent as it relates
acceleration to force and mass. This allows the model to incorporate inertial forces and the
effects of fluid-drag, damping, and other nonlinear loads on the mooring line. This leads to
complex equations of motion, which cannot be formulated in closed-form and solved
analytically for the full system. To simplify the system, dynamic models discretise the line into a
kinematic chain of distinct elements and employ numerical methods to approximate solutions
to the governing differential equations. The typical format of discretisation is shown in

Figure 2.27 [8].

FIGURE 2.27: Representation of mooring line as discrete elastic elements, each with their own
kinematic parameters and properties [8]

Figure 2.27 shows the general format of dynamic mooring line modelling. Based on these
underlying principles, various models have been developed which employ slightly different
techniques. These models can be classified into three main groups [8]:

¢ Lumped-mass (LM) : all effects of mass, external forces and internal reactions are lumped
together at a finite number of nodes, modelling the mooring line as a series of individually
concentrated masses linked together by massless springs. This produces a diagonal mass
matrix, which typically makes lumped-mass model simulations less
computationally-intensive than the two other variations [89].

¢ Finite-element (FE): whereas the LM model treats the mooring line as a fully discretised
system from the start, the FE method uses a continuous formulation of the governing
partial differential equations which are then discretised locally. Unlike the LM model,
nonadjacent nodes can be coupled. This means the mass matrix can have off-diagonal

terms, leading to longer simulation times than LM.
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¢ Finite-difference (FD): uses a Taylor series expansion of the governing partial differential
equations. Thus, where FE formulates exact derivatives locally, FD estimates gradients

using first-order difference functions.

Several studies suggest that all three types of modelling should converge on identical solutions
when given enough resolution [8] [94]. However, when considering lower resolution, the
comparison is more nuanced. In terms of mooring line modelling, FE is considered as the most
accurate and rigorous option at lower discretisation resolution [94]. Numerical stability is more
difficult to achieve in FD methods [8], and the approach is therefore rarely used in commercial

mooring software [94]. .

The drawback to these high-fidelity modelling methods is the computational requirement: a
dynamic time-domain analysis of a FOW turbine usually requires a 1:1 ratio of computational
time to simulated time. which means modelling a single design can take up to 3 hours per load
case. For design optimisation, which can require modelling hundreds if not thousands of
designs, sometimes for multiple load cases, this is often limiting. While some studies have run
optimisation routines directly on time-domain models [95] [96], this limits the number of
variables that can be realistically considered. More recent approaches have used low-complexity
models to efficiently screen large parts of the design space and remove designs that are bound to

perform poorly, using full time-domain simulations only to assess the best candidates [97].

2.4.2.3 Comparison of FOW modelling software

The state-of-the-art modelling methods currently used in the offshore engineering industry and
required by certification standards use FE and LM models, usually as part of commercial
dynamic analysis software such as Flexcom [98] or Orcaflex [99]. For FOW, these software
typically provide full coupling with aerodynamic models of wind turbines, i.e., they integrate
the aerodynamic forces and responses of the wind turbine with the hydrodynamic and
structural dynamics of the floating platform, and mooring lines, allowing for comprehensive

simulations of the entire system.

This subsection compares the capabilities of various codes currently used for FOWT
simulations, as a means of assessing how the computational tool used in this research, Flexcom,

places itself amongst other similar software.

The assessment of FOWT modelling codes has not been straightforward due to the lack of
available physical data to validate against [8]. An international collaboration was initiated by
the International Energy Agency (IEA) to establish code-to-code comparisons to examine
accuracy and reliability of various models under a fixed set of load cases. This collaborative
effort was undertaken in a number of iterations, which included studies on monopile, jacket and

spar-buoy offshore wind turbine architectures. The iteration of interest to this research is the
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OC4 Phase II, which involves a catenary-moored semi-submersible FOWT. The participants

which took part in the numerical code comparison for Phase II are shown in table 2.6.

TABLE 2.6: List of participants in the OC4 phase II numerical code validation, along with the
type of model employed for hydrodynamics and mooring. Adapted from [100].

Code Code developer OC4 Participant name | Main hydrodynamic approach | Mooring model
CHARMBS3D + FAST TAMU + NREL ABS Potential flow + Morison Dynamic (FE)
OPASS + FAST CENER + NREL CENER Potential flow + Morison Dynamic (LM)
UOU + FAST UOU + NREL University of Ulsan Potential flow + quadratic drag | Quasi-static
Bladed 4.3 GH GH, CGC, POSTECH | Morison Quasi-static
OrcaFlex Orcina 4Subsea Potential flow + Morison Dynamic (LM)
Hydro-GAST NTUA NTUA Potential flow + Morison Dynamic (FE)
Simo+Riflex+AeroDyn | MARINTEK + NREL | CESOS Potential flow + Morison Dynamic (FE)
Riflex-Coupled MARINTEK MARINTEK Potential flow + Morison Dynamic (FE)
3Dfloat I[FE-UMB IFE Morison Dynamic (FE)
DeepLinesWT PRINCIPIA-IFPEN PRINCIPIA Potential flow + Morison Dynamic (FE)
Flexcom Wood group n/a Potential flow + Morison Dynamic (FE)

Flexcom did not take part in this code comparison, but is included at the end of table 2.6 to

situate its modelling approach amongst others. As highlighted in the table, the majority of

participants employed a dynamic mooring module, as well as both potential flow theory and

Morison equations to model hydrodynamics. The results of the codes for a regular wave load

case (no wind) are shown in figure 2.28.
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FIGURE 2.28: OC4 results for regular wave simulation, H=6 m, T =10 s [100]

Several inferences can be made from the graphs in figure 2.28, which are summarised in the

points below. It should be noted that these trends were also apparent in other load cases and

thus constitute valid outcomes for the code comparison as a whole [100]:

¢ Surge: significant differences in platform excursion. The codes that display an unrealistic

zero-mean oscillation do not take wave drift forces into account .

* Pitch: Morison-only codes display an over-predicted pitch amplitude, with pitch

frequency similar across all codes.
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* Heave: Morison-only codes which are not augmented to calculate the dynamic pressure at
the base of the columns (e.g. POSTECH) present inconsistent and under-predicted heave
results.

e Fairlead tension: Clear disparities depending on the mooring model employed. Results
from quasi-static models are out of phase and do not include any frequencies in the
response beyond those of the waves. The two different responses are circled in black on
the graph.

Overall, codes with a dynamic mooring model as well as a hydrodynamic approach consisting
of both PE. theory and Morison hydrodynamics, such as Flexcom, were generally in better
agreement and provided more realistic results based on the findings from the OC4 study [100].
Flexom has since taken part in a later offshore code collaboration validation campaign also led
by NREL, the OC6, in which it performed strongly, in agreement with other state-of-the-art
modelling software such as FAST and Orcaflex [101].

2.4.24 Surrogate modelling

The high-fidelity dynamic modelling software described in section , although most accurate, is
computationally intensive and unsuitable for concept design optimisation over a large design
space. In general, employing physics-based approaches to modelling mooring lines, integrated
directly into mooring design optimisation routines (as set out in Sections 2.4.2.1 and 2.4.2.2)
involves compromising on either: (a) the complexity of the physics, e.g. by using quasi-static
modelling, or (b) the complexity of the optimisation problem. e.g. reducing the number of
design variables or objectives to enable dynamic time-domain analyses.

Surrogate modelling is an increasingly commonly used numerical technique which can capture
maximum complexity of both the modelling and the optimisation problem, in feasible
computational time [86]. Surrogate models serve as simplified approximations of complex
systems, enabling efficient analysis of problems where direct computation is impractical.
Fundamentally, the simplest forms of surrogate models could range from basic line fits through
data points, capturing the underlying trend with minimal complexity, to more complex 3D
polynomials or other mathematical functions [53]. However, machine learning provides an
effective tool for creation of surrogate models with multiple and complex interacting variables.
Machine learning based surrogate models are particularly useful when the relationship between
inputs and outputs is not well understood or is computationally expensive to evaluate.

Examples of surrogate modeling methods include:

¢ Random-forest (RF): many decision trees, i.e. simple models that make decisions based on
input data, are trained from a dataset. When making a prediction, the method looks at the

results from all the trees and chooses the most common answer (for classification tasks) or
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the average result (for regression). Random forests are robust against errors that can occur

from a single model, and can handle large datasets with higher dimensionality efficiently.

¢ Artificial Neural Networks (ANNSs): ANNSs are computational models inspired by the
human brain, consisting of interconnected groups of artificial neurons. They are capable of
capturing complex nonlinear relationships in data through layers of nodes, each applying

a nonlinear transformation to its inputs.

Both of these surrogate modelling techniques have been employed for FOW mooring design
optimisation ([102] and [17] respectively), and can replicate the results produced by dynamic

time-domain modelling of the mooring system, at reduced computational cost.

2.4.2.,5 Optimisation methods

If the modelling methods used in the optimisation routine are sufficiently fast, and the design
and objective spaces are sufficiently small, the full design space can be mapped systematically to
the full objective space, using discrete variables which makes finding an optimal solution trivial
(e.g. [92]). This is an example of an exact optimisation method, often referred to "brute-force’
optimisation (BFO), which guarantees the solution is optimal over the full design space [103].

On the other hand, “approximate” optimisation methods contrast with ‘exact’ methods by using
random variables and probabilistic decisions to explore the design space, aiming to find a good
solution without evaluating every possibility. In most cases, approximate methods are preferred
over exact methods due to their efficiency. However, approximate optimisation algorithms are
typically more complex to build, as they require careful selection of designs to assess from the
design space, to get to the optimal regions of the objective space most efficiently. The main

examples of approximate optimisation algorithms are:

¢ Heuristic: These methods use practical strategies to find good-enough solutions quickly
without guaranteeing the best possible outcome. The Nelder-Mead (NM) algorithm is an
example that adjusts a set of potential solutions to converge on a local minimum, making

it useful for problems where precise calculations are difficult or unnecessary.

* Meta-heuristic: These are advanced strategies that guide other heuristics to explore
complex search spaces effectively. Examples include: Genetic Algorithms (GA), which
mimic natural selection by evolving solutions over time; Differential Evolution (DE),
which optimises by iteratively improving candidate solutions based on the differences
between them; and Particle Swarm Optimisation (PSO), which simulates social behaviors
to collaboratively search for the best solution. Meta-heuristic methods are designed to
efficiently navigate large and complicated problem spaces.

Both heuristic (e.g. Nelder-Mead [93]) and meta-heuristic (e.g. GAs [104] [16]) optimisation

algorithms have been commonly used for mooring design optimisation. In theory, any of the
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optimisation methods discussed in this section are suitable for mooring design optimisation.
However, each method has particular strengths and weaknesses that are problem-dependent,
making some more suitable depending on the problem formulation and the computational
efficiency of the model used to evaluate the objective function. Table 2.7 summarises the
optimisation methods and their performance across various problem characteristics, including

multiple objectives, constraints, and computational intensity [15] [86].

In this research, computational intensity is not a limiting factor, as a key focus is the
development of a highly efficient surrogate model capable of evaluating the objective function
quasi-instantaneously. Consequently, methods with higher computational intensity were
preferred, particularly because they are better suited for handling constraints and multiple
objectives, which are central to this research. A grid search algorithm was used for
single-objective constrained optimisation, while a genetic algorithm was used for

multi-objective optimisation.

TABLE 2.7: Comparison of the strengths and weaknesses of various optimisation methods used
in offshore engineering design, sorted from lowest to highest computationally intensity [15] [86].

Optimisation Description Handling Handling of | Computational
method of multiple | constraints intensity
objectives

Nelder-Mead A simplex-based method for find- | Poor Poor Low
(NM) ing a local minimum of a function.
Particle ~Swarm | Nature-inspired algorithm simulat- | Good Good Moderate
Optimisation ing social behavior of bird flocking
(PSO) or fish schooling.
Differential Evo- | Population-based optimisation al- | Good Good Moderate to
lution (DE) gorithm using vector differences High

for perturbation.
Genetic ~ Algo- | Evolutionary algorithm inspired by | Very Good Very Good Moderate to
rithm (GA) natural selection and genetics. High
Grid Search Opti- | Exhaustive search evaluating ev- | Very Good Very Good Extremely
misation (GSO) ery possible solution in the search High

space.

2.4.3 Summary of existing mooring design optimisation for FOW

All aforementioned studies on mooring system optimisation for FOW, which provide a
comprehensive cover of the literature, are listed in Table 2.8, along with the mooring design

variables and optimisation objectives considered.
From the existing literature, the following can be summarised:
¢ Existing studies have not considered load reduction devices as part of the design

variables. Various mooring line materials have been considered [102], but these only

included polymer ropes for weight-saving benefits rather than load reduction.
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¢ Geometric mooring design variables have been considered by all studies. However, only
design variables have been parameterised — location-specific variables such as
environmental loads and water depth have been fixed, i.e. have not been made available
as user inputs.

TABLE 2.8: Comprehensive summary of FOW mooring optimisation literature. Mooring models

are either quasi-static (QS) or dynamic (Dyn), and sometimes assisted by a surrogate (S’'gate).

Optimisation algorithms used are Nelder-Mead (NM), Genetic Algorithms (GA), and differential
evolution (DE).

Mooring design variables Optmisation objectives NII:(()J;leI;g alg(())fittll.lm
Anchor | Line | Line | Line Moorin, . . Nacelle

Ref. position | length | angle | type Cost Footprir%t Weight | Fatigue acc.

[92] X X X X X QS none
[93] X X X X QS NM
[104] X X X X QS + Dyn GA
[102] X X X X X X Dyn GA
[105] X X X X X Dyn + S’gate GA
[17] X X X X Dyn + S’gate DE

2.5 Literature review summary

The conservatism in current mooring system designs, presented in section 2.1.4, combined with
the importance of minimising mooring line and anchor loads, presented in section 2.2, forms a
strong basis for optimisation of mooring system compliance. The new design space offered by
LRDs, discussed in section 2.3, shows potential for enabling this optimisation, as sufficient
compliance for FOW is not always possible with traditional mooring systems. Finally, existing
approaches to mooring design optimisation were reviewed, discussing which are most suitable
for this research (Section 2.4).

Overall, this review of the literature has identified three main gaps, which will be addressed by
objectives O1, O2 and O3 in chapters 4, 5 and 6 respectively:

1. No quasi-static equations for moorings with LRDs exist in the public domain, even though
quasi-static analysis is a key part of the early-stage design process.

2. No comprehensive comparison of LRD stiffness curves has been performed for FOW.
Existing research has been mostly from LRD developers, and thus provide little

opportunity for comparison across concepts and their characteristic curves.

3. No FOW optimisation studies have included LRDs in their design space. Additionally,
their methodologies are not directly suited to LRDs, which, due to their configurability,
could benefit from a more flexible approach to optimisation, with a wider range of
objectives and constraints.
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Further critical analysis on each of these gaps is given in each individual chapter, in sections
4.1.3,5.1.2 and 6.1.2 respectively.
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Chapter 3

Methods

3.1 Overview

The research work conducted for this thesis was entirely computational, and is based on a range
of methods including mathematical and analytical modelling, numerical modelling and
machine learning. This chapter outlines these computational methods, for both the
physics-based modelling of FOW structures and the machine-learning models and algorithms
for design optimisation. A full description of each method and how it was used is given in each
individual chapter.

3.2 Physics-based computational modelling methods

3.2.1 Analytical model for quasi-static analysis

The analytical model presented in Chapter 4 was built in Python 3.8, using the following
packages: Numpy for general mathematical operations and data pipelines [106], Scipy for
symbolic equations and solvers [107], and Matplotlib for plotting and visualisation [108].

3.2.2 Commercial software for dynamic finite element analysis

The numerical modelling of the floater, turbine and mooring system was performed using
Flexcom, a commercial finite element (FE) software. Flexcom offers fully-coupled
aero-hydro-servo modelling using 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 [109]. 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 validated against the FAST



48 Chapter 3. Methods

model in Flexcom documentation [98]. The full platform and turbine characteristics are
described in detail in publications from the National Renewable Energy Laboratory (NREL)
[110],[111]. All dynamic modelling was performed on an 18-core i9-10980 CPU.

3.3 Machine learning and optimisation methods

3.3.1 Artificial neural-network based surrogate modelling

The artificial neural networks (ANNs) used for surogate modelling were built and trained using
the Keras Python toolbox [112], with GPU-accelerated TensorFlow support [113] on a NVIDIA
3080ti graphics GPU (laptop version).

3.3.2 Optimisation algorithms

All optimisation algorithms were also constructed in Python 3.8. The 3D surface optimisation
plots were constructed using matplotlib, while the genetic algorithms were built using the
python multi-objective opimisation toolbox PYMOO [114].
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Chapter 4

Quasi-static modelling of mooring
systems with load reduction devices

4.1 Background

4.1.1 Purpose of quasi-static modelling

Quasi-static modelling solves the static equilibrium of a mooring system at discrete time steps,
neglecting inertial and hydrodynamic effects, to efficiently calculate mooring line tensions and
positions. This constitutes a computationally efficient method for screening mooring concepts
and visualising design options, and has been commonly used in the offshore industry for
decades, to facilitate early-stage design iterations, supporting the comparison of mooring
layouts, line properties, and anchor positions before progressing to detailed dynamic
simulations. It enables rapid evaluation of key performance metrics such as maximum restoring
forces and their horizontal and vertical components, surge limits, and tension-offset response
(i.e. mooring stiffness). While it does not capture full dynamic behavior, quasi-static modelling
offers a reasonable approximation of system response, balancing accuracy and computational

efficiency.

4.1.2 Incorporating LRDs in a quasi-static model

Currently, no analytical quasi-static model in the public domain incorporate LRDs, and existing
models cannot account for the highly non-linearity stiffness curves of LRDs. The highly
non-linear stiffness curves of load reduction devices (LRDs), as shown in Figure 2.18,

Figure 2.21, and Figure 2.23, can be tailored to fit specific loading conditions and mooring
configurations (see section 2.3.3 for background). These non-linear stiffness curves have a
compliant range over which the LRD is intended to operate to effectively reduce mooring line
tension. For all LRD technologies, stiffness curves exhibit higher stiffness at high extension
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when they reach their rated tension T},.4, which is defined in this study as an arbitrary design
limit at which the compliance in the LRD has been exhausted. DO and TFI refer to the rated
tension as the ‘Safe Working Load” 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. Graphical representation of the rated tension is shown for the IMS, DO and TFI
LRDs in Figure 4.1.
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FIGURE 4.1: LRD technologies and associated stiffness curves: (a) IMS, (b) DO, (c) TFL Stiffness
of typical polymer rope is shown on dotted grey line for comparison [66].

The key to designing a mooring system with an LRD is to ensure the device operates in its
compliant range as much as possible, i.e., to ensure the maximum tension in the device stays
below T,4t4. The optimal length of the LRD should then be determined to ensure the extension
provided does not exceed station-keeping constraints. As discussed in section 2.4, this can form
a complex design problem, which is currently solved with time consuming iterations of Finite
Element (FE) analyses, as no quasi-static models support the non-linearity of the LRDs.

Current approaches to modelling moorings with LRDs include discretisation of the mooring
lines and/or piece-wise linear interpolation of the non-linear stiffness curves. Commercial
software such as Orcaflex is typically used for dynamic modelling of LRDs [11], which uses
linear interpolation between consecutive points of the user-defined non-linear stiffness curve.
LRDs have also been modelled with the open-source lumped-mass (LM) modelling software
Moordyn, which also uses linear interpolation of the stiffness curve [50]. Although FE and LM
these are reliable modeling solutions, these are computationally intensive to set-up and run.
Incorporating LRDs in a quasi-static model would provide a cheaper and more efficient means

of screening many LRD lengths, rated tensions and stiffness curve types at an early design stage.
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4.1.3 Review of established quasi-static methods

If dynamic mooring effects, i.e. damping and inertia, are ignored, and the system is assumed to
be static at a given instant ¢, the geometry of the mooring line can be solved analytically as a
function of the fairlead coordinates (i.e. the position of the upper extremity of the mooring line)
and the physical parameters of the mooring line.

For neutrally buoyant taut moorings, the relationship between fairlead coordinates and
restoring forces is trivial: the mooring line adopts a straight line between the fairlead and
anchor, and the tension-offset of the system corresponds directly to the material stiffness of the
mooring line [115]. This relationship is more complex for catenary moorings, as the catenary
shape (due to weight of suspended line) is controlled by tension, leading to a non-linear
tension-offset profile. This is captured by the catenary mooring equations, which define the
fairlead coordinates x¢ and z¢ as a function of the fairlead restoring forces Hy and V [116] and
the mooring line length L, stiffness EA and unit weight w (Figure 4.4). For a line partially resting
on a flat and friction-less seabed:

Vi, H 1% ViN?%| H/L
_7_f f ’f e
Xf(Hf, Vf) =L = + - In Hf +14/1+ <Hf> -+ EA (4.la)
Hy Vi v
1 74
fFairlead
LwEA —______ JT°H;
7
v, Zf
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FIGURE 4.2: Profile view of simple catenary mooring line

The system of equations 4.1a & 4.1b can then be solved for any two unknowns. However, this is
only valid for a homogeneous mooring line (i.e. full chain), and the stiffness term EA must be
linear. As such, these equations cannot be used for analysis of a mooring system with a
non-linear LRD. Other publications have presented equations for multi-segmented catenary
mooring lines with a non-linear stiffness segment, in particular for polymer rope applications
[115]. For this application, the non-linear stiffness is expressed in simple power law form, where
the strain ¢ is given as a function of axial load T and constants p and g :
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e=pT17 4.2)

The power law form offers a good fit for material stiffness of typical synthetic polymer ropes,

but this would not be suitable for the more complex stiffness curves shown in Figure 4.1.

4.1.4 Research objective

In line with objective O1 (see section 1.5), this chapter presents continuous functions which
model the non-linear stiffness curves of the LRD devices shown in Figure 4.1. These functions
are then combined with the existing equations for catenary moorings, to create a static analytical
model of catenary moorings with LRDs. This requires no discretisation or stiffness
interpolation, and as such provides a quicker approach to obtain the mooring geometry and
restoring forces based on any input mooring properties and LRD parameters (rated tension,
curve shape, LRD length). The analytical model can then be used to find optimal LRD

parameters for any given water-depth, mean environmental load, and offset constraint.

4.2 Methodology

This research employs an analytical approach to mooring systems modelling. Firstly, a
2-segment formulation for a catenary mooring line with a linear-stiffness LRD at the fairlead is
presented based on established equations. This formulation is then adapted with various
non-linear stiffness functions, to form a set of equations for a chain catenary line with non-linear
LRDs. These are solved using numerical root-finding methods, in particular the
Newton-Raphson method [117], implemented in Python. Commercial FE software Flexcom is
then used to validate the results obtained from the analytical equations. The validated analytical
model is then applied to initial quasi-static design of an LRD. A structural overview of the
methodology employed to develop the quasi-static model presented in this chapter is shown in
Figure 4.3.

4.3 Development of quasi-static model

4.3.1 Catenary equations for 2-segment line

The static catenary equations 4.1a & 4.1b apply to a catenary line formed of a unique,
homogeneous segment, with material properties defined by a single value of stiffness EA and
apparent weight in water per unit length w. This section presents an adapted formulation for a

mooring line with two distinct segments: one segment for the chain catenary line and one
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Established equations for 2- Non-linear functions
segment catenary mooring line defining stiffness of LRDs
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Novel analytical model of catenary moorings with non-linear
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Validation of analytical model against FE software
v
Application of analytical model to quasi-static LRD design

FIGURE 4.3: Methodology for the analytical solution

segment for a linear stiffness LRD at the fairlead (Fig. 4.4). This linear LRD formulation is then
used as the starting point for the next section, which presents the equation for non-linear
stiffness LRDs.
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FIGURE 4.4: Profile view of the multisegment line
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The static multi-segment mooring analysis approach is well-documented in literature [115]. For
a catenary line composed of 1 segments of line, the fairlead coordinates (xf, z¢) are given as a

sum of the horizontal and vertical components of each segment:

n

Xp= in (4.3a)
i=1
n

Zf = Ezi (4:3]9)
i=1

Where the coordinates of the extremities of the i*" segment x; and z; are each defined by the
catenary equations in their own coordinate system, with the origin at the start of the segment
(starting from the anchor).
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If the LRD is modelled as a simple non-linear spring segment, and assumed to be near-neutrally
buoyant in water, which is typically the case of the IMS and DO technologies [69][13], this
means the spring is subjected to constant tension throughout its length, thus adopting a straight
line rather than a catenary shape. For a linear stiffness LRD, its extension AL, is based on
Hooke’s law, where the tension-strain profile is a straight line passing through the origin and a
single point EA. The coordinates of the horizontal and vertical extremities of the LRD segment
(xe, z¢) are then given by:

Hfl,  HyL
Xe = H2 n Vz EAE (44&)
f f
Vi, VL,
=l gy (4.4b)
f f

Where the first terms represent the horizontal (4.4a) or vertical (4.4b) projections of the
unstretched length L, of the LRD, and the second terms represent the elongation of the LRD,
obeying Hooke’s law.

According to the multisegment theory from equations 4.3a & 4.3b, equations 4.4a & 4.4b can be
added to the chain catenary equations to give the coordinates of the fairlead (xf, z¢) as a
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function of the restoring forces (H, Vy):
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4.3.2 Catenary equations for non-linear stiffness LRDs

To replace the Hookean extension term in equations 4.4a & 4.4b, the non-linear extension of the
LRD must be defined as a function of the force applied at its extremities. This means
determining the function e which gives the LRD strain for any value of axial mooring line
tension T, where T is the resultant of the horizontal and vertical mooring line forces H 7 and Vf :

AL,

e(T) = e(4/H%+ V?) I

foof

(4.6)
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Equations analogous to 4.5a and 4.5b can be obtained by substituting the Hookean extension
term (the final term in equations 4.5a & 4.5b) with the non-linear strain function ¢, giving:

Vi Hy Vi ViN?|  HfL
a1 [V (]

a1 (4.7a)
(14 ¢(T))
H Ve 2 V?
_ Y AT _f
Zf(Hf/Vf) 1+ (Hf> 1 +2EA
(4.7b)
VsLe
+ 1+¢(T))
H} + sz

These equations are valid for an extensible section located at the fairlead, attached to a
homogeneous catenary mooring line with a portion resting on the seabed (i.e. no vertical
loading on the anchor), where seabed friction is neglected. An analogous expression can also be
derived for non-buoyant taut and semi-taut moorings where vertical anchor loading is

non-zero, based on the equations for a fully-suspended line [116].

Equations 4.4a & 4.4b assume that the extensible section is neutrally buoyant in seawater. This is
a valid assumption for the IMS and DO devices, but the TFI device has a non-negligible weight
in water [50]. This means the upper extremity of the LRD is subjected to additional tension due
to self-weight of the device, with a difference in vertical tension between the two extremities
equal to L,w, where L, is the length of the device and w, is its wet weight per unit length. Due
to this difference in tension, the strain of the LRD is not constant along its length, and requires
an integral to compute analytically. As a simpler approximation, the tension can be assumed to
be constant throughout the LRD, taking the value of the tension at its midpoint, which is
subjected to half of the self weight of the LRD: L.w,. With this assumption, the strain in the
device given by Equation 4.6 can be redefined as:

e(T)=¢ (\/HJ?; + (Vy — ;Lewe)2> (4.8)

The chain section of the line, which is below the LRD, is not subjected to the additional vertical
tension component. Thus, we define the component of vertical tension at the top chain as V.
which does not include the self weight, and is given by Vi, = Vi — Lewe . The full expression is
then given by:
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4.3.3 Continuous functions for LRD stiffness curves
4.3.3.1 The Ramberg-Osgood model

Adapting the general-form equations 4.7a & 4.7b or 4.9a & 4.9b to a specific LRD technology
requires determining the function ¢(T) which gives LRD strain as a function of axial tension T.
In this section, functions have been derived for the three curve types shown in Figure 4.1. These
functions are mostly based on the Ramberg-Osgood model, which is typically used to define
non-linear stress-strain relationships. The original model defines stress as a function of strain
and 3 parameters [118]. In this case, the model is used only in its mathematical sense, and the
form is reversed to define strain ¢ as a function of axial tension T such that it can be incorporated
into the catenary equations. This adaptation of the basic-form Ramberg-Osgood model can be

given as:

aT

RNSENTATY

(4.10)

Where a, ¢ and define the shape of the curve (Figure 4.5).

The basic form equation of the Ramberg-Osgood model given in Equation 4.10, does not directly
fit all of the LRD devices identified in Figure 4.1, in particular the TFI and DO LRDs which
require additional terms and parameters. These variations of the basic form equation are

described in the following subsections.

4.3.3.2 IMS stiffness expression

The curve of the IMS is the closest fit to the Ramberg-Osgood model, with the exception of the
curve not passing through the origin due to variable pre-load in the device [69]. An additional
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FIGURE 4.5: Basic-form Ramberg-Osgood curve

parameter b is introduced, which shifts the curve along the x-axis from the origin, such that the

overall equation is given by:

aT —b
emms(T) = w

Where b/a is the pre-tension, c is the asymptotic strain, and 7 is a parameter defining the rate at

(4.11)

which the curve reaches its asymptotic strain, as shown in Figure 4.5. The value of n can be
found if the rated tension required at a specific value of strain is known. The parameters of
Equation 4.11 are fitted to two example supplier curves [69], using a simple linear regression
algorithm, and the resulting curve fits are plotted in Figure 4.6. The values of each fitted

parameter are given in Table 4.1, for curves A and B.
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FIGURE 4.6: IMS stiffness curves from supplier publication [69], against fitted curve from Eq.
411



58 Chapter 4. Quasi-static modelling of mooring systems with load reduction devices

TABLE 4.1: IMS fitted parameters for Eq. 4.11

Parameter fitted value (A) fitted value (B)

a 0.958 0.837
b 0.113 0.183
C 0.426 0.396
n 0.834 0.728

4.3.3.3 DO stiffness expression

To obtain an expression of the DO curve, the base curve from Figure 4.5 is translated with an
additional parameter b, as with the IMS fit. However, the DO curve must pass through the
origin, which is not the case of the IMS curve in Eq. 4.11. To ensure that the DO curve passes
through the origin, an additional term shown in Eq. 4.12 is subtracted from Eq. 4.11, giving the
final expression of ALp,i,(T) shown in Eq. 4.13.

—b

A (4.12)
1+ Ems

al —b b

4.13
1+ (Tl T i

ALpupin(T) = NGE

N =
M=

The shape factor 1, which defines the rate at at which the function reaches its asymptote, is fixed
to n = 2. The parameters a, b and ¢ of Equation 4.13 are fitted to the example curve from
supplier documentation [13] using linear regression, resulting in the curve fit shown in Figure
4.7. The values of each fitted parameter for this curve are given in Table 4.2.
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FIGURE 4.7: DO stiffness curve from supplier publication [13], against fitted curve from Eq. 4.13

In Eq. 4.13, parameter 4 is related to the rated tension of the device and c is related to the
asymptotic extension of the device. These parameters can also be linked to physical dimensions
of the device, based on supplier publications [13]. As opposed to the IMS and TFI devices which
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TABLE 4.2: DO fitted parameters for EQ. 4.13

Parameter fitted value

a 7.500
b 7432
C 2.568

are spring-like, the DO LRD extends by rotating under loading (Figure 4.1b). Thus, extension
AL(T) is used rather than the strain term €(T). When incorporated into the final system of static
equations 4.7a & 4.7b, the length of device Le can then be based on the starting distance between
the two hinge points. It should also be noted that Eq 4.13 is only valid for a fixed mooring line
angle. The line angle affects the magnitude of the moment generated by the mooring line on the

LRD hinges, in turn changing the shape of the stiffness curve

4.3.3.4 TFI stiffness expression

The TFI stiffness curve is complex to model with a continuous function due to the sudden
stiffness increase at T = Ty, (see Figure 4.1). The required function deviates more significantly
from the base Ramberg-Osgood model, in three ways: 1. Parameter c is subtracted to the
denominator of the first term to create the sudden gradient change; 2. An additional parameter
k is introduced to factorise the whole expression, such that the rated strain of the curve can be
directly adjusted without changing the other parameters; 3. An additional term is introduced,
function of a new parameter d, in an attempt to better match the final phase stiffness. The
resulting expression is given in Eq. 4.14, with the associated curve fit is shown in Figure 4.8, and
the fitted parameter values given in Table 4.3.

B a(eT —f)—b af +b
erpi(T) = k- <1+[a(eT—f)—b—C]2+1+[—’1f—b—c]2

+dy/a(eT — f) —d\/—af>

(4.14)

The fit is accurate up to, and including, the sudden increase in stiffness at T = T,,44. Accurate
modelling of the response past this point is not crucial, as in practice the device should not be
operating above T,,.;. Although the expression is complex, only parameters k and e are
required to parameterise the rated tension and strain. Any value of rated tension T,,4 can be
obtained by varying parameter e, and any value of rated strain &(T,,.4) can be obtained by
varying parameter k.

For each LRD, the derived non-linear stiffness function is substituted for the ¢(T) term in the
general form equations (4.7a & 4.7b, 4.9a & 4.9b), with the resulting systems of equations

forming the analytical model. This model can be solved for the vertical and horizontal restoring
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FIGURE 4.8: TFI stiffness curve from supplier publication [50], against fitted curve from Eq. 4.14

TABLE 4.3: TFI fitted parameters for eq. 4.14

Parameter fitted value

1.238 x10~2
2.119 x10?
7.516 x10~!
1.149 x10*
2.405 x102
-1.672 x10°
1.379 x10°!

~m 0 QN T o

forces Hy and V7 at the fairlead, for any fairlead coordinates xr and z, by employing numerical
root-finding methods. All LRD stiffness functions and resulting mooring equations are fully
differentiable over their domain. This means the system can be solved with a Newton-Rhapson
scheme with analytical Jacobians, providing fast and robust computation.

4.4 Validation of quasi-static model against commercial FE software

The analytical model was validated against results obtained from the commercial FE software
Flexcom, which discretises the mooring line and interpolates the stiffness from a set of
force-strain points. The validation was performed by comparing quasi-static tension-offset
profiles for each of the LRD concepts. To obtain the quasi-static tension-offset profile, the
horizontal fairlead coordinate x; is gradually displaced along the horizontal axis parallel to the
mooring line, and the analytical model is used to calculate the resultant fairlead tension T from
the fairlead forces Hy and V; at every step. This is depicted graphically in Figure 4.9. This figure
was obtained using a graphical app built in Python, based on the analytical model, which
enables visualisation of the geometry of a mooring system with any LRD parameters [119].

The properties of the mooring system used are identical to those of the OC4 Phase II mooring
system [100], with the exception of the water depth which is set to 150 m rather than 200 m, to
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FIGURE 4.9: 2D plot of mooring line, with fairlead displaced along horizontal axis up to an offset
of 20m

make the mooring system more sensitive to the LRD. These properties are summarised in Table
4.4. For each LRD concept, the stiffness curve parameters are taken from the curve fits shown in
section 4.3.3 and the LRD lengths are set such that they all exhibit 5 m of extension at T}, = 2
MN. This rated tension was chosen arbitrarily for this illustration, but the LRDs can be designed
for any value of T,,.4. The IMS and DO devices were modelled using Eq. 4.7a & 4.7b, which are
valid for neutrally buoyant devices, whereas the TFI device was modelled using Eq. 4.9a & 4.9b.
The wet weight of the TFI device was set to 8 kIN/m, which corresponds to the weight of a
1m-diameter device with rated tension of 2 MN.

TABLE 4.4: Mooring system parameters, based on OC4 [100]

Mooring system parameter Value
Fairlead-seabed vertical dist. 136 m
Unstretched mooring line length inc. LRD  825.35 m
Initial anchor-fairlead distance 796.7 m
Chain mass per unit length 145 kg/m
Chain EA 750 MN

The resulting tension-offset plots are shown in Figures 4.10, 4.11 and 4.12. These are displayed
alongside the equivalent full-chain mooring system tension-offset, i.e. a catenary mooring with
the same overall line length but no LRD. These show close alignment between the analytical and
FE results, with a mean error < 0.1% and a maximum error across all curves of 0.4%. The
maximum error occurs at the gradient change point of the TFI curve, where the fitted stiffness
curve does not perfectly match the interpolated curve (Fig. 4.8). Other general take-away points

from the tension-offset profiles are:

¢ All three LRD moorings show significantly more compliance than the full-chain catenary
(i.e. lower gradient of tension-offset), especially at lower offsets where the LRDs operate in
their low-stiffness regions. As a result of this increased compliance, the LRD moorings
display higher horizontal offsets than the full-chain mooring for the same fairlead tension.
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¢ All three LRDs have exhautsed all their extensibility once the fairlead tension is above the
rated tension of the device. In practice, this would mean no extension is left to reduce
dynamic loads. If these high loads/offsets are expected, an LRD with higher rated tension
should be used.

¢ The extension of the LRDs under the weight of the chain at zero-offset leads to reduced
pre-tension of the mooring system. In practice, this could be compensated for by reducing
the overall length of line. Due to its self-weight, the TFI device (Fig. 4.12) shows higher

pre-tension than the other LRDs for the same mooring line length.
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FIGURE 4.10: Tension-offset profile from analytical solution and FE software for IMS curves (con-
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FIGURE 4.11: Tension-offset profile from analytical solution and FE software for DO curve



4.5. Application of analytical model to LRD design problem 63

—— Analytical Tfi

Full-chain
Flexcom Tfi

R 3.0

<25

.2

w

=

& 2.0

el

]

2

E 154

[s 9

1.0
0 5 10 15 20
Offset (m)

FIGURE 4.12: Tension-offset profile from analytical solution and FE software for TFI curve

4.5 Application of analytical model to LRD design problem

4.5.1 Quasi-static design scenario

Quasi-static design typically involves approximating a mean horizontal environmental force
from met-ocean data [34]. This force is applied at the fairlead, and the analytical model can be
used to find the fairlead tension and platform offset such that the system is in static equilibrium.
For this example, the 50-year horizontal force was set as F,,, = 2 MN. Knowing the horizontal
fairlead force H = Feno, the vertical force Vy and resulting offset x f were obtained from Eq. 4.9a
& 4.9b. The 50-year quasi-static fairlead tension Tspy,,os was then calculated from the horizontal
and vertical forces. The LRD design parameters could then be adjusted based on the quasi-static
offset and fairlead tension.

In particular, two key LRD parameters should be determined at the initial design stage: 1. The
rated tension of the device, determined based on the maximum expected load; 2. The maximum
extension of the device (i.e., length of the device for spring-like LRDs), determined based on the
maximum allowable offset. These parameters are typically found based on iterative dynamic
analyses [50], which can be computationally-intensive. This section demonstrates how the
analytical model can be used to find a fast initial approximation of the optimal LRD parameters
at the quasi-static design stage. This example design scenario is applied to the TFI Seaspring
LRD in a catenary mooring system with the physical properties listed in table 4.4.

4.5.2 Determining optimal LRD rated tension

The aim is to determine the suitable T, for the LRD such that it is not only above the 50-year
quasi-static fairlead tension, but also above the 50-year dynamic tensions, to ensure the device
can safely operate in the compliant range throughout its design life. Typical quasi-static
mooring design approaches require application of a safety factor to the 50-year quasi-static
tension to obtain the design tension, with values typically ranging from 1.4 to 2 in relevant
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design codes [120]. As the LRD is expected to significantly reduce dynamic loads, a low safety
factor of 1.4 is used for this example, such that:

Trated > 1.4 % TSOyr,QS (4.15)

To solve this, the analytical model was used to iterate through values of the TFI curve parameter
e which is inversely related to T, (see Eq. 4.14), starting from a high value of e such that the
starting rated tension T, is equal to the horizontal force F,,,. All the other curve parameters
were fixed to the values shown in Table 4.3. The fairlead tension, mooring configuration and
resulting tension-offset profiles were then computed for each value of ¢, for the given
environmental load until the value of T, that fits the criterion (Eq. 4.15) was reached. In this
case, the 50-year quasi-static (QS) tension was found to be Tsg,,,gs = 2.217 MN, which gives
Tratea > 3.10 MN when including the safety factor (Eq. 4.15). This is depicted graphically in
Figure 4.13. In this case, the value of Ts,,,gs is only slightly above the horizontal environmental
force F,,. This is due to the chain being relatively light, meaning the additional vertical

restoring force component at the fairlead is small.

The curve with the lowest rated tension is operating above its rated tension when subjected to
the 50-year horizontal load. This is visible on the tension-offset profile, with the dashed red line
located above the ‘kink” in the curve. The curve which satisfies the criterion is operating safely
below its rated tension when subjected to the same load, meaning the LRD would be operating
in its compliant range as intended. While an even higher rated tension would also be suitable in
theory (e.g. 3.5 MN), the resulting tension-offset of the mooring system is stiffer overall, and less

effective at reducing loads.

4.5.3 Determining optimal LRD length

In the case of a spring-like LRD (e.g. TFI), the length of the device determines its maximum
extension, which in turn affects the resulting platform offset. In the study thus far, LRDs lengths
were set such that they exhibit 5 m of extension at the rated strain, i.e. L, = 10m for the TFI
device. For the curve with a rated tension of T,,;,; = 3.25 MN, the resulting 50-year quasi-static
offset is of Tsgy,,x = 13.35m (can be deduced graphically from Fig. 4.13). If this is below the
maximum quasi-static offset criterion, a longer LRD could be used, for added compliance. As an
example, the maximum allowable quasi-static offset is set to 20m. The model was then used to
iterate values of L., and resulting tension-offset plots were generated. The optimal length of the
LRD is selected by finding the tension-offset profile which is just below the maximum offset for
the 50-year tension. This process is depicted in Figure 4.14, and yields L, = 15m.
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FIGURE 4.13: Top: LRD tension-strain curves for 7 values of T}, Bottom: Resulting mooring
system tension-offset profile for each curve. The curve satisfying the design criterion is shown in
bold.

4.6 Conclusions

4.6.1 An efficient analytical model for quasi-static design

This chapter presented an analytical quasi-static model of catenary moorings with LRDs with
three different non-linear stiffness curves. Continuous parameterised equations, defined for the
stiffness curves of three different LRDs, were incorporated into the static equations for a
multi-segmented catenary mooring. Results from the analytical model, using the continuous
equations for the LRD stiffness, match closely with results of a commercial FE model, which
uses piece-wise interpolation of user-defined LRD stiffness curves. The analytical model has
been packaged into an executable function as well as an associated web application, which
enables visualisation of the mooring geometry and tension-offset profiles for any input LRD and
mooring design parameters [119]. The effectiveness of the analytical model has also been

demonstrated here through an example quasi-static design scenario, and was used to find an
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FIGURE 4.14: Top: LRD tension-extension curves for 7 values of L.; Bottom: Resulting mooring
system tension-offset profile for each curve. The curve satisfying the maximum offset criterion is
shown in bold.

initial LRD design for a given 50-year environmental load. By determining the optimal stiffness
curve, the LRD was ensured to operate below its rated tension, and by finding the optimal LRD
length, it satisfied the maximum offset criterion while maintaining maximum compliance. This
design approach yields quasi-instantaneous results, and thus provides an efficient means of
screening the complex design space of mooring systems with LRDs.

4.6.2 A basis for dynamic analyses

The quasi-static design approach presented here has taken dynamic forces into account using a
factor of safety, which was assumed constant regardless of the stiffness curve rated tension or
length. Although this approach provides useful insight for basic initial sizing, it does not
provide information on the dynamic tension reduction, or the increase in dynamically-induced
platform motions provided by each LRD stiffness curve and LRD length. In theory, this would
be expected to drive LRD and mooring system design at later stages. The following chapter,
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Chapter 5 addresses this, by providing a comprehensive comparative analysis of LRD stiffness
curves and their effect on dynamically-induced mooring line tensions and platform motions.
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Chapter 5

Comparative dynamic analysis of load
reduction device stiffness curves

5.1 Background

5.1.1 Motivation

While the quasi-static model established in Chapter 4 provides an efficient method for initial
sizing of LRDs, it does not account for dynamic tension reductions or the influence of LRD
properties on platform motions. In this chapter, the analysis is extended by directly evaluating
the effects of different LRD stiffness curves and lengths on dynamically-induced mooring line
tensions and platform movements. Through a comparative analysis, these dynamic effects are

quantified, providing a comprehensive basis for LRD and mooring system design.

As discussed in Section 2.3.3, each LRD concept has its own characteristic non-linear stiffness
curve shape. These curves can be divided into two categories, a shown in Figure 5.1: “3-phase’
curves (TFI, DO), or ‘single-phase’ curves (two different curves chosen to represent different
stiffness profiles achievable with the IMS device: 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 phase stiffness once compliance is exhausted. The single-phase curves have a gradually

increasing stiffness throughout.

The range of curve shapes enables considerable freedom in compliant mooring design for FOW,
as each curve shape can be altered to further vary the overall mooring stiffness response : via
the device’s rated tension Figure 4.13, and length Figure 4.14. This provides a solution to the
limitations of traditional moorings outlined in sections 2.3.2.1 and 2.3.2.2, but from a design
optimisation point of view, this means adding variables to an already complex design space.
Dynamic numerical modelling is required, to provide a thorough assessment of load reduction
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(a) TFI Seaspring (TFI) (b) Dublin Offshore LRD (DO) (c) Intelligent Mooring System (IMS)

FIGURE 5.1: The three different LRD concepts along with their characteristic stiffness curves: (a)
TFI Seaspring (TFI), (b) Dublin Offshore LRD (DO), (c) Intelligent Mooring System (IMS)

performance of the various stiffness curves with respect to the design considerations outlined in
22.

5.1.2 Review of existing comparative analyses on LRDs

Dynamic numerical modelling of the whole FOW turbine and mooring system is key to capture
the dynamic load reduction performance of LRDs. 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 [79] to 59% reduction in
peak load for the TFI [50]. 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 [121]. 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 [11]. The effect of various stiffness curve shapes for the TFI
device has been compared [12], but for a tidal energy converter application rather than a FOW
turbine. 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 FOW moorings. A
summary of all numerical studies on LRDs for FOW, wave energy converters (WECs), and tidal
energy converters (TECs) is given in Table 5.1. Although studies have considered 1 or in cases 2
variables, this study has created a generalised approach allowing all variables to be
parameterised simultaneously.

5.1.3 Research objective and workflow

In line with objective O2 (see section 1.5), this chapter presents a comparative analysis on the
effect of different non-linear LRD stiffness curve shapes, each representative of a specific LRD
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TABLE 5.1: Summary of publicly available numerical studies on LRDs, categorised by the param-
eterised variable(s)

Parameterised Load case Water LRD Mooring con- LRD stiffness
variable depth length figuration curve shape
Studies for [80] [80] [12] [80] [12]
WECs/TECs

Studies for [50], [121], [121] [11], [79], [122],[123] no studies in
FOW [53] [53] public domain

concept, on tension reduction and platform motions for FOW. To provide a comprehensive
assessment with a broad range of applicability, 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]oad cases: parked 50-year extreme, operational 50-year extreme

The results were obtained from numerical modelling on a reference 15 MW wind turbine and
semi-submersible platform. The model, mooring system, LRD modelling approach and load
cases are described in section 5.2. The results are then divided into four sections. The first three
sections consider a fixed LRD length, and study the effect of the LRD curve shape on mooring
stiffness, fairlead tension reduction and FOW motions respectively. The third section compares
the effect of varying the LRD length on fairlead tension and platform motions, for different LRD
curve shapes.

5.2 Methodology of comparative analysis

5.2.1 Base mooring description

Two conventional symmetric mooring configurations were studied, 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 Figure 5.2,
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 [66].
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
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the shallow and intermediate water depth moorings, based on a previous study for taut FOW

systems [124]. The mooring parameters are summarised for both mooring configurations in
Table 5.2:

TABLE 5.2: Mooring parameters of the base mooring system

Mooring config. 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

: K D p— 4
Direction of \ \

wind & waves

(a) Catenary, depth = 150 m (b) Taut, depth = 150 m (c) Catenary, depth=75m (d) Taut, depth =75 m

FIGURE 5.2: 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 chapter.

5.2.2 LRD modelling

To model the LRD mooring systems, the base mooring configurations were modified by
substituting a non-linear spring element representing the LRD for a section of the line at each
fairlead. This approach is in keeping with the numerical modelling from the various studies
listed in Table 5.1. As the aim of this study is to compare different non-linear LRD stiffness
curves, physical properties such as diameter, linear mass and LRD length were equalised to
provide a meaningful comparison. In practice, these parameters vary across the three concepts
considered: for the two spring-like devices, typical values of diameter and dry linear mass
quoted in literature range from 0.3 m and 71 kg/m for IMS [121], to up to 1.43 m and 1759 kg/m
for TFI [50]. These properties make the IMS device neutrally buoyant in seawater, and the TFI
device slightly heavier. The diameter of the ballasted cylinder of the DO device, Figure 5.1(b),

can range from 2.9 - 5.1 m, and the buoyant section is designed such that the full device is
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neutrally buoyant in water [13]. For this study, the LRD line 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 [79] to 30 m [11].
A length of 20 m was taken as the reference length for this study, with subsequent comparison of
additional lengths from 10 m to 30 m. By using standardised non-linear spring elements 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 could 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, with 10
m extension for the 20 m LRDs considered. For each of the 4 curve shapes, shown in Figure 1 for
the 3 devices, the stiffness is scaled depending on its ‘rated tension” (see discussion in 4.1.2). In
this chapter, selected rated tensions range from 2.5 MN, which is just above the mooring
pretension, to 7 MIN, 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 Figure 5.3.
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FIGURE 5.3: : Tension-strain plots for the 4 non-linear stiffness curve shapes considered in this
chapter. 10 different rated tensions are modelled for each curve shape, from 2.5 MN to 7 MN

5.2.3 Design load cases

The load cases applied in the model are representative of the New York Bight area, which is a
moderate-intensity location that has been used to assess LRDs in existing literature [50]. The
choice of location was not critical for this chapter, the primary focus being on comparing various
mooring system designs against a set of fixed load cases. 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 [110]. This scenario can sometimes
cause higher tensions on the mooring system than more extreme conditions with a parked
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turbine, hence both load cases require consideration as potential design driving scenarios. The
parameters of each load case are summarised in Table 5.3.

TABLE 5.3: Operational and parked load cases used in this study [50].

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

The two load cases were run on all 4 base mooring scenarios for the IEC-recommended duration
of 3600s [14], with wind and waves acting in the direction shown in Figure 5.2. For the irregular
wind and wave seeds considered, the highest loads on the windward mooring line occurred in
the first 1200s of the simulation. The resulting time-series of fairlead tension and surge (i.e.
horizontal platform offset), were cropped to the first 1200s and are shown in Figure 5.4.
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FIGURE 5.4: Time-series of fairlead tensions and platform surge for the four base-case mooring
scenarios, for 50-year parked (IEC 6.1) and 50-year operational (IEC 1.6) load cases.
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The fairlead tensions are highest for the taut moorings in 75 m water depth (Figure 5.4d), 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 Figure 5.5). Conversely, the catenary mooring in 150 m depth (Figure 5.4c),
is the 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. Alternatively, pretension at
the fairlead could be increased in the no-LRD shallow water taut mooring case, to reduce the
occurence of slack events by increasing the mean tension in the line. For this study, the line
angle and pretension were kept constant across all mooring arrangements and water depths, to

isolate the effect of LRDs and study their impact on slack events.

5.3 Effect of LRD stiffness curves on mooring system stiffness

Each combination of LRD stiffness curve shape, rated tension and mooring scenario leads to a
different stiffness curve of the mooring system as a whole. Full mooring stiffness curves are

obtained from tension-offset analyses for each combination, and presented in Figure 5.5.

The stiffness of a full mooring system, including all of its components (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, 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 stiffness 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 plaftorm offset) are shown

in Figure 5.5 . 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.
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¢ In the case of a 3-phase LRD stiffness curve (TFI, DO), low rated tensions can actually lead
to much stiffer mooring systems once 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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nations of mooring scenarios, LRD curve shapes, and LRD rated tensions.
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5.4 Effect of the LRD stiffness curves on tension reduction

5.4.1 Significance of the LRD rated tension in stiffness curve comparison

To compare the LRD stiffness curves, the loading time-series shown in Figure 5.4 are applied to
the LRD mooring system, for each of the 4 different stiffness curve shapes and 10 rated tensions
shown in Figure 5.3. 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/de. 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 Figure 5.6, 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
most severe load conditions, i.e. 75 m water depth and parked load case.
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FIGURE 5.6: Stiffness curves plotted for each rated tension and curve type, and color 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 bold lines.

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 (Figures 5.6¢ & 5.6d) 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 (Figures 5.6a & 5.6b), 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
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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,
Figure 5.7 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 and 550 s in the parked load case, for
the wind and wave seeds considered (see Figure 5.4). All LRDs (coloured lines) reduce the
peaks in fairlead tension compared to the base-case mooring (grey lines). Additionally, LRDs
eliminate slack line events in taut mooring configurations (5.4 d), i.e., they maintain tension in

the mooring line when it would otherwise reach zero during troughs in dynamic load response.

Greater tension reduction is apparent in mooring scenarios with less inherent compliance in the

base case mooring configuration, i.e., in the taut line and shallow-water moorings (Figure 5.7 d).
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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 (Figure 5.6a) 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 (Figure 5.7d, at 490s and 510s), 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.

5.4.2 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 (Figure 5.8).

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 than 5 MN/m), which is highly effective at reducing tension, but also translates to
rapid extension of the device 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 tension 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 (Figure 5.8 b),
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 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.
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FIGURE 5.8: 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

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 [53]; 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 operating case causes a constant, ‘background’ load, which displaces the 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.

5.4.3 Fatigue damage reduction

In addition to reducing the tension caused by the maximum loading event, which can lower the
required material cost of a FOW mooring system, LRDs also reduce the tension on the mooring

system caused by other, lesser, loading events. As detailed in Section 2.2.4.2, the damage caused
by these lesser loads can accumulate over the structure’s lifetime, causing fatigue in the mooring

components which constitutes the leading cause of chain failure for permanent moorings [125].
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The reduction in lower-amplitude loads is apparent in the time-series shown in Figure 5.7,
where ‘smaller” peaks in tension occurring at 450s and 475s 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 Figure 5.4. For each
peak, the resulting tension reduction for the LRD moorings is measured and scattered against
the magnitude of the original peaks (Figure 5.9), using the optimal rated tensions determined in
section 5.4.2.

(a) Catenary, depth =150 m (b) Taut, depth = 150 m (c) Catenary, depth =75 m (d) Taut, depth =75 m
60 - 60 - 60 60
°
—~ L]
X Yz 3
550- 50 50 50 .‘:!l. ay
=] : A A&é‘d‘ ::'.0:
5 40 1 40 1 40 1 : 40 1 5 % °
g ‘;6 4w 2 "y %m0 .
: = .o
£ 307 53: N 30 . 30 * o
"qéj ‘ ‘. e ¥
= o1 20 1
E - .
g 10
&
T T T T T 0 T T T 0 T T T
40 50 30 40 50 20 30 40 50 20 30 40 50

Magnitudes of tension peaks in base mooring (% of MBL)

TFI DO IMS 1 IMS 2
Parked ° A L 4 5]
Operational o A o o

FIGURE 5.9: Reduction in tension provided by each LRD 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.

These results show a strong correlation between peak load magnitude in the base-case mooring,
and the resulting tension reduction provided by the LRD. The moorings with more inherent
compliance (Figure 5.9 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, 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 [126] (see section 2.2.4.2 for more details). This was calculated
using a rainflow counting algorithm, with a fatigue slope of 5 [50], for each full time-series. The

resulting DEL is shown in Figure 5.10 for each rated tension and stiffness curve type.
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FIGURE 5.10: 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.

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 3-phase 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 (Figure 5.10d), 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 Figure 5.8d). 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.
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5.5 Effect of LRD stiffness curves on platform motions

5.5.1 Significance of platform motions

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 Figure 2.7),
only the DOFs in the plane parallel to this axis are considered, i.e. only the surge, pitch and
heave DOFs (see Figure 2.7). More background discussion on platform motions is provided in
section 2.2 of the literature review.

Mooring designs for FOW 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 Figure
5.5). 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 presents an assessment of the effect
of LRD 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 5.4.2: 3.5 MN for TFI and 4.5 MN for DO and IMS 2.

5.5.2 Wave-induced motions

To isolate the effect of the LRDs on wave-induced motions of the structure, the full FOW and
mooring system were subjected to a set of regular Airy waves with varying frequency and fixed
amplitude. The amplitude of motion is 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 Figure 5.11, 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. The taut shallow water mooring has very little compliance without the LRD,
hence its stiffness is primarily driven by the stiffness of the LRD (see Figure 5.5 for further
discussion), in turn leading to a more visible effect of the LRD on the RAO curve. This effect is
reduced in deeper waters, where the base mooring system is less stiff and therefore less
sensitive to the LRDs.

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, 10-15s.
This reduction is higher in the shallow water scenario. Heave response is increased by LRDs at



84 Chapter 5. Comparative dynamic analysis of load reduction device stiffness curves
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FIGURE 5.11: Effect of regular wave-only loading on platform surge, heave, pitch and nacelle
accelerations.

very high wave periods, 20-25s, but these are typically not experienced in realistic sea states so

should not be of concern.

5.5.3 Wind-induced motions

To isolate the effect of the LRDs on wind-induced motions of the structure, the full FOW turbine
and mooring system were subjected to the same irregular wind conditions used in section 5.2.3,
but without waves. Resulting time-series of surge (i.e. horizontal platform offset), heave, and
horizontal nacelle accelerations are shown in Figure 5.12, 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
Figure 5.11. The vertical degrees of freedom (heave and 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 (Figure 5.12 ¢ & d). During the parked case (Figure 5.12 a & b), the
blades are feathered to shed load, but the wind speed is much higher (41.10 m/s for parked vs.
10.59 m/s for operational) and less regular, leading to a greater variation in response for both
surge and pitch. In both parked and operational cases, the negligible dynamic loading means

nacelle accelerations are low.
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FIGURE 5.12: Effect of wind-only loading on platform surge, pitch and horizontal nacelle accel-
erations, for 75 m water depth.

In both cases, with the absence of waves, the relationship between fairlead tension and platform
surge is essentially quasi-static: the platform 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.

5.54 Combined wave and wind 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 5.2.3 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 Figure 5.13, cropped to show the peak
event. For brevity, only the 75 m 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:

¢ The damping effect from the LRDs results in a lower wave-induced dynamic surge
response, in contrast to the increased wind-induced surge component induced by LRDs
(as shown in section 5.5.3, Figure 5.12). This leads to a higher increase in surge in the
operational case with higher wind loading (Figure 5.13 b and c) than in the parked case
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FIGURE 5.13: 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.

with higher wave loading (Figure 5.13 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 500s 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 oscillations are
reduced by the LRDs, but the mean pitch is not affected, as was shown in section 5.5.3.

¢ 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 shape of an LRD has very
little effect on the motion response of the platform when compared to the response with the
base-case mooring, i.e. without the LRD. All LRD curve shapes reduce oscillatory motions for
pitch, heave and nacelle accelerations, but increase maximum surge (i.e. horizontal platform
offset) of the platform. The surge motion is the only case where slight differences could be noted
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between the three LRD curve shapes. This is due to differences in the extension of the LRDs,
which are minimal as the rated tensions considered across the 3 devices (3.5 MN, 4.5 MN, 4.5

MN) were similar.

5.6 Sensitivity analysis of LRD length

5.6.1 Significance of LRD length in stiffness curve comparison

Previous analyses in this chapter have considered two LRD design parameters: stiffness curve
shape and rated tension. Another key design parameter is the maximum extension of the LRD,
which is defined by the length of the LRD section in the FE model. LRD extension determines
the amount of compliance introduced by the LRD, and can make a significant difference to the
overall stiffness profile of the mooring system, as was discussed in Chapter 4 (see Figure 4.14)
and section 5.3 (see Figure 5.5). The LRD length has been fixed at 20 m in the results presented
so far, i.e., a maximum extension of 10 m when the LRD reaches its rated tension at 50% strain.
In practice, the ‘length’ of the LRD section, or its maximum extension, would be increased by
combining multiple devices in series, or in the case of the mechanical DO device, by increasing
the distance between the its hinge points.

5.6.2 Influence of LRD length on tension reduction

Figure 5.14 shows the effect of varying the length of the LRD section on the maximum tension
reduction, in the parked 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 5.4.2, the other is set
0.5 MN above. For all stiffness curve shapes, increase in LRD length leads to higher reductions
in maximum tension. The gains in tension reduction tend to be greater in the scenarios where
the base-case mooring has little compliance (Figure5.14d). However, these benefits are
regressive: once sufficient compliance is reached, increasing the length of the LRD has less effect

on the tension reduction.

These trends also vary across the three curve shapes considered. In particular, for the 3-phase
stiffness curves, i.e. TFI and DO, varying the LRD lengths can change the optimal rated tension
of the LRD. This is especially true for the TFI curves, and is visible from the full red line (tension
reduction for 3 MN rated tension) going above the dashed red line (tension reduction for 4 MN
rated tension) as the LRD length is increased. 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
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FIGURE 5.14: 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 5.4.2.

providing adequate compliance, but can provide much higher tension reduction when the
length of the device is increased.

5.6.3 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 extension of the LRD (see Figure 5.12). The extension of the LRD, as shown in
Figure 5.15, 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. Figure 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 5.4.2,
the other is set 0.5 MN above.

(a) Catenary, depth=150m  (b) Taut, depth = 150 m (c) Catenary, depth =75 m (d) Taut, depth=75m  pp
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FIGURE 5.15: 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 5.4.2.
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As expected, the increased length of LRDs leads to more surge of the operational turbine, across
all 4 mooring scenarios. However, Figure 5.15 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 Figure 5.14). For the 3-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 (Figure 5.15d), at the cost
of only 5% less tension reduction benefit (Figure 5.14d).

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 5.4.2, 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.

5.7 Conclusions

5.7.1 A refined design space

This chapter has shown that the combination of 3-phase stiffness LRDs, such as the TFI
Seaspring and Dublin Offshore LRD, with high-modulus taut moorings can be considered a

strong choice of design space for FOW mooring system optimisation.

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, tension reduction performance for 3-phase curves LRDs
relied on finding the optimal window of rated tension, whereas the single-phase curves (i.e.

IMS) provided more consistent tension reduction across all rated tensions.

The 3-phase curve shapes did not lead to worse effects on motions of the system than
single-phase stiffness curves: the increases in mean surge (i.e. offset) caused by the LRDs were
shown to be mainly affected by LRD length rather than curve shape. Compared to the moorings
without LRDs, all LRDs lead to reduced amplitudes of wave-induced surge (i.e. horizontal
platform offset), heave, pitch and nacelle accelerations.



90 Chapter 5. Comparative dynamic analysis of load reduction device stiffness curves

In all scenarios, tension reductions were shown to be higher in taut moorings than catenary
moorings, as the higher stiffness in the base taut moorings allowed the LRD to drive the
compliance of the full system, thus maximising its benefits. These taut moorings are highly
efficient in terms of materials usage, weight, and footprint size, but they typically lead to
extreme loads in highly dynamic situations, and slack load events which are damaging to the
mooring lines 5.4. The taut moorings with correctly designed LRDs produce no slack events,
thus making the mooring systems viable, even with steep inclination angles such as the one

considered in this chapter (35 deg).

5.7.2 A basis for holistic design optimisation

This chapter established the importance of finding the optimal rated tension of the LRD, to
ensure it operates in the second phase of its stiffness curve, for LRDs with 3-phase stiffness
curves. However, finding this optimal rated tension is not straightforward, as it is dependent on
the stiffness curve shape, the length of the LRD, as well as the type of mooring system. Thus, the
LRD should be optimised holistically, i.e., varying LRD parameters simultaneously alongside
other mooring parameters in a multivariate analysis, to ensure a global rather than local
solution is found.

The optimal LRD design was also shown to be dependent on project-specific parameters, such
as water depth, load case or even objective considered: optimal fatigue reduction required a
lower rated tension, whilst maximum tension reduction benefited from a higher rated tension.
In other words, the ideal LRD design optimisation framework should enable as much flexibility
as possible in the selection of project-specific parameters. This means covering a broader design
space and objective space than previous studies (see section 2.4), and as such, is well suited to

the machine learning techniques outlined in sections 2.4.2.4 and 2.4.2.5.
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Chapter 6

Surrogate-based optimisation of
mooring systems with load reduction

devices

6.1 Background

6.1.1 Motivation

Chapter 5 identified a promising design space for FOW mooring design: taut moorings with
3-phase stiffness load reduction devices (LRDs). This design space is illustrated in Figure 6.1,
and shows the two 3-phase stiffness LRDs (TFI and DO), along with the set of design
parameters for the full taut-LRD system. The taut-LRD system was shown to be particularly
effective as the LRD can deliver all the required compliance, enabling the usage of
higher-modulus rope and smaller seabed footprints, whilst reducing loads on moorings and

anchors in extreme conditions.

Three LRD parameters are considered in this design space: 1) the rated tension T4, which is
the design limit for tension in the device, and corresponds to the point at which compliance is
exhausted; 2) the maximum extension AL, which determines the extension of the LRD at the
rated tension (AL, is driven by the length of the spring in the FE model); 3) the shape of
stiffness curve, which is either based on the DO or TFI LRD for this chapter. Determining the
optimal combination of LRD parameters for load reduction depends on location-specific
variables, such as water depth and environmental loads; but also on the other mooring design
variables shown in Figure 6.1b, which affect the tension in the LRD. Thus, to provide most
benefit, an optimisation framework should consider all LRD and mooring design variables
simultaneously, to find the combinations of variables resulting in the lowest possible design

tensions. Additionally, for a holistic design approach, other objectives apart from load reduction
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FIGURE 6.1: Novel design space for FOW moorings, which combines LRDs with a taut mooring
configuration.

should also be considered. In particular, FOW projects typically have strict criteria regarding the
maximum allowable motions which can cause undesirable effects to the system if exceeded. In
the case of loading parallel to the primary line, these motions include pitch, surge, and
acceleration of the nacelle.

Including all of these considerations means covering a broad design space, and formulating a
complex optimisation problem with multiple objectives. Furthermore, to adequately capture the
dynamic tension reduction provided by LRDs, time-dynamic modelling must be used to assess
performance of designs with respect to objectives. As discussed in section 2.4.2.4, combining
high-complexity optimisation and high-fidelity modelling is a challenge well-suited to
surrogate-based optimisation.

6.1.2 Review of existing surrogate-based FOW mooring optimisation

Two recent studies used machine-learning techniques to train surrogate models based on data
from time-domain dynamic modelling, for FOW mooring optimisation [16] [17]. Both studies
employ a two-step process to reduce the number of designs which need to be fully assessed: the
tirst step employs a simple classification model which filters out initial designs if constraints are
violated, and the second step employs a more complex regression model which then assesses
the filtered designs with respect to the optimisation objectives. These studies were shown to
provide effective optimisation results using surrogate models trained for specific water depths,
load cases, and pre-defined objectives and constraints. However, if a new location and/or new
optimisation objectives were to be considered, the full training dataset would need to be

regenerated and the surrogate models retrained. This is not necessarily an issue for detailed
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design once project specifics are fully determined, but at concept design level, more flexibility

would be advantageous.

6.1.3 Research objective

In line with objective O3 of the thesis, this chapter proposes a flexible design methodology to
optimise a taut mooring with LRDs for any water depth, load case, and optimisation objectives
and constraints (see section 1.5). The method is enabled through the development of a surrogate
model that takes time-domain wave elevation inputs, and predicts quasi-instantaneous
time-domain outputs of fairlead tension and platform motions. The surrogate model can then be
applied to single or multi-objective optimisation routines with a variety of objectives. A full list
of design outputs that were included in the optimisation design space for this chapter are shown
in Table 6.1 (replica of Table 2.4 in chapter 2), along with the system benefits which can be
obtained from minimising each output: tensions, both fatigue and (T), surge (S), pitch (P),
Nacelle accelerations (A). For illustration, this method is applied to two example locations, and

two example optimisation approaches at the end of this chapter.

TABLE 6.1: Key outputs for FOW mooring design, along with the system benefits obtained from
minimising these outputs.

Key outputs to minimise Positive effects of minimisation on FOW system

Fairlead tension (T) Reduced size of mooring line and anchor required (peak load),
increased reliability and longevity of mooring (fatigue)

Surge (S) Ensures safety of the power cable

Pitch (P) Improves aerodynamic performance of the turbine

Nacelle accelerations (A)  Reduces structural damage to the turbine

The surrogate model developed and presented in this chapter is specific to the design space it
was trained for, i.e., taut rope moorings with LRDs — albeit for any water depth, load case, and
optimization objectives and constraints. However, the framework of the method presented is
applicable to other design spaces, including alternative mooring configurations, with or without
LRDs, or other design problems altogether (e.g. for the platform or controller).

6.2 Methodology

6.2.1 Workflow

The overall workflow for the surrogate-based optimisation approach developed in this chapter
can be divided into two distinct steps. The first step was to create the surrogate model, which
involved setting the design space boundaries, generating the full FEA model dataset within
these boundaries, and training neural networks from the resulting dataset. This process was the

most time-consuming and computationally intensive, but only needed to be performed once for
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the chosen design space. Once the surrogate model was obtained, its computational efficiency
offered a significant advantage, enabling the generation of time domain outputs 100,000 times
faster than the original FEA (Figure 6.2).

Step 1: Surrogate model creation

Start surrogate -
modelling process Store input and
output FEA data
Step 2: Surrogate-based optimisation Surrogate model application

Option 1: graphical
approach

Option 2: genetic
algorithm approach

Run FEA on
random models
within design space

Train neural networks
from FEA data, combine
into surrogate model

Set design space
boundaries

Store surrogate
model

Visualise outputs and
graphically select Present final designs
optimal designs
i =max iterations:
Present final designs

Evaluate full design space
through an evenly spaced
grid of designs

Set location-specific
parameters and optimisation
objectives

Start optimisation
process

Select best performing
designs with respect to
objectives

Evaluate a small number
of designs

i < max |iterations

Generate new set of designs based on best performers

FIGURE 6.2: Overall workflow for creating the surrogate model (step 1) and applying it to the
optimisation problem (step 2). Start of self-contained processes are outlined in red, process ter-
minators are outlined in blue, and actions are outlined in black.

The second step involved applying the trained surrogate model to the optimisation problem.
This step was flexible and repeatable, as the trained surrogate models could be applied to any
modelling problem within the design space. The surrogate models created for this research were
applied to two optimisation approaches : a graphical approach, and a numerical approach. The
graphical approach consisted of using the surrogate models to model grid-spaced combinations
of mooring design variables, using the resulting multivariate plots to graphically determine
optimal designs based on a required single objective and constraints. For multi-objective
optimisation, numerical optimisation was required, using a genetic algorithm (GA). The
GA-based optimisation involved generating a set of designs, called ‘individuals’, evaluating
them with respect to pre-defined objectives, and selecting the best sets to iteratively create the
next generation of designs. After a certain number of generations, the best individuals were

extracted and formed the ‘final” designs.

6.2.2 Generating the dataset

The training dataset was generated from dynamic time-domain analyses with a commercial FE
software package, Flexcom. Flexcom offers fully-coupled aero-hydro-servo modelling using
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 (OC4 - OC6) [109]. To generate the training dataset, a total of 40,000
Flexcom simulations were run in an automated manner, with a uniformly-distributed set of

random input parameters, storing time series outputs of every run to form the dataset.
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The simulations were run with full aero-hydro-servo coupling, with irregular JONSWAP waves,
constant uniform wind, and constant current in a co-linear direction to the incident waves.
Constant uniform wind was chosen to simplify the overall problem and resulting surrogate
model. The main limitations of using constant uniform wind, rather than a full 3D wind field, or
even uniform but time-varying, are the resulting under-estimates of drift motions of the
platform and accelerations at the nacelle [127]. This limitation was deemed acceptable in the
context of this concept design tool, as in extreme load cases the LRD design is expected to be
driven by the wave heights rather wind turbulence [11] [128]. For more detailed design, the
methodology and framework can be easily scaled to generate a surrogate model with a
time-varying wind input, where instead of saving a scalar input value of mean wind speed at
the hub, the whole input time series is stored for each simulation. The neural networks can then
be trained with the same structure, with an additional time series input channel for wind speed

alongside the wave elevation time series input.

The first step in running the simulations involved defining the boundaries of the design space of
the FEA model. The design space is defined by two key components, which affect the range of
applicability of the resulting surrogate model:

1. Fixed inputs: these were fixed across all FEA simulations. Consequently, the trained
surrogate model cannot be run for a different value of these inputs, and they cannot be

used as design variables for the optimisation routine.

2. Variable inputs: these were varied within a set of bounds for each FEA simulation. The
trained surrogate model can then produce accurate outputs for any new input values, as

long as they are within the set bounds.

In theory, the training dataset can be generated for as many variable inputs as necessary, but
each added variable requires more training data, thus more computational time, and adds a
potential source of error to the trained surrogate model. For the surrogate model presented in
this chapter, the fixed inputs included all the model components which are not related to the
mooring system. These were based on the reference models of the International Energy Agency
(IEA) 15 MW wind turbine and the Volturn-US semi-submersible platform, which are available
as pre-built Flexcom models (validated against the FAST model [98]). The full model
specifications are detailed in publications from the National Renewable Energy Laboratory
(NREL) [110],[111]. The only modification made to the base model was the mooring system,
which was changed to a 3-line taut system with an LRD at each fairlead, as shown in Figure
6.1b. The LRDs were modelled as single spring elements with the non-linear stiffness curves
shown in Figure 6.1a, and a length of spring determined by the maximum extension parameter
ALjyax. The ALy is achieved at 50% strain for TFI and 100% ‘strain” for DO, thus the spring
sections were given a length of 2AL;,4, for TFI and AL,y for DO. The DO spring section was
made neutrally buoyant, and the wet weight of the TFI spring section was scaled to its rated

tension as recommended in supplier guidance [82].
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The variable inputs were then divided into two categories: the mooring and LRD design
variables, which are subjected to optimisation, and the location-specific parameters (i.e. water
depth, load case parameters), which are fixed for each load case used to optimise the mooring
system. Crucially, these location-specific parameters were included in the variable inputs,
making the surrogate model applicable to any location which falls within the bounds of the

dataset. The full list of fixed and variable inputs, along with their values or bounds, is shown in
Table 6.2.

TABLE 6.2: Fixed and variable inputs to the FE model, used to generate the training dataset.

Fixed inputs Values
Wind turbine model IEA 15 MW reference turbine
Platform model Volturn-US semi-submersible
Mooring configuration 3-line taut with LRDs
Variable inputs Bounds
Mooring line angle w.r.t. horizontal 6 (deg) 15 -42.5
5 § Fairlead pretension T, (MN) 0.75-2.5
S -8 Rope stiffness EA (MN) 25-125
50 S LRD type Dublin Offshore, TFI SeaSpring
8 &  LRDrated tension Tyyeq (MN) 3-8
§ é LRD extension at rated tension AL, (m) 5-15
o Water depth I (m) 50-175
"§ o Mean wind speed at hub height V},,;, (m/s) 5-55
S Wind-induced current U, (m/s) 0-1.60
£ §  Significant wave height H; (m) 1-16
T8 Peak wave period Tj, (s) 6-18
§ = Jonswap peakedness factor y 1-4

Before running the simulations to generate the dataset, a list of stored outputs from the FEA
simulations needed to be determined. The surrogate model is able to produce the same outputs
as were stored from the FEA, provided that they were all included in the training. For this
chapter, five outputs were requested from the FEA, corresponding to the key outputs identified
in Table 2.4: fairlead tension, surge, pitch, and horizontal and vertical accelerations of the
nacelle. All FEA simulations were then run for 3600s for each combination of input variables,
and the resulting output time series were combined with the inputs of the run and stored to
form the dataset. Once trained, the surrogate model could then be run iteratively with longer
wave elevation input time series to generate outputs of any required duration.

6.2.3 Creating the surrogate model

The FEA dataset was used to train a set of five recurrent neural networks, one for each of the
required outputs. Of the 40,000 time series forming the original FEA dataset, 5,000 were used for
validation, 5,000 for testing, and the remaining 30,000 for training (all randomly assigned). The
neural network architecture included one layer of dense inputs, one hidden layer or recurrent

cells, and a single-cell final output layer, as shown in Figure 6.3. The recurrent cells, unlike
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classic feed-forward neurons used in scalar-to-scalar neural networks, are specialised for
handling sequential data rather than individual scalar values. In this case, they retain a memory
of previous input waves and previous tension and platform motion outputs, which influences
the processing of current inputs, and enables sequence-to-sequence regression. Thus, the full
wave elevation time series used in the FEA simulations can be used as an input variable, rather
than the JONSWAP parameters Hs, Tp, . This allows the neural networks to generalise for any
wave seed, meaning they can be run iteratively with new random wave seeds to provide
outputs of any duration. Additionally, the sequence-sequence regression provides full flexibility
of output metrics without re-training the neural network, allowing an output time series to be
characterised by its maximum value, mean value, RMS, or rainflow counted (for tension time
series only) depending on the objective required. A scalar-scalar, or sequence-to-scalar model
would require re-training for each output metric, and would not be able to accurately reproduce
time history-reliant metrics such as the damage equivalent load (DEL).

With a sequence-to-sequence model, the full wave elevation time series used in the FEA
simulations can be used as an input variable, rather than the JONSWAP parameters Hg, T}, 7.
This allows the neural networks to generalise for any wave seed, meaning they can be run
iteratively with new random wave seeds to provide outputs of any duration. Once trained, the

neural networks were then combined to form the surrogate model, as per the structure shown in

Figure 6.3.
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FIGURE 6.3: Overview of surrogate model, which takes both location-specific parameters and

mooring design variables as inputs, and produces 5 output time series of any required length.

All neural networks which constitute the surrogate model contain similar general architectures,
as shown in the dashed section on the right of the figure.

6.2.4 Applying the surrogate model

The first step in applying the surrogate model involved fixing values for the location-specific
parameters, leaving only the design variables to be determined by the optimisation process.
Two sets of example locations were selected, which are representative of offshore Maine (East
coast USA, North Atlantic) and Fos (South coast France, Mediterranean) [46]. For a given
location, any representative load case could theoretically be modelled, as long as it is within the

bounds outlined in Table 6.2. For this chapter, each location was attributed three sets of design
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load cases (DLCs), defined according to IEC guidance (more background on DLC selection and
the IEC load case matrix is given in section 2.2.2):

1. Extreme load cases (DLCs 6.1): parked turbine and 50-year wind and wave conditions,
typically used to assess maximum loads and platform motions in parked turbine states.

2. Severe load cases (DLCs 1.6): operational turbine at rated wind speed and 1-year wave
conditions, typically used to assess maximum loads and platform motions in operational

turbine states.

3. Normal load cases (DLCs 1.1): operational turbine and normal wind and wave conditions,

typically used to assess cumulative fatigue damage on the structure.

The location-specific parameters of these three sets of DLCs are outlined in Table 6.3, for each
example location: Location 1, representative of offshore Maine, USA, in the North Atlantic,
rated as a ‘medium-intensity’ location; Location 2, representative of offshore Fos, France, in the
Mediterranean, which is rated as a ‘low-intensity” location. For both locations, extreme and
severe load cases (DLCs 6.1 and 1.6) were defined with fixed values for all parameters except for
the peak wave period T, which was defined as a range. Unlike the other parameters, where the
higher values usually generate higher loads, the highest value of T, does not always lead to the
maximum loads or platform motions. Thus, all T, values within the possible range were
considered to the nearest full second to ensure maximum events were captured, representing 4
to 7 different sea states for DLCs 6.1 and 1.6. The normal load cases (DLCs 1.1), which were used
for fatigue analysis, were composed of 15 different sea states which capture the most common
weather loading for each location. For brevity, Table 6.3 only shows the parameter bounds of
these 15 sea states, and these are described in full in appendix A. For each group of DLCs, all sea
states were run for 3600s of simulation time (i.e. 3600s of time series outputs).

TABLE 6.3: Description of the three groups of design load cases (DLCs) used for mooring design
optimisation in this chapter, based on data from the COREWIND report for two example loca-

tions [46].
Location 1: water depth = 130 m Location 2: water depth =70 m

DLCs 6.1 DLCs 1.6 DLCs 1.1 DLCs 6.1 DLCs 1.6 DLCs 1.1
Vhub (m/s) 44.00 10.59 5.81-29.05 37.00 10.59 5.11-29.93
Uc(cm/s)  66.00 15.89 8.71-43.57 55.50 15.89 7.66 - 44.89
Hs (m) 10.90 7.70 1.59-5.09 7.50 4.00 1.00 - 3.69
Tp (s) 11.00-16.00 9.00-16.00 7.57-10.34 8.00-12.00 8.00-12.00 5.16-9.34
Gamma 2.75 2.75 1.00 2.75 2.75 1.00

Once the location-specific parameters were defined, these could be set as fixed inputs to the
surrogate model, and various combinations of mooring design variables could be assessed for
optimisation. Two optimisation approaches were demonstrated, as described in Figure 6.2: a
graphical approach, which was applied to a single-objective optimisation problem with
constraints, and a numerical approach, which was applied for multi-objective optimisation

problem.
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6.3 Surrogate model validation

6.3.1 Neural network architecture selection and training

The most critical components of the surrogate-based optimisation are the 5 recurrent neural
networks (RNNs) which produce the time series outputs. Unlike simple feed-forward networks,
RNNSs can retain memory of previous inputs, making them well-suited for sequential data. Each
RNN contains a single, wide hidden layer, which is defined by two main parameters: the type of
recurrent cell used, and the number of cells in the layer. Various types of recurrent cells are
available, but the two most commonly used types for sequence-to-sequence modelling are Long
Short-Term Memory (LSTM) [129] and Gated Recurrent Unit (GRU) [130]. LSTM units are a type
of RNN cell which can capture long-term dependencies, using mechanisms called gates to
regulate the flow of information. These gates include input, output, and forget gates, allowing
LSTMs to selectively remember and forget patterns over time. GRUs are a newer, simpler
variant with fewer parameters, combining the input and forget gates into a single update gate

for a more computationally efficient structure.

Once the type of cell is determined, the second key parameter of the hidden layer is its width,
i.e. the number of cells it contains. A large number of cells can capture more patterns and
inter-dependencies between input variables, but can cause over-fitting if the problem is not
sufficiently complex and the amount of training data is too small. To find the best combinations
of layer types and width, a grid search was performed. This is a commonly used process to tune
neural networks, which involves training multiple variants with different combinations of
parameters, usually for a reduced number of epochs to limit computational time, and assessing
performance of each combination using the test data. Using this approach, a set of 6 different
RNNSs (3 layer widths, 2 layer types) were trained for each output, for 6 epochs.

These were then tested using the set of 5,000 testing data “packages” which had been set aside
after the data generation step. Each testing data “package’ corresponds to one original FEA
simulation, and contains the output time series of that FEA simulation, along with the unique
set of input model and load case parameters used to run that simulation. Using these input
parameters, predicted output series were generated using the neural network, and added to
each test package. Thereby, for each of the 5,000 test packages, the original FEA time series and
RNN-predicted time series could be compared according to any required error metrics. In time
series regression, prediction accuracy can be measured with specialised error metrics such as
cumulative error index (CEI), which sums accumulated errors at every time step, capturing
long-term forecasting stability and error drift (i.e. gradual worsening of errors throughout a
sequence). In this case, as the RNNs are used for sequence-to-sequence with a short fixed
input-output window (3600 seconds) rather than long-term forecasting, no significant drift was
expected. Thus, standard error metrics were considered for each of the test packages: 1) mean
absolute error, which was taken as the mean difference between all RNN-predicted outputs and

original FEA outputs across all time series points, capturing the performance of the RNN over a
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full time series ; 2) maximum absolute error, which was taken as the largest difference between

NN-predicted outputs and original FEA outputs across all time series points, capturing the

performance of the RNN for peak values. For the neural network architecture selection, two

commonly-used error metrics were averaged across all 5,000 test packages, and resulting

statistics for both error metrics are shown in Figure 6.4.
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FIGURE 6.4: Grid search for optimal hidden layer architecture, considering two types of RNN

cell (LSTM and GRU) and three widths of hidden layer. The grid search was performed for each

output independently, and the neural networks were assessed according to maximum absolute
error and mean absolute error over each test time series.

The GRU layer displays better performance than the LSTM across all outputs, for both error
metrics. This can be explained by the more complex structure of the LSTM, which may attempt
to model longer term relationships which are not relevant for this scenario: for FOW response,
outputs depend on a small number of previous wave elevation points, but not on waves
encountered much earlier in the time series. In particular, for the nacelle accelerations, where
small oscillations occur about zero and little memory is required, the GRU performs
significantly better.

In general, larger numbers of hidden layer cells display better performance for both maximum
and mean error metrics. The largest performance benefits are shown when increasing the layer
width from 128 to 448 cells, which suggests that the 128-cell architecture was not providing
enough complexity to model some key relationships between input variables. Increasing from
448 to 768 generally provided smaller gains in accuracy, and in the case of output (a), resulted in
poorer performance for the maximum error metric, which is a typical symptom of overfitting.
As per the results of the grid search, the optimal hidden layer architectures were selected as
448-cell GRU for output (a), fairlead tension, and 768-cell GRU for outputs (b) to (e),
representing the platform motions.

Once this architecture was selected, the RNNs were trained for a greater number of epochs (10
epochs). The loss function, i.e. the error function used to adjust hidden layer weightings during
training, was the mean absolute error, which ensured equal error weighting for all points in the
output time series. Training data were processed individually, which involved feeding
individual training points to the neural network and updating weights after each training point.
The resulting loss, calculated at every epoch for both the training and validation data, is shown
in Figure 6.5.
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FIGURE 6.5: Training and validation loss over full training routine, for each time series output.

All loss curves evidence a successful training routine, with convergence to low mean absolute
error (0.5%) and no overfitting, i.e. no differences between test and validation loss. In the initial
1 to 2 epochs, all RNNs exhibit lower validation loss compared to training loss. This occurs
because the validation loss is computed at the end of the epoch, reflecting a more trained state of
the RNN. Conversely, the training loss, which is averaged over each epoch, includes poor
predictions made early in the epoch after little training has been completed.

6.3.2 Neural network error analysis

The mean absolute error values achieved by the RNNSs at the final training epoch (i.e. epoch 10
loss, shown in Figure 6.5) indicate that mean absolute error across all time steps in all the
validation time series is below 0.5%. This error metric is effective for training, as it weights all
errors evenly throughout the time series, thus enabling the neural network to learn relationships
evenly and reducing the risk of over-fitting to local maxima. However, in the context of FOW
design, errors are not equally important at all points in the time series. In particular, errors at the
maximum values of the time series may be design-driving and thus require more attention. To
validate the neural networks, a new error metric error@yqx is introduced, which represents the
absolute error between the predicted and target time series at the maximum point in the original
FEA time series (not to be confused with the maximum absolute error discussed in section 6.3.1,
which can happen anywhere in the time series). The errorg,.x values were calculated for each of
the 5,000 test data packages, for each of the 5 RNNs, and the resulting frequency distribution of

errors is shown in Figure 6.6.

The histograms show that the majority of error@uq, are close to zero, for all 5 RNNs. However,
the single maximum errorgma, values from the whole test dataset can be high. For instance, the
maximum fairlead tension errora.., value across all test data for RNN (a) is close to 1 MN,
which could be problematic if the specific case at the source of this error is design driving. The
sources of these error values are investigated in more detail in Figure 6.7, which displays the
worst prediction along with the associated input variables at the source of the error.

For all outputs, the errorg,.x occur for combinations of input variables that are close to the

boundaries of the training dataset, in particular with high values of current and wind speed



102 Chapter 6. Surrogate-based optimisation of mooring systems with load reduction devices
(a) FL. tension RNN (b) Surge RNN (c) Pitch RNN (d) Acc. x RNN (e) Acc. y RNN
80 1 1 1 1 1
60 1 1 1 :
401 1 1 .

aX. EITor@max = 0.86 MN

8}
S

Frequency (% of all test data)

(=]

0.0

0.5
Tension error (MN)

max. error@max = 2.57 m

N

0 1 2
Surge error (m)

axX. erTor@max = 1.17 deg

0.5
Pitch error (deg)

1.0

max. error@max =

0llg

0.00 0.05

Acc. x error (g)

0.10

max. error@max = 0.04 g

AN

0.04

0.00 0.02

Acc. y error (g)

FIGURE 6.6: Distribution of errors at the maximum point in the target time series (error@uay)-
Maximum errorgn,y values across the entire test dataset are labelled for each output.

(a) FL. tension RNN
7.51

Tension (MN)
SN
(=]

&
n

Time (s)

h=69.0 m, Trateq = 6.05 MN,
ALmax =10.1 m, EAope =
99.71 MN, 0 = 38.0 deg, Tp =
2.07MN, Vpyp =479 m/s, Hg =
52m,Tp=15.1s,Uc =144
cm/s, Y =1.64

Surge (m)

(b) Surge RNN

i, J\M

%3
S
L

N
3
f

N
=]
L

9]
3

0 200
Time (s)

h=164.9m, Trateq = 2.98 MN,

ALmax =9.2m, EArope =
35.62 MN, 0 =35.3 deg, Tg =

0.86 MN, Vb = 53.3 m/s, Hs =

9.5m,Tp=17.4s5,Uc =160
cm/s, Y =1.36

—— Target (Flexcom output)

Pitch (deg)

(c) Pitch RNN

ok ol
;' \ Wi
0 et 200

h=97.4m, Trateq = 7.02 MN,
ALpmax = 11.1 m, EArope =
126.75 MN, 6 = 43.1 deg, T
=1.77 MN, Vpup = 51.8 m/s, Hs
=6.1m, Tp=10.7s,Uc =121
cm/s, Y = 1.66

(d) Acc. x RNN

0.4

Acc. x(g)

Time (s)

h=118.4m, Trateq = 5.12 MN,
ALpax =28.8 m, EArope =
51.41 MN, 0 =30.2 deg, Tp =
0.74 MN, Vi = 41.2 m/s, Hg =
5.5m,Tp=8.65,Uc =115
cm/s, Y =3.40

Neural network prediction

Acc.y (g)

(e) Acc. y RNN

0.06 1 | |
lw”lM“I
‘u, ‘u |‘”‘ iJHH {
—0.06 1 I

0.00

(=]

0 200
Time (s)
h=170.1m, Trateq = 5.71 MN,
ALmax=194m, EArope =
28.14 MN, 6 = 19.0 deg, To =
2.03 MN, Vi = 34.0 m/s, Hs =
52m,Tp=83s,Uc =150
cm/s, Y =1.87

FIGURE 6.7: Time series with worst errorg;,r from the full set of 5000 test data, for each RNN,

along with the associated set of inputs that generated the time series.

(RNN (a), (b) and (c)) and low values of wave period (RNN (d) and (e)), which means they will
have limited impact on the design load cases chosen for the optimisation case study (Table 6.3).

One of the advantages of using RNNs trained for any random wave elevation seed is that errors
can be mitigated by considering multiple wave seeds for the same set of inputs, and averaging
the outputs. For each set of inputs that generated the maximum error@m, value (i.e. the sets of
inputs shown in Figure 6.7), the RNNs were run with 14 additional random wave seeds, and
mean and median values of the maximum outputs were taken across multiple seeds. Figure 6.8
shows the resulting reduction in errorgyq, for each additional random wave seed considered,
starting from the original seed which was the source of the high error.

These results show that if five or more seeds are considered for each output, and the median of
the results is taken across all seeds considered, the maximum error@mqx can be significantly
reduced for all 5 RNNs. For all further results in this chapter, all surrogate model runs were
performed using 6 different wave seeds for each set of inputs, and all metrics calculated from
the output time series were taken as the median value across all 6 seeds. Using this approach,
the maximum error@m., values can be considered satisfactory for concept design.



6.4. Optimisation case studies 103

(a) FL tension RNN (b) Surge RNN (c) Pitch RNN (d) Acc. x RNN (e) Acc. y RNN
~ 08+ 25 01004 0.04
Z —_ = 1.00 1 — _
i o of o)
= £20 3 2 0075 T
% A qg) L5 g 0.75 g £ 0.03
= 0.4 ® < *0.050 1 >
S %04 5 0.501 S 51
§ 021 i & < <00{ |\ LN
3 0. 054 025 1 0.025 - /
5 10 15 5 10 15 5 10 15 5 10 15 5 10 15
Number of seeds considered Number of seeds considered Number of seeds considered Number of seeds considered Number of seeds considerec
—— Mean Error Median Error

FIGURE 6.8: Reduction of the extreme errorgp,, values shown in Figure 6.7 by considering addi-
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6.4 Optimisation case studies

6.4.1 Capabilities of surrogate model for optimisation

Holistic design optimisation is made possible by the efficiency of the final surrogate model,
which takes less than one second to run all DLCs shown in Table 6.3 for 3600s, including the use
of 6 seeds per sea-state to reduce error as discussed in Section 6.3.2. The time series outputs then
allow full flexibility in the selection of objectives, constraints, and metrics to assess the outputs.
As discussed in section 6.3.2, the maximum point of the time series is a key metric, especially for
surge and tension, as these maximum values are typically design-driving [8]. For pitch,
although maximum values are important, high values sustained over long durations are a
particular concern for energy production [33], thus the root-mean-squared (RMS) of the output
time series is a suitable metric. For assessment of fatigue damage on the mooring line caused by
irregular loading, a specific metric exists, known as the damage equivalent load (DEL). For a
given irregular time series of mooring line tension, the DEL represents the amplitude of a
constant cyclic load that results in the same cumulative fatigue damage as the irregular tension
time series itself [126]. In this section, the applicability of the surrogate model is demonstrated
for select objectives and constraints formulated using the aforementioned metrics, using the
graphical and numerical approaches described in Figure 6.2. The graphical approach was
applied to single-objective optimisation with constraints, and the numerical approach was
applied to unconstrained multi-objective optimisation. For both approaches, the two example
locations described in Table 6.3 were considered, each with a different LRD, resulting in two
scenarios: scenario A using the TFI Seaspring (TFI LRD) for location 1, and scenario B using the
Dublin Offshore device (DO LRD) for location 2. Neither location necessarily suits one LRD
technology over the other, and although contrasts between the two scenarios are briefly
discussed, the main intention is to demonstrate the flexibility of the surrogate model rather than
to compare LRDs and locations.
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6.4.2 Graphical single-objective optimisation
6.4.2.1 Motivation

The choice of method for optimisation is motivated by the characteristics of the optimisation
problem, as well as the efficiency of the underlying model. Since the surrogate model developed
in this chapter can evaluate hundreds of designs in seconds, it enables the use of highly
computationally-intensive optimisation methods. In Table 2.7, a range of methods were
explored, each with different computational intensity and aptitude at handling constraints and
multiple objectives. The grid search optimisation is the most computationally intensive, as it
evaluates every possible solution in the search space, but has the benefits of: 1) being highly
reliable, as the exhaustive search means it cannot get stuck in local minima or maxima; 2)
providing insightful results over the whole design space, which can be interpreted graphically
to gather more understanding of the problem. This section explores the application of a grid
search approach to a single-objective problem, and provides a graphical interpretation of results

which can be used as a basis, or as an alternative to the genetic algorithm-based optimisation.

6.4.2.2 Optimisation problem definition

To perform holistic design optimisation, all design variables shown in Figure 6.1b must be
considered simultaneously. For the specific scenario, the optimal set of design variables x must
be found, where x = [0, Tpre, EArope, Trated, ALmax), Within a set of bounds A" as defined by the
limits of the design space shown in Table 6.2. This constitutes a 5-dimensional optimisation
problem, which is complex to visualise graphically. To do so, the design space can be split into
grid-spaced combinations of variables, to obtain a set of multivariate plots which adequately
covers the design space. For this analysis, particular emphasis was placed on the LRD design
variables as these require detailed consideration [128], and a grid-spaced combination of 20
Trated and 20 ALy, values were considered within the design space bounds. For each of the
three other design variables, only two values were considered for brevity and ease of
visualisation. This resulted in a total of 20 x 20 x 2 x 2 x 2 = 3200 combinations of mooring
design variables to be assessed for every load case, which would not be practical with full FEA

model, but could be completed in less than one hour using the surrogate model.

In this section, two example single-objective optimisation problems are considered: sop;, with
the objective of reducing maximum fairlead tension in the extreme 50-year condition (DLC 6.1),
and sop, with the objective of reducing fatigue damage on the mooring line in normal sea states
(DLC 1.1). These objectives are commonly used in mooring design optimisation [41], as both can
offer significant cost and reliability benefits (Table 2.4). However, optimising for these objectives
generally involves reducing the mooring system stiffness, and this must be considered
alongside increased platform motions. For this example, constraints are applied to two key

platform motions: surge (S) and pitch (P). As maximum surge is limited by the displacement
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range of the power cable, the designs were assessed using DLC 6.1 (50-year parked) to obtain
the highest expected values of surge in the FOW turbine’s design life. For pitch constraints,
which are usually determined by performance requirements in operation, most severe
operational load case with 1-year return (DLC 1.6) was used. For this case study, indicative
constraint values were selected based on existing literature [46], and are displayed in Table 6.4.
The two single-objective optimisation problems sop; and sop, are then defined mathematically,

giving Equations 6.1 and 6.2 respectively:

sops :

min  Thax 61(X

PRrus, 16(X) < Piim
xeX
sopy :
rnxin ToEr, 1.1(X)
PRMS,1.6(X) < Piim
xeX

where Thay, 6.1 is the maximum fairlead tension from all DLCs 6.1, Tpgy, 1.1 is the overall damage
equivalent load for all DLCs 1.1, Spax, 6.1 is the maximum surge from all DLCs 6.1, and Prys, 1.6
is the root-mean squared pitch from all DLCs 6.1. Spayx, 6.1 and and Prys, 16 are subject to
constraints Sy, and Py, respectively.

TABLE 6.4: Chosen values of constraints, for the two example locations described in Table 6.3.

The surge constraint is defined as 20% of the water depth, and the pitch limit is fixed at the same
value for both locations, based on values used in previous studies 2.3.

Constraint metric Location 1 Location 2
Maximum surge from DLCs 6.1 (Spax, 6.1) Siim = 14 m Slim = 26 m
Root-mean-squared pitch from DLCs 1.6 (Prvs, 1.6)  Plim = 5.5 deg Py, = 5.5 deg

6.4.2.3 Graphical visualisation of constraints

To graphically find the solutions satisfying the surge and pitch constraints, all 3200
combinations of design variables were assessed using the surrogate model, for DLCs 6.1 and 1.6
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respectively. The results for scenario A, i.e. location 1 and TFI LRD, are shown in Figure 6.9,
which covers the full design space using a separate surface plot for each combination of 6, Ty,
and EA;,pe, (see Table 6.2) where each surface plot covers all combinations of LRD design
variables T,;;0g and ALy,y.

Lower stiffness combinations of mooring variables in the top left of the grid (lower pretension
Tyre, lower rope stiffness EA,,p., and lower mooring line angle 6) result in higher surge (or
horizontal offset) of the floating platform. Similarly, reducing the stiffness of the LRD by
increasing its maximum extension AL,y or reducing its rated tension T,y also increases surge.
Thus, most of the combinations of low stiffness design variables do not adhere to the surge
constraint. All design variables show strong correlations to surge, and differences of up to 300%
can be noted between the lowest stiffness designs (top left surface) and highest stiffness designs
(bottom right surface). For pitch (Figure6.9 (b)), this trend is different: most design variables are
shown to have little correlation with the output, and only a 20% difference in pitch can be noted
between the lowest stiffness designs and highest stiffness designs. In fact, the pitch value is
shown to be mainly driven by mooring line angle, which affects the magnitude of the vertical
restoring force counteracting the rotational motion of the platform. Hence, for all combinations
of other design variables, the lower mooring line angle is shown to exceed the pitch constraint.

Results for scenario B (location 2, DO LRD) are shown in Figure 6.10. The overall trends are
similar to scenario A, with lower-stiffness combinations of variables causing higher surge, and
the lower values of mooring line angle causing pitch to exceed the specified constraint.
However, the magnitude of the maximum surge values is significantly lower, which is due to
the lower water depth and lower overall intensity of the environmental loading in DLC 6.1 for
location 2 (see Table 6.3). The difference in location-specific parameters is less influential for
pitch, and the magnitude of the RMS pitch values is overall comparable to those obtained for
scenario A. This is due to the wind-thrust on the turbine, which drives the pitch, being equal for
both scenarios A & B as their respective DLCs 1.6 both employ the same operational wind speed
(10.59 m/s, as shown in Table 6.3).

6.4.2.4 Graphical visualisation of objectives

Having removed portions of the design space which exceed the platform motion constraints, the
optimal designs for the single-objective problems sop; and sop; can then be determined
graphically, using the same format as the constraint visualisation plots in Figures 6.9 and 6.10.
The resulting surface plots are shown in Figure 6.11, for scenario A (Location 1, TFI LRD), with
the hatched areas from both pitch and surge constraints combined to illustrate the remaining

available areas of the design space.

As expected, the low-stiffness combinations of mooring design variables (top left of grids (a)
and (b)) led to the lowest fairlead tensions, for both maximum tensions and fatigue (DEL).

However, the design space for the LRD design variables is more non-linear, and LRDs with
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FIGURE 6.9: Mooring performance with respect to (a) surge constraint and (b) pitch constraint,
for scenario A (Location 1, TFI LRD). Each surface shows the output value for all combinations
of Tyteq and ALp,y, and these surfaces are positioned in the grid based on the value of the other
variables 0, Tyr,, and EAy,pe. Portions of the design space exceeding the constraints are hatched.
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reduction objectives, for scenario A (Location 1, TFI LRD). Portions of the design space which

exceeded the specified constraints are hatched, and the optimal regions for max. tension and
DEL reduction are marked on (a) and (b) respectively with a dashed yellow box.
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lower stiffness, i.e. lower values of rated tension T,4.4, can lead to higher maximum fairlead
tensions for DLC 6.1. This is due to the LRDs with lower rated tensions exceeding their rated
tensions in 50-year storms, thus entering their third phase stiffness too early, and not having any
compliance remaining to reduce the wave-driven dynamic loads. This is visible on the 3 MN TFI
stiffness curve plotted in Figure 6.1a: above 3 MN, the device is ‘locked-out’ thus bringing no
load reduction benefit. Conversely, if its rated tension is too high, the LRD will not extend past
its high first-phase stiffness when confronted with dynamic wave loading, thus not providing
adequate tension reduction. For all surface plots in Figure 6.11a & b, the optimal ranges of rated
tension values are located in the blue/dark blue regions, where the LRD is operating in its
second phase stiffness and can provide optimal tension reduction. For maximum tension
reduction, i.e. Figure 6.11a, this optimal range is itself dependent on the other mooring line
variables: the optimal rated tension is around 4 MN for the low-stiffness combinations of
variables (top row, i.e. 17.5°angle and 1 MN pre-tension) and around 6 MN for the highest
stiffness combination (bottom row;, i.e. 35°angle and 2 MN pre-tension). However, most of the
low-stiffness combinations of variables exceed motion constraints (hatched areas). From the
available parts of the design space not excluded by the constraints, the areas of lowest maximum

fairlead tension, i.e. the solutions to problem sop; are marked with a dashed yellow box.

For problem sop,, which involves minimising the fatigue damage (i.e. DEL) on the mooring
system, the optimal areas of the design space are different. As the magnitude of loads expected
from normal sea states (DLCs 1.1) is much lower than that expected from extreme sea states
(DLCs 6.1), the optimal rated tension to ensure the LRD is in its second phase stiffness is also
lower, at around 3 MN for most cases. Higher pretension values (bottom row of Figure 6.11b)
increase the base extension of the LRDs into a softer second phase stiffness, providing more DEL
reduction. The areas of lowest DEL which also adhere to the motion constraints, i.e. solutions to
problem sop,, are marked with a dashed yellow box. In practice, although these designs would
lead to low fatigue damage from normal sea states, they may not be viable as they would lead to
high maximum fairlead tensions and lock-out of the LRD in DLCs 6.1. Better solutions could be
found by considering both maximum tension and fatigue damage reduction objectives
simultaneously, and finding the designs which provide an adequate trade-off between the two
objectives.

Results for the design scenario B, i.e. lower intensity location and Dublin Offshore (Location 2,
DO LRD), are shown in Figure 6.12. Overall, the lower intensity of environmental loading for
extreme sea states (DLCs 6.1) in Location 2 leads to lower overall maximum tension values for
scenario B compared to scenario A. As the normal sea states (DLCs 1.1) are similar for both
locations, and loads for these sea states are mainly driven by the operational wind thrust on the

turbine, the magnitudes of DEL values for scenario B are similar to those of scenario A.

The effect of mooring design variables on maximum tension and DEL follow similar trends as
for scenario A, with lower-stiffness designs (i.e. lower pre-tension, lower rope stiffness, lower
line angle) generally leading to lower fairlead tension. However, the LRD design space is
different, due to the difference in shape of the non-linear stiffness curve for the DO LRD, which
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FIGURE 6.12: Mooring performance with respect to the (a) max tension reduction and (b) DEL

reduction objectives, for scenario B (Location 2, DO LRD). Portions of the design space which

exceeded the specified constraints are hatched, and the optimal regions for max. tension and
DEL reduction are marked on (a) and (b) respectively with a dashed yellow box.
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exhibits a longer, and slightly stiffer second-phase than the TFI LRD (see Figure 6.1a). Although
the stiffer second-phase of the DO curve can lead to a slight disadvantage with regards to
maximum tension reduction [128], it also means the window of optimal rated tensions to ensure
the device operates in its second phase stiffness is larger, illustrated by larger regions of blue in
the surface plots in Figure 6.12. The optimal regions which satisfy the constraints for both
problems sop; and sop, are marked with dashed yellow boxes in Figure 6.12a and b respectively.

6.4.3 Numerical multi-objective optimisation
6.4.3.1 Optimisation problem definition

Although the graphical approach is useful for understanding the design space and provides
good indications for concept design, the wide grid spacing for the non-LRD variables means
that some solutions will inevitably be missed, as not all combinations of variables are assessed.
For more precision and complete cover of the design space, numerical optimisation should be
used. Numerical approaches enable efficient computation of multiple optimisation objectives,
which can provide a more complete and versatile optimisation process than single-objective
constrained optimisation. In particular, the constrained approach may result in the exclusion of
certain solutions for minor violations of constraints, even if these solutions perform significantly
better with respect to the objective. For instance, a mooring design that results in a surge slightly
above the limit, but with much lower tension, could be rendered viable by adjusting the power
cable design, resulting in a cheaper overall solution. In this context, platform motions such as
surge, pitch, and nacelle accelerations could be treated as additional objectives, rather than

constraints.

The surrogate model and subsequent optimisation routine can be used to define a single or
multi-objective problem with any number and combination of objectives, with any cost-function
formulation as long as it is a function of the available outputs shown in Figure 6.3. In the context
of mooring design optimisation for FOW, all of the following outputs typically require
minimisation: Fairlead tension (T), to reduce the size of the mooring line and anchor required;
Surge (S), to ensure safety of the power cable; pitch (P), to improve aerodynamic performance of
the turbine; and nacelle accelerations (A) to reduce structural damage to the turbine. In a
detailed design scenario, some of these objectives will be more design-driving than others, but
this ultimately depends on project-specific parameters which may not be fully determined at the
time of initial concept design screening. In theory, the surrogate model would allow each
objective to be given an individual weight, and combined into a single cost function, but this
would output a unique design solution that does not provide insight on the trade-offs between
competing objectives. At a concept design level, a versatile multi-objective optimisation tool
that outputs a range of possible design solutions will provide more useful insight to design
engineers [97] [20]. To demonstrate this versatility, four example multi-objective optimisation
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problems were considered (mop; to mop,), each with two objectives relating to the design

considerations described in Table 2.4.

All four problems were given a first objective of minimising maximum fairlead tension for
DLCs 6.1 (Tiax, 6.1), and the second objective was assigned as follows: for mop; and mopa,
minimising Smax, 6.1 and Prus, 1.6 respectively (i.e. same DLCs and metrics used for constraints in
section 6.4.2.4); for mopz, minimising maximum values of horizontal nacelle acceleration in
DLCs 6.1 (Amax, 6.1), to minimise damage to the turbine [33]; for mop,, minimising fatigue
damage on the mooring line for all normal operational load cases (Tpgr, 11). Additionally, two
constraints were included in all four optimisation problems to ensure all designs produced by
the algorithm are “safe’ for ultimate limit state: the maximum tension in the DCLs 6.2 must be
below the rated tension Ti,eq Of the LRDs, and below the minimum breaking load (MBL) of the
rope MBLope, with a safety factor of 1.67 [126]. The MBL of the rope is assumed proportional to
its stiffness EArope, according to the datasheets for Bridon MOORLINE polyester ropes [66]. The
multi-objective problems mop; to mop, are expressed in mathematical form as follows:

mopy :

m].n (Tmax, 61 (x)/smax, 61 (x))

s.t. Tmax, 6.1 (X) S Trated (6 3)
Tmax, 6.1 (X) S 0.6 * MBLrope
xekX
mopy :

min  (Tmax, 6.1(X), Prus, 1.6(X))

s.t. Tmax, 6.1 (X) < Trated (6 4)
Timax, 6.1 (x) <0.6% MB Liope
xeX
mops :

min (Tmax, 6.1 (X)/ Amax, 6.1 (X))
s.t. Tmax, 6.1 (X) S Trated (6 5)
Tmax, 6.1 (x) < 0.6 % MBLrope
xEeX
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mopy :
min (Tmay, 6.1(x), ToEr, 11(x))
st. Tmax, 6.1(X) < Trated
Timax, 61(x) < 0.6 % MBLyope
xe X

(6.6)

The surrogate model enables the efficient use of complex numerical or heuristic approaches to
solve this problem, such as Genetic Algorithms (GAs), which typically need to assess thousands
of designs to provide optimal solutions. In particular, for multi-objective problems, GA variants
such as the non-dominated sorting genetic algorithms (NSGA, NSGA-II, NSGA-III) [131] are
most suitable. These evolutionary algorithms evaluate solutions based on non-dominance, i.e.,
whether a solution is superior across one or more objectives without being inferior in others,

and iteratively evolve a population of solutions toward optimal trade-offs between objectives.

The original NSGA algorithm employs non-dominated sorting but suffers from high
computational complexity. NSGA-II improves this with fast non-dominated sorting, an elitist
approach to preserve high-quality solutions, and a crowding distance mechanism to maintain
solution diversity. It is particularly well-suited to problems with 2-3 objectives. NSGA-III
further enhances performance for many-objective problems (four or more objectives) by using
reference points to guide population evolution and maintain diversity in high-dimensional
objective spaces [131]. However, since the optimisation problem in this study involves a limited
number of objectives, NSGA-II is the most appropriate choice. It offers better performance and
computational efficiency than NSGA or NSGA-III, providing solutions closer to the true Pareto
front more quickly without the additional complexity of reference points.

In contrast to the single-objective optimisation approach, that provides a unique solution, the
multi-objective optimisation results in many possible solutions, where each solution maximises
trade-offs between specific objectives. These solutions are typically visualised through a ‘Pareto
front’, where each point on the Pareto front represents a solution where no objective can be

improved without worsening another (see Figure 2.25 section 2.4).

6.4.3.2 Optimisation results

The NSGA-II algorithm was applied to all multi-objective optimisation problems mop; to mops,
with an initial population size of 100 individuals, and was run for 50 generations (i.e. iterations).
The resulting Pareto fronts for each of the multi-objective problems mop; to mops are shown for
scenarios A and B in Figures 6.13 and 6.14 respectively. The blue scattered points represent
individuals (i.e. designs) from the final population of the NSGA-II, which are Pareto-optimal

with respect to the two objectives, and grey points represent the initial random individuals
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which are ‘dominated’. For multi-objective problem mop, (Figure 6.13 (d) and Figure 6.14 (d))
the non-dominated solutions do not form a classical Pareto front, and are clustered in a single
group. This phenomenon is typical of objectives that are not conflicting, and leads to a
convergence in the solution space. This contrasts with the results of section 6.4.2.4, which found
the DEL and max tension reduction to be conflicting, especially for the TFI LRD. However, this
was due to the presence of the surge constraint; if this is omitted, the low-stiffness combinations
of mooring design variables (i.e. low angle, low rope stiffness, low pre-tension) can be used,
which simultaneously provide optimal tension reduction and DEL reduction (see the top
surfaces of Figures 6.11 and 6.12).

Although all solutions on the Pareto fronts are optimal in theory, some provide higher utility
than others. To obtain marginal gains in performance with respect to one objective can mean
considerable losses with respect to the other. For instance, in the surge vs. tension Pareto front
for scenario A (Figure 6.13a), restricting maximum surge to 15 m leads to very high maximum
tensions. Similarly, to get pitch values from 5 degrees to 4.4 degrees for scenario A can almost
double maximum fairlead tension (Figure 6.13b). In theory, if both objectives are given equal
importance, the solutions which maximise utility are located at the “knee point” of the Pareto
front. The ‘knee point’ represents the point in the Pareto front with the shortest distance to the
‘utopia solution’, i.e. the imaginary solution which has the optimal value for each objective (e.g.,
for Figure 6.13 (a), this would be 4 MN max. fairlead tension and 10 m max. surge). For each of
the sub-figures in Figure 6.13 and 6.14, the knee point solution is marked in orange, and the
design variables associated with that solution are displayed on the plot.
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FIGURE 6.13: Results of multi-objective problems, showing trade-offs between 4 key objective

pairs, for scenario A (Location 1, TFI LRD). For each multi-objective problem, the non-dominated

solutions are shown in blue, and the "knee-point’, i.e. maximum utility solution, is shown in
orange.

The combinations of design variables which lead to knee-point solutions follow the same
general trends as the solutions found in the graphical optimisation approach (section 6.4.2.4).
For all optimisation problems with the TFI LRD (scenario A, Figure 6.13), the knee-point
solutions exhibit LRD rated tensions which are approximately equal to the maximum tension,
which mean the TFI LRD is operating in the softest part of the second-phase of its non-linear
stiffness curve to reduce extreme loads. This is not as apparent for the DO LRD (scenario B,
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FIGURE 6.14: Results of multi-objective problems, showing trade-offs between 4 key objective

pairs, for scenario B (Location 2, DO LRD). For each multi-objective problem, the non-dominated

solutions are shown in blue, and the ’knee-point’, i.e. maximum utility solution, is shown in
orange.

Figure 6.14), due to its longer, constant second phase stiffness, as discussed in section 6.4.2.4.
The knee-point solutions which enable low RMS pitch angles (figures 6.13b and 6.14b), as
discussed in section 6.4.2.3, require the highest values of mooring line angle to ensure maximal
vertical restoring force, combined with high maximum LRD extension to ensure good
performance with respect to the maximum tension objective. In contrast, solutions which reduce
horizontal acceleration at the nacelle (Figures 6.13c and 6.14c) require lowest values values of
mooring line angle to ensure maximal horizontal restoring force. Solutions which minimise both
DEL and maximum tension (Figures 6.13d and 6.14d) have the highest levels of compliance and
would not be viable in practice, as these would lead to extremely high values of surge.

Whether the knee-point solutions would be optimal for a specific project will then depend on
other variables such as cost and availability of various components and installation
considerations. Crucially, this approach to optimisation allows complete flexibility in the choice
of solution. Although knee-point solutions were marked here to illustrate the process, each
Pareto front displays multiple other possible solutions which could offer various degrees of
utility within, or close to, the ‘knee-point” area. The NSGA-II only does the work of filtering the
dominated solutions, i.e. those that are objectively worse, and allows flexibility in the remainder
of the decision-making.

6.4.3.3 Final design comparison

The surrogate-based optimisation process demonstrated the usage of a genetic algorithm to find
the optimal mooring solutions in the design space, which perform better in all objectives than
other ‘safe’ designs (e.g. the grey points in Figures 6.13 and 6.14). In this section, all knee-point
solutions found in section 6.4.3.2 are compared to a base-case full chain catenary mooring, to
assess the combined advantages of the surrogate-based optimisation process, with advantages
of the new design space of taut rope moorings with LRDs. The base-case mooring system
parameters are listed in Table 6.5, selected based on previous studies for locations with similar
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environmental loads [111] [132], to ensure integrity of the mooring line and no uplift of the

anchor in ultimate limit state (ULS) conditions.

TABLE 6.5: Parameters of base-case full-chain catenary mooring systems used to compare the
performance of optimised designs found in this chapter. Chain diameters are set based on previ-
ous studies [111] [132], ensuring peak tensions are below chain MBL with a safety factor of 1.67
[14], and anchor-fairlead distance and pretension are set to ensure no uplift at the anchor in ULS

conditions.
Parameter Scenario A Scenario B
Chain diameter in mm (studless) 185 152
Chain MBL in kN (Prys, 1.6) 22,526 16,254
Pretension at the fairlead 8% of MBL 8% of MBL
Anchor - fairlead distance (m) 573 494

Each of the four optimal designs selected for scenarios A and B, i.e designs Al to A4 (Figure
6.13) and designs B1 to B4 (Figure 6.14) respectively, were compared against the base-case
mooring for all outputs considered in the optimisation process. Results of the comparison are

shown in Figure 6.15.
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FIGURE 6.15: Comparison of performance of optimal designs found in section 6.4.3.2, i.e. designs

A1l to A4 for scenario A (Figure 6.13) and designs B1 to B4 for scenario B (Figure 6.14), against

a base-case full-chain catenary mooring system (dashed grey line), for 6 outputs. Each design
responds to a different multi-objective problem, from mop; to mopy.

Overall, the designs in Figure 6.15 provide significant improvements in most key outputs
compared to the base-case catenary mooring system. All designs provide high maximum
tension reduction (32 - 58%), as this was a common objective to all multi-objective problems
mop1 to mops. However, each design responds to a different second objective, leading to varying
characteristics and system benefits across all 4 designs, which are summarised below:
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¢ mopi (surge reduction): Designs Al and B1 provide an even balance between stiffness and
compliance, with an intermediate value of line angle, to limit surge whilst providing

adequate tension reduction.

* mop, (pitch reduction): Designs A2 and B2 achieve highest pitch reduction through steep
mooring line angles, which enable strong restoring moments, whilst also leading to a
significant decreases in seabed footprint. However, the reduced footprint also increases
the system’s stiffness due to shorter rope lengths, which slightly compromises reductions

in maximum tension and DEL compared to other designs.

* mops (horz. acc. reduction): Designs A3 and B3 achieve the highest horizontal acceleration
reductions due to the lower line angles which alters the horizontal resonant frequency of
the mooring. However, the low mooring line angles lead to less seabed footprint reduction
and pitch reduction.

* mops (Damage equivalent load (DEL) reduction): Designs A4 and B4 provide the highest
compliance, as these were optimised for both DEL and maximum tension reduction
objectives, with no consideration for platform motions. This produces the highest values

of maximum surge (higher than the base-case catenary moorings).

Overall, Figure 6.15 highlights the versatility of the surrogate-based optimisation methodology;,
which allows a range of optimisation objectives, metrics, and relevant DLCs to be considered, in
turn producing a diverse set of solutions. Although the final choice of solution is up to the
designer, this selection can be made from Pareto-optimal designs, i.e. from a set of focused

solutions that are guaranteed to maximise the trade-offs with respect to the objectives.

6.5 Conclusion

This chapter proposed a novel approach for holistic optimisation of floating offshore wind
(FOW) mooring systems with load reduction devices, using a recurrent neural network-based
surrogate model to predict fairlead tension and platform motions. The neural networks were
trained with data from fully coupled time-domain finite element analyses of the reference 15
MW FOW turbine, and yielded instantaneous time series results for any combination of
mooring design variables, load case and water-depth. The surrogate model could then be used
for project-specific optimisation for any locations and design requirements without the need to
generate new data and re-train the neural networks. The three key take-aways from this chapter
can be summarised as follows:

1. Recurrent neural networks can create an acceptable surrogate model for time series
predictions of FOW platform outputs and fairlead tensions, with a mean absolute error of
0.5% and a maximum absolute error of less than 5%.
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2. The efficiency of the resulting surrogate model, which is approximately 100,000 times
faster than the original FEA model, enables the usage of intensive optimisation methods,
including graphical and numerical genetic algorithm which require modelling thousands

of designs.

3. The surrogate-based optimisation can be applied to any location and optimisation
problem without re-training the neural networks, to produce a diverse set of optimised

mooring designs, where each design provides different system benefits.
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Chapter 7

Conclusions and future work

7.1 Conclusions

This thesis has addressed design optimisation of mooring systems with load reduction devices
for floating offshore wind (FOW), through application of analytical, numerical and machine
learning methods. FOW presents a unique challenge for mooring design: it involves mooring
multiple structures in shallow water, unlike offshore oil and gas, which involves mooring a
single structure in deep water. The shallow water, combined with high wind loading
experienced by a FOW turbine, leads to extreme loads on moorings and anchors. The current
approach to resisting these loads is to employ large, heavy moorings and anchors, but this is an
expensive approach which cannot be delivered at scale. Non-linear extensible mooring
components, known as load reduction devices (LRDs), can reduce loads and therefore cost of a
FOW project, but introduce several design variables that must be optimised. Current modelling
methods are not suited for quickly assessing these variables, making it difficult for developers to
evaluate the benefits of LRDs.

The overarching aim of this research was to address these challenges by developing an efficient
framework for designing FOW mooring systems with LRDs, adaptable to any project-specific
parameters and objectives. The research outcomes reflect the objectives: 1) Development of a
quasi-static analytical model for initial sizing of mooring systems including non-linear load
reduction devices (chapter 4); 2) Comparison of mooring configurations and non-linear LRD
stiffness curves using commercial dynamic analysis software (chapter 5); and 3) Development of
a neural network surrogate model, based on dynamic analyses, for holistic optimisation of FOW
mooring systems with LRDs according to project-specific platform motion constraints, loads,
and water-depths (chapter 6).

From the achievement of these objectives, key conclusions that can be drawn are:

* Conclusion 1: Mathematical expressions of non-linear LRD stiffness curves can be

combined with established quasi-static mooring equations, to create a quasi-static model
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of the full system. This allows for the rapid assessment of optimal LRD length and
stiffness, for any mooring configuration, water depth, and expected platform offsets. This
approach was demonstrated and validated against finite element modelling with less than
1% error, and was implemented into a graphical design tool for easy visualisation of
mooring system geometry and tension-offset profiles. The design tool was demonstrated
for a concept design scenario, enabling efficient sizing of an LRD mooring system, as a

basis for dynamic finite element analysis.

* Conclusion 2: Through comparative dynamic finite element analysis, LRDs with
three-phase stiffness curves (i.e. high-stiffness, low-stiffness, high-stiffness), were shown
to provide greater peak tension reduction and fatigue damage reduction than two-phase
stiffness curves (i.e. low-stiffness, high-stiffness) without increasing platform motions.
Combining 3-phase LRDs with high-modulus taut moorings enables especially high load
reduction performance, whilst also enabling smaller seabed footprints and lighter mooring

lines.

¢ Conclusion 3: Recurrent neural-networks, trained from dynamic finite element analyses,
can successfully capture time-domain FOW responses, across a comprehensive set of load
cases and design parameters, quasi-instantaneously. A surrogate model was created from
these recurrent neural-networks, which allowed optimisation for a variety of locations and
objectives without needing new data or retraining. This approach demonstrated
significant reductions in maximum tension, nacelle accelerations, fatigue damage, and

seabed footprint compared to traditional designs.

Ultimately, these optimised mooring designs can provide significant reductions to the
overall cost of a FOW project, and reduce the carbon footprint and capacity pressures of its
supply chain. Additionally, the framework of the method presented is applicable to other
design spaces, including alternative mooring configurations, with or without LRDs, or

other design problems altogether (e.g. platform design, or turbine controller design).

7.2 Web-apps

While the research presented in this thesis contributes to the academic understanding of FOW
mooring system design optimisation, it also offers practical web-based tools for industry
application. These tools will make it easier for FOW mooring designers to identify the benefits
of employing LRDs and optimising mooring system compliance, and to explore more

cost-effective areas of the mooring design space.

Two web-apps have been developed as part of this research, one hosting the quasi-static tool
developed in Chapter 4, and one hosting the surrogate model developed in Chapter 6.
Screenshots of these apps are shown in Figures 7.1a and 7.1b respectively. These apps can be
freely accessed on the WebAppsForEngineers server https://www.webappsforengineers.com/).
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(b) Dynamic time-series analysis tool, based on the surrogate model developed in Chapter 5.

FIGURE 7.1: User interfaces of the two web-apps produced as part of this research, available on
the WebAppsForEngineers server https:/ /www.webappsforengineers.com/)

7.3 Limitations

This research contains methodological limitations, which primarily stemmed from
simplifications made in the modelling approach. These simplifications were necessary to keep
the scope manageable but could be refined in future research. The main limitations are:
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* LRD modelling: In the dynamic modelling, standardised non-linear spring elements with
different non-linear stiffness curves were used to model all LRD concepts, to isolate the
impact of the LRD stiffness curve on the system. While effective for this study, this
approach limits the ability of the model to capture additional damping or stiffness
characteristics dependent on the geometry of the devices (see sections 4.3.3 and 5.2.2 for
further discussion). Future studies could employ more detailed, geometrically accurate
LRD models to address this limitation.

* FOW modelling: Simulations were conducted with full aero-hydro-servo coupling, using
irregular JONSWAP waves, constant uniform wind, and co-linear current to simplify the
model. The use of constant uniform wind can lead to underestimation of platform
motions, fairlead tensions and nacelle accelerations, as it does not account for the peaks in
wind loading that would be captured by a full 3D wind field varying in time and space.
This simplification was deemed acceptable for concept design, as extreme tensions in the
fairlead, which drive LRD design, are primarily caused by extreme wave events rather
than wind turbulence. For detailed design, the framework could be adapted to incorporate

time-varying wind inputs.

¢ Surrogate modelling: The development of the surrogate model relied on a ‘grid-search’
parametric analysis to identify the optimal RNN training and architecture
hyperparameters, and error analyses on test data to assess the surrogate model
performance. The grid search and error analyses effectively identified the optimal RNN
hyperparameters for the specific problem, but this is an empirical approach which does
not provide transparency regarding how well the model captures the relevant features. To
investigate the relative importance of the input features and if the input-output
dependencies (within the black box) conform with the problem mechanics, future research
could incorporate Al explanatory algorithms like SHAP and LIME, which would offer
further insights into model performance and provide a basis for further improvements to

the surrogate model.

7.4 Future work

This research provides a basis for further advancements in the field of optimisation of mooring
systems with load reduction devices. In particular, the following topics have been identified,
which could add value to each of the three main developments presented in this thesis:

* Quasi-static modelling of a full 3-dimensional mooring system with LRDs. The quasi-static
model developed in chapter 4 is 2-dimensional, meaning it enables optimisation of a
windward (i.e. “front”) mooring line, which is the most important mooring line to consider
for optimisation. The quasi-static model could be expanded to accommodate lateral ‘sway’
movement of the fairlead, which would enable modelling of a full multi-line 3D mooring
system, in view of optimising the designs of the leeward (i.e. ‘rear’) mooring lines.
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Parametric analysis of LRDs for semi-taut moorings. To build upon the comparative analysis
presented in chapter 5, it would be interesting to consider additional mooring
configurations, such as the semi-taut configuration, to compare its performance against

the taut and catenary configurations considered in this thesis.

Surrogate-based optimisation of dynamic cables. The surrogate-based optimisation
methodology presented in chapter 6 is applicable to a wide range of design optimisation
problems in offshore engineering. Dynamic cable design for FOW would be particularly
well suited to this methodology, as the design space is complex (see Figure 2.8), and
modelling with traditional methods is extremely slow, since the design is mainly

fatigue-driven and requires assessment of 1000s of load cases [36].
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Appendix A

Appendix

A.1 Comparative analysis of load reduction device stiffness curves

for floating offshore wind moorings
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ARTICLE INFO ABSTRACT

Keywords: Traditional mooring systems can be unsuitable and uneconomical for floating offshore wind turbines. Load
Load reduction devices reduction devices, which are extensible components installed along mooring lines, have been shown to
Floating wind turbines reduce loads on anchors and mooring lines. This enables the use of smaller and lighter anchors and mooring

Compliant moorings
Mooring system design
Taut moorings

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 costs per unit has the potential to provide significant reductions to
the overall cost of a FOWT project, reducing the carbon footprint and

1.1. Motivation capacity pressures of its supply chain.
The material cost of a mooring system is typically driven by the
Up to 80% of worldwide offshore wind resources are located in minimum breaking load (MBL) of mooring line components and the
water depths greater than 60 m (WindEurope, 2017), where traditional maximum holding capacity of the anchor, both of which must be de-
fixed-bottom wind turbines become less economically viable. In these 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

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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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
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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).

LRD Mooring LRD stiffness

Table 1

Summary of publicly available numerical studies on LRDs, categorised by the parameterised variable(s).
Parameterised Load Water
variable case depth

length configuration curve shape

Studies for Luxmoore et al. Luxmoore et al.

McEvoy and Kim Luxmoore et al. McEvoy and Kim

WECs/TECs (2016) (2016) (2017) (2016) (2017)
Studies for Lozon et al. Khalid et al. McEvoy and McEvoy et al. no studies in
FOWTs (2022), Khalid (2020) Johnston (2019), (2021), Pillai public domain

et al. (2020), Harrold et al. et al. (2022)

Festa et al. (2020) Festa

(2022) et al. (2022)

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,

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

_%
Direction of
wind & waves

-~

(a) Catenary, depth =150 m

(b) Taut, depth = 150 m

(c) Catenary, depth =75 m (d) Taut, depth =75 m

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

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. 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

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 /de. 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. 5¢ & 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

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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(c) Catenary, 75 m (d) Taut, 75 m
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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

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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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,

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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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

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 ¢ & 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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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
shape of an LRD has very little effect on the motion response of the
platform when compared to the response with the base-case mooring,
i.e. without the LRD. All LRD curve shapes reduce oscillatory motions
for pitch, heave and nacelle accelerations, but increase maximum surge
(i.e. horizontal platform offset) of the platform. The surge motion is the
only case where slight differences could be noted between the three
LRD curve shapes. This is due to differences in the extension of the
LRDs, which are minimal as the rated tensions considered across the 3
devices (3.5 MN, 4.5 MN, 4.5 MN) were similar.

5. Sensitivity analysis of LRD length
5.1. Significance of LRD length in stiffness curve comparison

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

5.2. Influence of LRD length on tension reduction

Fig. 14 shows the effect of varying the length of the LRD section
on the maximum tension reduction, in the parked 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.

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

These trends also vary across the three curve shapes considered.
In particular, for the 3-phase stiffness curves, varying the LRD lengths
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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. 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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ABSTRACT

Load reduction devices are extensible components which can
be installed along mooring lines to reduce peak loads and fatigue
damage in the mooring system. This has the potential to re-
duce risk of failure for Floating Offshore Wind Turbine (FOWT)
mooring systems, and can provide significant reductions to the
overall material, handling and installation costs of a FOWT
project. Various load reduction device concepts exist, includ-
ing ballasted pendulums, thermoplastic springs and hydraulic
dampers, all of which are designed to exhibit a non-linear load-
extension behaviour: lower stiffness in the operational strain
range to reduce loads, and higher stiffness at high strain. These
devices are becoming an increasingly common consideration for
FOWT mooring systems, and are pushing traditional analysis
and design methods to readily incorporate non-linearity. Well-
established static catenary equations, used to define mooring
tension-offset profiles, only account for linear elasticity such that
capturing non-linear response typically requires finite element
modelling. This paper presents an alternative through param-
eterising equations for three different non-linear load-extension
curves and incorporating them into the existing catenary equa-
tions. For a given non-linear load-extension curve and length
of load reduction device, the resulting analytical model can be
solved quasi-instantaneously using Newton-Raphson or Newton-
Krylov iterations to give vertical and horizontal mooring line
tensions and thus strain of the device. Results from the new
analytical model are compared with finite element predictions
showing agreement to within 1%. The analytical model can be
solved for any two unknowns, such that optimal load reduction
device length and stiffness can be determined instantaneously
given maximum environmental load and allowable offset. The
new analytical equations are implemented into a graphical app,
which allows the user to input any load reduction device param-
eters and visualise the resulting mooring system’s geometry and
tension-offset profile.

Documentation for asmeconf.cls: Version 1.31, July 4, 2023.

1. INTRODUCTION
1.1 Motivation for compliant FOWT mooring design

Up to 80% of worldwide offshore wind resources are in wa-
ter depths greater than 60 m [1], where traditional fixed-bottom
wind farms are not economically viable. In these deeper waters,
offshore wind turbines must be deployed on floating structures,
connected to the seabed via mooring lines and anchors. Mooring
systems are designed to ensure station-keeping of the floating
structure: they maintain the structure within an acceptable dis-
tance from its reference position. Station-keeping requirements
for Floating Offshore Wind Turbines (FOWTs) are often more
lenient than for oil & gas installations [2] and are primarily con-
strained by the motion of the electrical power cable [3].

Designing a mooring system involves finding a balance be-
tween stiffness and compliance to fit the station-keeping require-
ments [4]. A stiffer mooring system will maintain the floating
structure closer to its reference position, at the expense of high
loads on the mooring lines and anchors. A compliant mooring
system will allow more motion of the floating structure in re-
sponse to environmental loads, reducing forces in the mooring
line and anchor, in turn allowing for smaller, cheaper anchors and
a reduced chance of mooring line failure (Table 1). As FOWT
farms require large amounts of structures to be moored to the
seabed, reducing mooring and anchoring costs per unit through
compliant moorings can lead to significant overall savings.

TABLE 1: EFFECT OF COMPLIANCE ON FOWT SYSTEM

Mooring design: stiff compliant
Platform displacements - +
Mooring and anchor loads + -
Mooring and anchor cost + -

Inresponse to the incentive to reduce the cost of FOWT moor-
ings, various means of adding compliance to mooring systems
have been developed, in particular in the form of load reduction
devices (LRDs). Current concepts include the Exeter Intelligent
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Mooring System (IMS), (Fig.1a) [5], the Dublin Offshore LRD
(DO), (Fig.1b) [6], and the Technology for Ideas Seaspring (TFI),
(Fig.1c) [7]. These devices are incorporated into a mooring line,
typically close to the fairlead, and can provide high levels of com-
pliance (extensibility) without compromising breaking strength
[8]. For the same breaking strength, typical synthetic ropes can-
not achieve such low elastic stiffness. The DO and TFI devices
are passive, whereas the IMS is ‘active’ as it can change stiffness
curve in operation. Thus, two curves are considered for the IMS
device, which correspond to the upper and lower bound stiffness
for the given configuration.
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FIGURE 1: LRD TECHNOLOGIES AND ASSOCIATED STIFFNESS
CURVES: (A) IMS [5], (B) DO [6], (C) TFI [7] . POLYESTER ROPE
STIFFNESS SHOWN WITH GRAY DOTTED LINE FOR COMPARISON

These devices have highly non-linear stiffness curves, which
can be tailored to fit the specific loading conditions and mooring
arrangement (Fig. 1). These non-linear stiffness curves have a
compliant range over which the LRD is intended to operate to
effectively reduce mooring line tension. The curves then exhibit
higher stiffness at high strain when they reach their rated tension
Trateas 1.€., once all the compliance has been exhausted. Graph-
ical representation of the rated tension is shown for DO and TFI
in Figure 1. The key to designing a mooring system with a LRD
is to ensure the device operates in its compliant range as much
as possible, meaning the LRD is generally designed such that the
maximum tension in the device stays below T;404. The opti-
mal length of the LRD should then be determined to ensure the
extension provided does not exceed station-keeping constraints.
Current approaches to finding this optimal length and rated ten-
sion involve time-consuming iterations of Finite Element (FE)
analyses. The aim of this paper is to propose an analytical model

of catenary moorings with LRDs, which can be used for efficient
quasi-static design of an LRD mooring system.

1.2 Quasi-static mooring system design

If all dynamic mooring effects (damping, inertia) are ig-
nored, and the system is assumed to be static at a given instant 7,
the geometry of the mooring line can be solved analytically as a
function of the fairlead coordinates and the physical parameters
of the mooring line. This constitutes the quasi-static mooring
analysis, which is typically the first step in mooring system de-
sign [9]. The quasi-static analysis is useful for determining the
tension-offset response of a mooring system, which informs de-
signers of the restoring force provided by the system in response
to displacement of the fairlead.

For neutrally buoyant taut moorings, the relationship between
fairlead coordinates and restoring forces is trivial: the mooring
line adopts a straight line between the fairlead and anchor, and the
tension-offset of the system corresponds directly to the material
stiffness of the mooring line [10]. This relationship is more
complex for catenary moorings, as the catenary configuration
(i.e., weight of suspended line) is controlled by tension, leading
to a non-linear tension-offset profile. This is captured by the
catenary mooring equations, which define the fairlead coordinates
xr and z7 as a function of the fairlead restoring forces Hy and Vy
[11] and the mooring line length L, stiffness EA and unit weight
w (Fig. 4). For a line partially resting on a friction-less seabed:

vV, H v, vi\2| HfL
st ==t S | e () | T

Hy Hy EA
(la)
H Vi \2 vz
(V) = L 1+(H—f) Sle a
Vf
Fairlead
LwEA —______ _JTH,
T
VA Zf
Anchor =
1 A
!
X,

FIGURE 2: PROFILE VIEW OF SIMPLE CATENARY MOORING LINE

The system of equations la & 1b can then be solved for any
two unknowns. However, this is only valid for a homogeneous
mooring line (i.e. full chain), and the stiffness term £ A must be
linear. As such, these equations cannot be used for analysis of a
mooring system with a non-linear LRD. Other publications have
presented equations for multi-segmented catenary mooring lines
with a non-linear stiffness segment, in particular for polymer rope
applications [10]. The non-linear stiffness is expressed in simple
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power law form, where the strain ¢ is given as a function of axial
load T and constants p and ¢ :

g =prl? 2)

The power law form offers a good fit for material stiffness of
typical synthetic polymer ropes, but this does not match the LRD
stiffness curves as shown in Figure 1.

Since no analytical solution is available, current approaches
to modelling moorings with LRDs include discretisation of the
mooring lines and/or piece-wise linear interpolation of the non-
linear stiffness curves. Commercial software such as Orcaflex
is typically used for dynamic modelling of LRDs [12], which
uses linear interpolation between consecutive points of the user-
defined non-linear stiffness curve. LRDs have also been modelled
with the open-source lumped-mass modelling software Moordyn,
which also uses linear interpolation of the stiffness curve [7].

This paper presents continuous functions which model the
non-linear stiffness curves of the LRD devices shown in Figure 1.
These functions are then combined with the existing equations for
catenary moorings, to create a static analytical model of catenary
moorings with LRDs. This requires no discretisation or stiffness
interpolation, and as such provides a quicker approach to obtain
the mooring geometry and restoring forces based on any input
mooring properties and LRD parameters (rated tension, curve
shape, LRD length). The analytical model can then be used
to find optimal LRD parameters for a given water-depth, mean
environmental load, and offset constraint.

2. METHOD

This paper employs an analytical approach to mooring sys-
tems modelling. Firstly, a 2-segment formulation for a catenary
mooring line with a linear-stiffness LRD at the fairlead is pre-
sented based on established equations. This formulation is then
adapted with various non-linear stiffness functions, to form a
set of equations for a chain catenary line with non-linear LRDs.
These are solved using numerical root-finding methods, in partic-
ular the Newton-Raphson method [13], implemented in Python.
Commercial FE software Flexcom is then used to validate the
results obtained from the analytical equations. The validated an-
alytical model is then applied to initial quasi-static design of an
LRD. A structural overview of the methodology of the paper is
shown in Fig 3.

Established equations for 2- Non-linear functions
segment catenary mooring line defining stiffness of LRDs

[ |
v

Novel analytical model of catenary moorings with non-linear
LRDs

)

‘ Validation of analytical model against F.E. software ‘

v

‘ Application of analytical model to quasi-static LRD design ‘

FIGURE 3: METHODOLOGY FOR THE ANALYTICAL SOLUTION

3. DEVELOPMENT OF ANALYTICAL MODEL
3.1 Catenary equations for linear-stiffness LRDs

The static catenary equations la & 1b apply to a catenary
line formed of a unique, homogeneous segment, with material
properties defined by a single value of stiffness EA and appar-
ent weight in water per unit length w. This section presents an
adapted formulation for a mooring line with two distinct seg-
ments: one segment for the chain catenary line and one segment
for a linear stiffness LRD at the fairlead (Fig. 4). This linear LRD
formulation is then used as the starting point for the next section,
which presents the equation for non-linear stiffness LRDs.

I/i/
LRD (L, EA; w.=0) Fairlead
Ll
Chain (L, EA,w) =
v, \ Ze
Anchor L
X Xe

e

FIGURE 4: PROFILE VIEW OF THE MULTISEGMENT LINE

The static multi-segment mooring analysis approach is well-
documented in literature [10]. For a catenary line composed of n
segments of line, the fairlead coordinates (xs, zr) are given as a
sum of the horizontal and vertical components of each segment:

xp = Zn:x,- (3a)
i=1

n
y=.a (3b)
i=1
Where the coordinates of the extremities of the i segment
x; and z; are each defined by the catenary equations in their own
coordinate system, with the origin at the start of the segment
(starting from the anchor).

If the LRD is modelled as a simple non-linear spring seg-
ment, and assumed to be near-neutrally buoyant in water, which
is typically the case of the IMS and DO technologies [5][6], this
means the spring is subjected to constant tension throughout its
length, thus adopting a straight line rather than a catenary shape.
For a linear stiffness LRD, its extension AL, is based on Hooke’s
law, where the tension-strain profile is a straight line passing
through the origin and a single point EA. The coordinates of the
horizontal and vertical extremities of the LRD segment (x,, z.)
are then given by:

Hyl H/L
Xo= —21¢ 4 EfA" (4a)
2 2
VH Vi ‘
Vile VL.
Ze= —=Lt_ ¢ (4b)

2 > EA
,IHf+Vf ¢
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Where the left-hand terms represent the horizontal (4a) or
vertical (4b) projections of the unstretched length L, of the LRD,
and the right-hand term represents the elongation of the LRD,
obeying Hooke’s law.

According to the multisegment theory from equations 3a &
3b, equations 4a & 4b can be added to the chain catenary equations
to give the coordinates of the fairlead (xf, zf) as a function of the
restoring forces (Hy, Vy):

Vi H v Vi HfL
&ﬂhpr_£+fqnﬁ+J“(#)+z%
[y f

e 1
2 y2

Hy+ V] e

(52)
2
Hy A% Vi

Hp, Vi) = =~ 41+ (=] -1

g (Hy. Vy) = +(Hf) * SEAw

(5b)

ViLe  ViL.

— + —
2 >, EA

A IH/ + Vf €

3.2 Catenary equations for non-linear stiffness LRDs

To replace the Hookean extension term in equations 4a & 4b,
the non-linear extension of the LRD must be defined as a function
of the force applied at its extremities. This means determining
the function & which gives the LRD strain for any value of axial
mooring line tension 7', where T is the resultant of the horizontal
and vertical mooring line forces Hy and V :

+

AL,
L.

&(T) = e(\JH} +V?) = ©)

Equations analogous to 5a and 5b can be obtained by substituting

the Hookean extension term (the final term in equations 5a & 5b)
with the non-linear strain function &, giving:

Ve Hyf Vi Vi HfL
xf(Hf,Vf):L——f+—f~ln Lo+ (L) [+ 2=
w w Hy Hy EA

H/L
+—L 2 (1+&(T))
2 2
JH; +V7
(7a)
2
Hy Vi )\ Vi
He Vi) ==L |\1+[L) -1
g (Hy, Vy) = +(Hf) T
(7b)

ke (1+&(T))

VH+ V]

These equations are valid for an extensible section located
at the fairlead, attached to a homogeneous catenary mooring line
with a portion resting on the seabed (i.e. no vertical loading on
the anchor), where seabed friction is neglected. An analogous
expression can also be derived for non-buoyant taut and semi-taut
moorings where vertical anchor loading is non-zero, based on the
equations for a fully-suspended line [11].

Equations 4a & 4b assume that the extensible section is
neutrally buoyant in seawater. This is a valid assumption for the
IMS and DO devices, but the TFI device has a non-negligible
weight in water [7]. This means the upper extremity of the LRD
is subjected to additional tension due to self-weight of the device,
with a difference in vertical tension between the two extremities
equal to L,w, where L, is the length of the device and w, is its
wet weight per unit length. Due to this difference in tension, the
strain of the LRD is not constant along its length, and requires an
integral to compute analytically. As a simpler approximation, the
tension can be assumed to be constant throughout the LRD, taking
the value of the tension at its midpoint, which is subjected to half
of the self weight of the LRD: %Le w,. With this assumption, the
strain in the device given by Equation 6 can be redefined as:

el =¢ (, /Hfz +(Vp - %Lewe)z) 8)

The chain section of the line, which is below the LRD, is
not subjected to the additional vertical tension component. Thus,
we define the component of vertical tension at the top chain
as V;. which does not include the self weight, and is given by
Vie = V¢ — Lew, . The full expression is then given by:

Vie  H Vie Vie\}| HfL
Xf(vaVf):L—%+7f-ln < 4 1+(L) + =

Hy Hf EA
HyL
ot (1+&(T))
H; + (Vy = $Lew)?
%92)
2
Hy /2% Vi
(Hp, V) = =L 1+ (L] -1
g V) =, +(Hf) " 2EAw
(9b)

_1
bW mabevdle ()

,/H; +(Vp = $Lew,)?

3.3 Continuous functions for LRD stiffness curves

Adapting the general-form equations 7a & 7b or 9a & 9b
to a specific LRD technology requires determining the function
&(T)which gives LRD strain as a function of axial tension 7.
In this section, functions have been derived for the three curve
types shown in Figure 1. These functions are mostly based on
the Ramberg-Osgood model, which is typically used to define
non-linear stress-strain relationships. The original model defines
stress as a function of strain and 3 parameters [14]. In this
case, the model is used only in its mathematical sense, and the
form is reversed to define strain ¢ as a function of axial tension
T such that it can be incorporated into the catenary equations.
This adaptation of the basic-form Ramberg-Osgood model can
be given as:

_ aT
(1+ Ly

Where a, ¢ and define the shape of the curve (Fig. 5).

(10)
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FIGURE 5: BASIC-FORM RAMBERG-OSGOOD CURVE

The basic form equation of the Ramberg-Osgood model
given in Equation 10, does not directly fit all of the LRD devices
identified in Figure 1, in particular the TFI and DO LRDs which
require additional terms and parameters. These variations of the
basic form equation are described in the following subsections.

Exeter IMS

The curve of the IMS is the closest fit to the Ramberg-Osgood
model, with the exception of the curve not passing through the
origin due to variable pre-load in the device [5]. An additional
parameter b is introduced, which shifts the curve along the x-axis
from the origin, such that the overall equation is given by:

al - b

(1+ (<L)

(1)

erms(T) =

Where b/a is the pre-tension, ¢ is the asymptotic strain, and n
is a parameter defining the rate at which the curve reaches its
asymptotic strain, as shown in Figure 5. The value of n can be
found if the rated tension required at a specific value of strain is
known. The parameters of Equation 11 are fitted to two example
supplier curves [5], using a simple linear regression algorithm,
and the resulting curve fits are plotted in Figure 6. The values of
each fitted parameter are given in Table 2, for curves A and B.

51 -=-=Supplier curves It
— Fitted curve A ’:'
44 —— Fitted curve B /
~ ‘I”
3
£
1 4
01, . . .
0.0 0.1 0.2 0.3

Strain

FIGURE 6: IMS STIFFNESS CURVES FROM SUPPLIER PUBLICA-
TION [5], AGAINST FITTED CURVE FROM EQ. 11

TABLE 2: IMS FITTED PARAMETERS FOR EQ. 11

Parameter fitted value (A) fitted value (B)
a 0.958 0.837
b 0.113 0.183
[ 0.426 0.396
n 0.834 0.728
Dublin Offshore LRD

To obtain an expression of the DO curve, the base curve from
Figure 5 is translated with an additional parameter b, as with the
IMS fit. However, the curve must pass through the origin, which
is not the case of the IMS curve in Eq. 11, which passes through
the point [0, £(0)], where £(0) given by:

-b

erms(0) = m (12)

<
To ensure that the DO curve passes through the origin, the term
shown in Eq. 12 is subtracted from Eq. 11, giving an expression

of ALpyupiin(T) (Eq. 13). The shape factor n, which defines the
rate at at which the function reaches its asymptote, is fixed to
n = 2. The parameters a, b and ¢ of Equation 13 are fitted to
the example curve from supplier documentation [6] using linear
regression, resulting in the curve fit shown in Figure 7. The
values of each fitted parameter for this curve are given in Table 3.

aTl - b b

(1+ (4L=b)2)3 * (1+(L)2)3

ALpupiin(T) = (13)

(=)}

---- Supplier curve

— Fitted curve

Force (MN)
(9] w2 S w

—

00 10 20 30 40 50 60
Extension (m)

FIGURE 7: DO STIFFNESS CURVE FROM SUPPLIER PUBLICATION
[6], AGAINST FITTED CURVE FROM EQ. 13

In Eq. 13, parameter a is related to the rated tension
of the device and c is related to the asymptotic extension of
the device. These parameters can also be linked to physical
dimensions of the device, based on supplier documentation [6].
As opposed to the IMS and TFI devices which are spring-like,
the DO LRD extends by rotating under loading (Fig. 1b). Thus,
extension AL(T) is used rather than the strain term &(7'). When
incorporated into the final system of static equations 7a & 7b, the
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TABLE 3: DO FITTED PARAMETERS FOR EQ. 13

Parameter fitted value

a 7.500
b 7.432
c 2.568

length of device Le can then be based on the starting distance
between the two hinge points. It should also be noted that Eq 13
is only valid for a fixed mooring line angle. The line angle affects
the magnitude of the moment generated by the mooring line on
the LRD hinges, in turn changing the shape of the stiffness curve.
A more complete expression is given in the published code [15],
which captures the effect of the line angle, and relates the curve
parameters to physical dimensions of the LRD.

TFI Seaspring

The TFI stiffness curve (Fig. 1b) is complex to model with
a continuous function due to the sudden stiffness increase at 7' =
Tratea- The required function deviates more significantly from
the base Ramberg-Osgood model, in three ways: 1. Parameter
¢ is subtracted to the denominator of the first term to create
the sudden gradient change; 2. An additional parameter k is
introduced to factorise the whole expression, such that the rated
strain of the curve can be directly adjusted without changing the
other parameters; 3. An additional term is introduced, function
of a new parameter d, in an attempt to better match the final phase
stiffness. The resulting expression is given in Eq. 14, with the
associated curve fit is shown in Figure 8, and the fitted parameter
values given in Table 4.

a(eT - f)-b af +b
L+ [a(eT-f)-b-c)*> 1+[-af-b-c]?

+dva(eT - f) —dv-af

err1(T) =k -

(14)

The fit is accurate up to, and including, the sudden increase
in stiffness at 7' = Ty 4req. - Accurate modelling of the response
past this point is not crucial, as in practice the device should not
be operating above T;4s0q. Although the expression is complex,
only parameters k and e are required to parameterise the rated
tension and strain. Any value of rated tension 7,44 can be
obtained by varying parameter e, and any value of rated strain
&(Tyarea) can be obtained by varying parameter k.

For each LRD, the derived non-linear stiffness function is
substituted for the £(7') term in the general form equations (7a &
7b, 9a & 9b), with the resulting systems of equations forming the
analytical model. This model can be solved for the vertical and
horizontal restoring forces Hy and V at the fairlead, for any fair-
lead coordinates x¢ and zy, by employing numerical root-finding
methods. All LRD stiffness functions and resulting mooring
equations are fully differentiable over their domain. This means
the system can be solved with a Newton-Rhapson scheme with
analytical Jacobians, providing fast and robust computation.

3.01 ---- Supplier curve

— Fitted curve

Force (MN)

0.0 01 02 03 0.4 05
Strain

FIGURE 8: TFI STIFFNESS CURVE FROM SUPPLIER PUBLICATION
[7], AGAINST FITTED CURVE FROM EQ. 14

TABLE 4: TFI FITTED PARAMETERS FOR EQ. 14

Parameter fitted value
a 1.238 x1072
b 2.119 x10?
c 7.516 x107!
d 1.149 x10!
e 2.405 x10%
f -1.672 x10°
k 1.379 x10~!

4. VALIDATION OF ANALYTICAL MODEL

The analytical model was then validated against results ob-
tained from the commercial FE software Flexcom, which discre-
tises the mooring line and interpolates the stiffness from a set of
force-strain points. The validation was performed by comparing
quasi-static tension-offset profiles for each of the LRD concepts.
To obtain the quasi-static tension-offset profile, the horizontal
fairlead coordinate x; is gradually displaced along the horizontal
axis parallel to the mooring line, and the analytical model is used
to calculate the resultant fairlead tension 7' from the fairlead forces
Hy and Vy at every step. This is depicted graphically in Figure 9.
This figure was obtained using a graphical app built on Python,
based on the analytical model, which enables visualisation of the
geometry of a mooring system with any LRD parameters [15].

The properties of the mooring system used are identical to
those of the OC4 Phase Il mooring system [ 16], with the exception
of the water depth which is set to 150 m rather than 200 m, to make
the mooring system more sensitive to the LRD. These properties
are summarised in Table 5. For each LRD concept, the stiffness
curve parameters are taken from the curve fits shown in section
3.3 and the LRD lengths are set such that they all exhibit 5 m
of extension at Ty4;0.q = 2MN. This rated tension was chosen
arbitrarily for this illustration, but the LRDs can be designed for
any value of T,4sq. The IMS and DO devices were modelled
using Eq. 7a & 7b, which are valid for neutrally buoyant devices,
whereas the TFI device was modelled using Eq. 9a & 9b. The wet
weight of the TFI device was set to 8 kN/m, which corresponds to
the weight of a Im-diameter device with rated tension of 2 MN.
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FIGURE 9: 2D PLOT OF MOORING LINE, WITH FAIRLEAD DIS- Offset (m)

PLACED ALONG HORIZONTAL AXIS UP TO AN OFFSET OF 20M FIGURE 10: TENSION-OFFSET PROFILE FROM ANALYTICAL SO-

LUTION AND FE SOFTWARE FOR IMS CURVES (CONFIGURA-
TABLE 5: MOORING SYSTEM PARAMETERS, BASED ON OC4 [16] (

TIONS A & B)
Mooring system parameter Value
Fairlead-seabed vertical dist. 136 m —— Analytical Dublin
Unstretched mooring line length inc. LRD ~ 825.35 m Full-chain
Initial anchor-fairlead distance 796.7 m ~ + Flexcom Dublin
Chain mass per unit length 145 kg/m E 3.09
Chain EA 750 MN bt
22,51
s
The resulting tension-offset plots are shown in Figures 10, 11 = 204
and 12. These are displayed alongside the equivalent full-chain =
mooring system tension-offset, i.e. a catenary mooring with the & 151
same overall line length but no LRD. These show close alignment
between the analytical and FE results, with a mean error < 0.1% 104
and a maximum error across all curves of 0.4%. The maximum : . . . §
error occurs at the gradient change point of the TFI curve, where 0 5 10 15 20
the fitted stiffness curve does not perfectly match the interpolated Offset (m)
curve (Fig. 8). Other general take-away points from the tension- FIGURE 11: TENSION-OFFSET PROFILE FROM ANALYTICAL SO-
offset profiles are listed below: LUTION AND FE SOFTWARE FOR DO CURVE

¢ All three LRD moorings show significantly more compli-
ance than the full-chain catenary (i.e. lower gradient of
tension-offset), especially at lower offsets where the LRDs — Analytical Tfi

operate in their low-stiffness regions. As a result of this ?;’ii'::‘;ﬁ
increased compliance, the LRD moorings display higher 304
horizontal offsets than the full-chain mooring for the same 2
fairlead tension. § 25
e All three LRDs have exhautsed all their extensibility once %
the fairlead tension is above the rated tension of the device. g 207
In practice, this would mean no extension is left to reduce b
dynamic loads. If these high loads/offsets are expected, an E 151
LRD with higher rated tension should be used. Lol
* The extension of the LRDs under the weight of the chain 0 Z 1o 15 20
at zero-offset leads to reduced pre-tension of the mooring Offset (m)
system. In practice, this could be compensated for by
reducing the overall length of line. Due to its self-weight, FIGURE 12: TENSION-OFFSET PROFILE FROM ANALYTICAL SO-
the TFI device (Fig. 12) shows higher pre-tension than the LUTION AND FE SOFTWARE FOR TFI CURVE

other LRDs for the same mooring line length.
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5. APPLICATION OF ANALYTICAL MODEL TO LRD DESIGN
5.1 Quasi-static design scenario

Quasi-static design typically involves approximating a mean
horizontal environmental force from met-ocean data [9]. This
force is applied at the fairlead, and the analytical model can be
used to find the fairlead tension and platform offset such that
the system is in static equilibrium. For this example, the 50-year
horizontal force was set as Fi,,, = 2M N. Knowing the horizontal
fairlead force Hy = Fep,, the vertical force Vy and resulting offset
Xy were obtained from eq. 9a & 9b. The 50-year quasi-static
fairlead tension 750y, os Was then calculated from the horizontal
and vertical forces. The LRD design parameters could then be
adjusted based on the quasi-static offset and fairlead tension.

In particular, two key LRD parameters should be determined
at the initial design stage: 1. The rated tension of the device,
determined based on the maximum expected load; 2. The maxi-
mum extension of the device (i.e., length of the device for spring-
like LRDs), determined based on the maximum allowable offset.
These parameters are typically found based on iterative dynamic
analyses [7], which can be computationally-intensive. This sec-
tion demonstrates how the analytical model can be used to find a
fast initial approximation of the optimal LRD parameters at the
quasi-static design stage. This example design scenario is applied
to the TFI Seaspring LRD in a catenary mooring system with the
physical properties listed in table 5.

5.2 Determining the LRD rated tension

The aim is to determine the suitable 7, 4s0q for the LRD
such that it is not only above the 50-year quasi-static fairlead
tension, but also above the 50-year dynamic tensions, to ensure
the device can safely operate in the compliant range throughout
its design life. Typical quasi-static mooring design approaches
require application of a safety factor to the 50-year quasi-static
tension to obtain the design tension, with values typically ranging
from 1.4 to 2 in relevant design codes [17]. As the LRD is
expected to significantly reduce dynamic loads, a low safety factor
of 1.4 is used for this example, such that:

Tratea 2 1.4 % TSOyr,QS (15)

To solve this, the analytical model was used to iterate through
values of the TFI curve parameter e which is inversely related to
Tratea (see Eq. 14), starting from a high value of e such that
the starting rated tension 7,44 is equal to the horizontal force
Fenp. All the other curve parameters were fixed to the values
shown in Table 4. The fairlead tension, mooring configuration
and resulting tension-offset profiles were then computed for each
value of e, for the given environmental load until the value of
Tratea that fits the criterion (Eq. 15) was reached. In this case,
the 50-year quasi-static (QS) tension was found to be T50y,, 05 =
2.217TMN, which gives T,4teq = 3.10M N when including the
safety factor (Eq. 15). This is depicted graphically in Figure
13. In this case, the value of T5gy, os is only slightly above the
horizontal environmental force F,,,. This is due to the chain
being relatively light, meaning the additional vertical restoring
force component at the fairlead is small.

The curve with the lowest rated tension is operating above
its rated tension when subjected to the 50-year horizontal load.

Fairlead Tension (MN)

0.0 0.1 02 03 0.4 05
LRD strain

50-year QS tension = 2217 MN

Fairlead Tension (MN)

0 5 10 15 20
Offset (m)
FIGURE 13: TOP: LRD TENSION-STRAIN CURVES FOR 7 VALUES
OF T,ateq; BOTTOM: RESULTING MOORING SYSTEM TENSION-

OFFSET PROFILE FOR EACH CURVE. THE CURVE SATISFYING
THE DESIGN CRITERION IS SHOWN IN BOLD.

This is visible on the tension-offset profile, with the dashed red
line located above the ‘kink’ in the curve. The curve which
satisfies the criterion is operating safely below its rated tension
when subjected to the same load, meaning the LRD would be
operating in its compliant range as intended. While an even
higher rated tension would also be suitable in theory (e.g. 3.5
MN), the resulting tension-offset of the mooring system is stiffer
overall, and less effective at reducing loads.

5.3 Determining the LRD length

In the case of a spring-like LRD (e.g. TFI), the length
of the device determines its maximum extension, which in turn
affects the load reduction potential [18] as well as the resulting
platform offset. In the study thus far, LRDs lengths were set
such that they exhibit 5 m of extension at the rated strain, i.e.
L. = 10m for the TFI device. For the curve with a rated tension
of Trarea = 3.25M N, the resulting 50-year quasi-static offset is
of Tspy,r,x = 13.35m (can be deduced graphically from Fig. 13).
If this is below the maximum quasi-static offset criterion, a longer
LRD could be used, for added compliance. As an example, the
maximum allowable quasi-static offset is set to 20m. The model
was then used to iterate values of L., and resulting tension-
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offset plots were generated. The optimal length of the LRD is
selected by finding the tension-offset profile which is just below
the maximum offset for the 50-year tension. This process is
depicted in Figure 14, and yields L, = 15m.

3.54
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Fairlead Tension (MN)
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50-year QS tension = 2.217 MN s

\
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Fairlead Tension (MN)
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)
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=
&
=)

0
Offset (m)

FIGURE 14: TOP: LRD TENSION-EXTENSION CURVES FOR 7 VAL-
UES OF L; BOTTOM: RESULTING MOORING SYSTEM TENSION-
OFFSET PROFILE FOR EACH CURVE. THE CURVE SATISFYING
THE MAXIMUM OFFSET CRITERION IS SHOWN IN BOLD.

6. CONCLUSION

This paper presented an analytical quasi-static tension-offset
model of catenary moorings with LRDs with three different non-
linear stiffness curves. The model is applicable to any catenary
mooring scenario, and is of particular interest for initial FOWT
mooring design and analysis. Continuous parameterised equa-
tions, defined for the stiffness curves of three different LRDs,
were incorporated into the static equations for a multi-segmented
catenary mooring. Results from the analytical model, using the
continuous equations for the LRD stiffness, match closely with
results of a commercial FE model, which uses piece-wise inter-
polation of user-defined LRD stiffness cruves. The analytical
model has been packaged into an executable function as well as
an associated web application, which enables visualisation of the
mooring geometry and tension-offset profiles for any input LRD
and mooring design parameters [15].

The effectiveness of the analytical model has also been
demonstrated here through an example quasi-static design sce-
nario, and was used to find an initial LRD design for a given
50-year environmental load. By determining the optimal stiffness
curve, the LRD was ensured to operate below its rated tension,
and by finding the optimal LRD length, it satisfied the maximum
offset criterion while maintaining maximum compliance. This
design approach yields quasi-instantaneous results, and could
provide an efficient starting point for subsequent dynamic analy-
ses.
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ABSTRACT

Mooring systems for floating offshore wind turbines (FOWTs) are
designed to resist extreme loads, employing heavy mooring lines and
large anchors which contribute to high capital expenditure. Incor-
porating extensible sections to mooring lines reduces peak dynamic
loading, enabling the use of smaller, easier to install and therefore
cheaper anchors. Finite element (F.E.) modelling of extensible mooring
lines is time consuming and is not well suited to optimization since
all the mooring line variables must be defined a priori. This paper
presents a quick and versatile approach to exploring the effect of linear
and non-linear stiffness extensible moorings on the FOWT system,
which can be used for automated optimization of one variable for
given constraints in the others. The proxy model was based on data
from fully-coupled F.E. analyses of the DeepCwind semi-submersible
FOWT. The proxy model is formed of numerical relationships between
environmental loads, fairlead tension, platform surge, and extensible
section design parameters (length L, axial stiffness EA). From these
relationships, the model can determine optimal extensible section
parameters which minimise fairlead tension for a given surge criterion,
or minimise surge for a given maximum tension criterion. When applied
to an example design scenario, results from the proxy model show good
agreement with EE. results, with a maximum error of 1.2% for linear
stiffness results and 4.3% for non-linear stiffness section properties.

KEY WORDS: Floating offshore wind turbines (FOWT); Extensible
moorings; FEA; Proxy modelling; System optimisation.

INTRODUCTION
Significance of FOWT mooring design

To maintain a 1.5°C global warming pathway, the International Energy
Agency (IEA) is calling for a sevenfold increase in global offshore wind
capacity by 2030 (GWEC, 2021). Up to 80% of worldwide offshore
wind resources are located in water depths greater than 60 m (Burges
Salmon, 2021) where traditional fixed-bottom wind turbines are not
economically viable. In these deeper waters, offshore wind turbines
must be deployed on floating platforms, which are connected to the

seabed via mooring lines and anchors to maintain their position. Various
fixed and floating offshore wind concepts are shown in Fig. 1.

Monopile 4 \ y
0-30 m Jacket
25-50 m

Floating structures > 50 m

Fig. 1 Fixed and floating offshore wind concepts

Mooring system design involves striking a balance between stiffness
and compliance. Stiff mooring systems provide high restoring forces
to the platform, while compliant designs reduce loads transferred
to the mooring line and anchor at the cost of additional platform
motions. Current FOWT mooring designs are derived from oil and gas
practices and typically employ heavy, inextensible chain catenary lines
(QuestFWE, 2020) which provide high stiffness to keep the platform
on station in extreme conditions. FOWT station-keeping requirements
are often more lenient than those of oil and gas installations (Dumont,
2016), meaning that more compliant designs could be employed to
avoid over-designed mooring lines and anchors. Avoiding over-design is
important from an economical perspective, as mooring and anchoring
systems can account for over 15% of overall FOWT costs (Reuters,
2021).

This paper presents a method of tailoring mooring designs to project-
specific station-keeping requirements, ensuring an optimal level of com-
pliance in the mooring system. This will reduce the loads transferred
to the anchor, enabling smaller anchoring systems that are more cost-
effective. Such reductions in costs are necessary to improve the scal-
ability of FOWTs, in turn facilitating commercialization and allowing
floating wind energy to play a key role in meeting net zero targets.



Review of current extensible mooring systems

Compliance in catenary moorings can be geometric and/or elastic. Geo-
metric compliance comes from the change in shape of the mooring pro-
file, whereas elastic compliance comes from change in length (i.e. ex-
tension) of the line. There are various approaches to increasing the ex-
tensibility of mooring systems. Low-modulus synthetics such as nylon
and polyester have been used in deep water oil and gas moorings for
decades, although to reduce weight rather than for extensibility. More
recently, elastic tethers, sections of highly extensible line that usually
employ elastomeric materials, have been developed for mooring load re-
duction in marine renewable energy applications. These include the Ex-
eter Tether, Tfi Seaspring, and Exeter Itelligent Mooring System (IMS),
all of which can provide much higher levels of compliance than typical
polymer ropes without compromising breaking strength (Parish, 2016;
Luxmoore et al., 2016; Thies et al., 2014). Parametric analyses have been
performed on tether dimensions and stiffness to compare load reduction
performance for various load cases and applications for the Tfi Seaspring
(McEvoy, 2019) and the IMS (Harold, 2018). Results from commer-
cial software simulations in these studies show that the extensible tethers
can offer peak mooring load reductions of up to 50% compared to full-
chain (inextensible) lines. However, the reduction in mooring load comes
at the cost of increased platform displacements, notably surge, and this
trade-off has not yet been comprehensively explored. Maximum surge is
an important design constraint for FOWT mooring systems, and is typi-
cally dictated by the range of the dynamic power cables connected to the
FOWT (Corewind, 2020).

Motivation for proxy model-based design

The aim of the study presented in this paper was to derive numerical
relationships between platform displacements, fairlead tension, environ-
mental loads, and extensible section parameters (Fig. 2), in the form
of a proxy model based on a data set generated from F.E. analyses.
The proxy model can estimate fairlead tension reduction (7,.,) and
platform surge increase (S ;,.) compared to an inextensible line, for given
extensible section lengths (L) and stiffness values (EA), and for various
combinations of wave height (H,) and wind speed (U) in parked turbine
states (i.e. extreme conditions). The proxy model is derived for both
linear and non-linear extensible section stiffness values.
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Fig.2 Key system variables considered in analyses

The derived numerical relationships between key system variables
can then be used to improve the design process of extensible mooring
systems. In the public domain, no existing research has documented
an approach to designing extensible moorings to fit project-specific
displacement constraints. Typical mooring design approaches would
involve running commercial software simulations iteratively until output
parameters such as surge and tension meet the design requirements.
Design input parameters are restricted to environmental loads and
mooring line parameters. The aim of the numerical proxy model is
to allow the project-specific constraints such as surge and fairlead
tension to be used as input parameters, with the extensible mooring line
parameters EA and L to meet the design requirements as outputs. This
is a more computationally efficient approach and directly determines the
design parameters which give the closest fit to project constraints.

Structure of paper

The first part of this paper describes the F.E. model and Flexcom analysis
routine used to develop the database, along with the numerical approach
taken to derive the proxy model from the database. The proxy model is
presented in the next section as a selection of surface fits representing
the relationships between variables. The model is then applied to a spe-
cific load case scenario and maximum platform surge constraint from the
Hywind demonstrator, to illustrate use of the proxy model. Results are
discussed, comparing extensible section performance for both linear and
non-linear stiffness.

METHOD

Floating Offshore Wind Turbine F.E. model

The FOWT model used in this study is based on the DeepCwind semi-
submersible floating platform and 5-MW reference turbine, from the Off-
shore Code Collaboration project (OC4), led by the National Renewable
Energy Laboratory (NREL). The full platform and mooring geometry
are described in detail in the OC4 publication (Robertson, 2014), along
with the basic parameters of the wind turbine system. A top-down view
of the catenary arrangement is shown in Fig. 3. The model was previ-
ously used to verify Flexcom against other commercial and open-source
FOWT simulation codes that participated in the OC4 initiative, and the
results of the verification showed good alignment with the other software
for the load cases considered (Festa et al., 2021).

837.6 m 418.8 m

Waves/
Wind

0°

Fig.3 Top-down view of the OC4 mooring system. The surge
motion of the platform is defined as horizontal displace-
ment along the x-axis.



For the analyses in this study, all platform and turbine geometry were
left unchanged from the OC4 DeepCWind model. The focus was on
the mooring lines, which were partly modified to include extensible
sections. Mooring lines are modelled in Flexcom as a succession of
beam elements. To create extensible sections, elements in these sections
were assigned a reduced axial stiffness, while other element properties
such as density and diameter were kept constant. A side-on view of
a catenary mooring system in static equilibrium is shown in Fig. 4,
with and without extensible sections. Water depth, anchor to fairlead
distance and unstretched line length are unchanged, although the shape
of the catenary is more slack due to the stretch of the extensible section
under the weight of the chain. This means a lower restoring force on the
floating platform, due to less weight of suspended chain.

water depth
=200m

EA = SMN_/- _\

EA =753.6 MN

837 m

EA =753.6 MN

Fig.4 Side-on view of the mooring system, including an extensi-
ble section (top) and a full-chain catenary line (bottom)

When defined by a single value of stiffness EA, the extensible section
adopts a linear stiffness, with a force-strain curve defined by a straight
line through the origin and the single point EA. In practice, few compli-
ant materials used in offshore moorings have a fully linear stiffness pro-
file. Existing elastic tether technologies are specifically designed with
a non-linear stiffness to improve their performance. For instance, the
Tfi Seaspring combines thermoplastic and elastomeric elements to ob-
tain a ’stepped’ stiffness response. This ensures a high initial stiffness
to limit extension of the spring under static loading, and a reduced stiff-
ness in the operational strain range to effectively reduce variable wind
and wave loads. For the parametric analyses in this study, both linear
and non-linear stiffness extensible sections are considered to determine
the importance of this non-linearity in the design phase.

Variables for parametric F.E. analyses

The parametric analyses were run on Flexcom with various com-
binations of extensible section parameters and load cases, and the
maximum platform surge and fairlead tension were recorded for each
simulation. The analyses were fully-coupled dynamic simulations in the
time-domain, thus the fairlead tension combines both static and dynamic
components, and the surge accounts for wind loads as well as wave
induced drift forces.

A total of 42 combinations of EA and L were considered, with 9 different
combinations of wind speed (U ) and wave height (H,), representing a
total of 378 simulations. Wave period (T,) is scaled to the wave height
with a linear relationship rather than considered as an independent vari-
able to improve efficiency of the proxy model by minimizing the number
of variables. In practice, wave height and wave period are frequently
correlated (Mackay, 2012). The load cases (LC) are numbered from 1 to
9 for each combination of wind speed and wave height, with LC1 being

the least severe (U = 25mps, H; = 6m, T, = 10m ) and LC9 the most
severe (U = 45mps, H; = 14m, T, = 13m). All load cases considered in
this study are extreme cases, with wind speeds above the turbine cut-off
point (i.e. U > 25mps) meaning the turbine is always in the parked con-
dition (rotorspeed = 0) with feathered blades. The full design space of
extensible section variables and load case parameters is shown in Table
1.

Table 1 Variables considered in parametric analyses

Parameterised variables Values
Extensible L (m) 10, 20, 30, 40, 50, 60
section EA (MN) 1.5,2,3,4.5,6,7.5,9
U (mps) 25, 35, 45
Road €€ |1 s my: Tp (9] | [6: 10], 1105 115, [14: 13]

The same set of parametric analyses was repeated analogously for the
non-linear extensible sections (i.e. an additional 378 simulations). The
stiffness values described in Table 1 were used to define both the linear
and non-linear stiffness curves. For non-linear stiffness, these values
represent the axial force at 100% strain. The shape of the non-linear
stiffness curves is based on stiffness of the Tfi Seaspring [11], and is
maintained for all the different values of target stiffness. The set of
curves used in the parametric analyses is shown in Fig. 5.

10

Force (MN)

SO =N WhR U9 ® O

0 0.2 0.4 0.6 0.8 1
Strain

— 1.5 MN—2MN 3 MN——4.5 MN——6 MN 7.5 MN——9 MN

Fig.5 Non-linear stiffness curves considered in parametric anal-
yses, with force at 100% strain equal to that of the linear
stiffness curves

Proxy modelling workflow

The proxy model presented in this paper belongs to the category of
reduced-order models (ROMs), a large family of numerical methods
aiming to reduce the complexity of numerical simulations (Schilders,
2008). In particular, proxy models are characterised by a combination
of mathematically defined functions that approximate the response of
the full-scale simulation model output for selected input parameters
(Deeney, 2010). In this case, the proxy model combines 5" order
polynomial regression and cubic spline modelling methods, which can
accurately capture non-linear relationships. However, these methods
cannot accurately be used for extrapolation, notably due to the piece-
wise nature of cubic spline interpolation (Hahn, 1977), meaning that
model inputs are limited to the bounds of the F.E. data set.

For each wave height and wind speed combination 7, a polynomial fit
was carried out for surge (S ,) and tension (7,,). These functions deter-
mine the maximum surge increase and tension reduction respectively
from input variables of the extensible section properties, stiffness (EA)



and length (L). For the proxy model to cover all relevant combinations
of wave height and wind speed, a surface fit is then completed for each
polynomial coefficient of the set of polynomials S, and T,,. Thus, each
polynomial coefficient can be determined for any load case input H; and
U. The polynomials used were of degree 5 in EA and 3 in L, leading to a
total of 18 polynomial coefficients to be fitted for both S, and 7,. These
fits were achieved using cubic interpolation rather than the polynomial
surface fits used for EA and L. The combination of polynomial and
cubic interpolated fits results in two overall functions which determine
the increase in surge and reduction in fairlead tension from inputs EA,
L, H,, U. This process is depicted in the flowchart in Fig. 6.

Flexcom parametric analyses
+ 42 combinations of E4 and L of extensible section
» 9 combinations of U and H; for load case

Surge results Tension results

v N,

Polynomial fit Polynomial fit
Find functions S, such that | | Find functions T,, such that
Sp.(EA,L) = Surgepc, To(EA, L) = Tension,q,,
for n load cases for n load cases
I T
coefficients (py, p, ... p;) coefficients (g1, 5 .. q;)

)
Cubic interpolation Cubic interpolation
Find functions s; such that Find functions t; such that
si(UHy) = p; ti(U, Hy) = q;

5

Final functions
Fy(U, Hy, EA,L) = Surgeine,
F,(U,Hs, EA,L) = Tension

redu

Fig. 6 Process to determine surge and tension functions

PROXY MODEL
Overview

Outcomes of the proxy model, which consists of the polynomial and
cubic interpolation fits based on the F.E. data set as described in the
methodology, are presented in this section. For brevity, polynomial fits
are shown only for LC1 which is the least severe (U = 25mps; H; = 6m)
and LC9 which is the most severe (U = 45mps; Hy = 14m). The cubic
interpolated polynomial coefficient fits are then shown for the first co-
efficient (i.e. the most significant). This modelling process is repeated
for both linear and non-linear EA, with results split into two analogous
subsections. The resulting trends between variables are only briefly dis-
cussed, as a more in-depth commentary on the inter-relationships be-
tween variables is presented in Festa et al. (2021). The intention here is
to demonstrate the suitability of the proxy model to capture those rela-
tionships.

Linear stiffness proxy model
Effect of extensible section length and stiffness on platform surge

The first set of polynomials estimate the increase in platform surge
compared to an inextensible line for any combination of extensible
section stiffness and length in the design space. The surface fits for the
linear proxy model are shown for LC1 and LC9 in Fig. 7, alongside the
original FE. results (points).
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Fig.7 Polynomial surface fits of platform surge increase for
(a) least severe and (b) most severe load cases

As expected, higher section length and lower stiffness lead to a signifi-
cant increase in platform surge compared to an inextensible mooring line.
Increases in section length have a roughly linear relationship with surge
increase, which is not the case for increases in stiffness. This explains
the lower order polynomial being sufficient to fit the L variable, whereas
the EA variable requires higher order terms. The overall profile for
both load cases is similar, with the most severe load case (LC9) leading
to higher increases in surge compared to the least severe load case (LC1).

Effect of extensible section length and stiffness on fairlead tension

The polynomial surface plots for the reduction in fairlead tension for
any combination of EFA and L in the design space are shown in Fig. 8,
alongside the original F.E. results (points). In contrast to the surge, there
is a notable difference in surface shape between the two load cases for
tension response. The stiffer and shorter extensible sections provide
limited compliance under lower loads, but can be elongated by higher
values of wind and wave, in turn providing more tension reduction.

Assessment of polynomial fitting

Opverall, the polynomials provide a close fit for both tension increase and
surge reduction to the F.E. results, with consistently low root mean square
error (RMSE) values across all load cases (Table 2). In theory, a lower
degree polynomial would provide sufficient goodness of fit for these lin-
ear stiffness plots, but the higher order polynomial was used as it did
not significantly increase computational time, and allowed the use of the
same proxy model framework as for the non-linear stiffness.
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Fig. 8 Polynomial surface fits of fairlead tension reduction for
(a) least severe and (b) most severe load cases

Table 2 RMSE of tension and surge polynomial fits for linear EA
5

Load case 1 2 3 4 6 7 8 9
Surge inc.

fit RMSE 1.10 | 1.26 | 1.36 | 1.30 | 1.55 | 1.82 | 1.88 | 2.63 | 2.47
Tension red.

fit RMSE 0.08 | 0.07 | 0.07 | 0.11 | 0.11 | 0.11 | 0.18 | 0.19 | 0.18

Effect of wind speed and wave height on polynomial coefficients

The coefficients of each polynomial are then extrapolated across the 9
different combinations of load case parameters H, and U using a cubic
interpolated fit. The surface fits are shown for the first of the 18 coeffi-
cients for both surge and tension in Fig. 9 (a) and (b) respectively. Fig.9
(a) shows that wind speed is the main factor affecting surge, and Fig.9
(b) shows that tension reduction is primarily influenced by wave height.

(a) q1 coeft. tension reduction

(a) p1 cocff. surge increase
gisere
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Fig.9 Cubic interpolated fit of 1% polynomial coeff. for (a) surge

increase and (b) tension reduction for linear stiffness

Non-Linear stiffness proxy model
Effect of extensible section length and stiffness on platform surge

The same parametric analysis and curve fitting procedure was then re-
peated, replacing the single values of EA by the non-linear force-strain
curves shown in Fig. 5. Polynomial fits of platform surge increase are
presented in Fig. 10 for the least and most extreme load cases (LC1 and
LC9). These results are similar to those of the linear stiffness section for
LC9, but display a greater non-linearity between variables for LC1. This
is due to the extreme load case (LC9) causing the extensible section to
operate in strain ranges above 70%, where the stiffness curves shown in
Fig. 5 display a more linear behaviour.
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Fig. 10 Polynomial surface fits of platform surge increase for
(a) least severe and (b) most severe load cases

Effect of extensible section length and stiffness on fairlead tension

Further non-linear behaviour is apparent for the tension reduction sur-
face fits (Fig. 11), notably for the most extreme load case (LC9). This
is of particular interest, as it means improved trade-offs between tension
reduction and surge increase emerge for specific combinations of EA and
L. For instance, Fig. 11 (b) shows an increase in fairlead tension when
reducing the target stiffness from 4 MN to 2 MN, which seems counter-
intuitive. This is due to the lower stiffness extensible section undergoing
higher strains and therefore acting in the high stiffness range and not pro-
viding as much elongation under the transient wave loads. Such an ob-
servation reinforces the value of the proxy modelling and holistic design
approach, the optimal and sub-optimal configurations of non-linear EA
and L would be difficult to determine from simple iterative trial-and-error
F.E simulations.
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Fig. 11 Polynomial surface fits of fairlead tension reduction for
(a) least severe and (b) most severe load cases

Assessment of polynomial fitting

As expected, the relationships between variables for non-linear stiffness
are less consistent over the design space compared to the linear stiffness
surface plots. While the linear stiffness means constant EA regardless of
loads, the stiffness of the non-linear section is dictated by the strain in op-
eration. The operating strain range of the extensible section is affected by
the environmental loads, notably the wind thrust, which leads to an initial
‘background’ elongation, but also by the initial length of the extensible
section where a longer section leads to a lower value of strain under the
same load. The variation in operating strain range across each config-
uration results in different sensitivities to wind and wave loads, leading
to highly non-linear system behaviour which is complex to predict. As
such, the polynomials do not achieve the same goodness of fit as with
linear stiffness, despite the high number of coefficients (Table 3).

Table 3 RMSE of tension and surge fit for non-linear stiffness

Load case 1 2 3 4 5 6 7 8 9
Surge inc.

fit RMSE 12.62 1 9.93 | 10.02 | 8.74 | 9.54 | 7.59 | 8.14 | 9.16 | 3.26
Tension red.

fit RMSE 039 | 0.55(0.63 [0.79|1.03|1.09 | 128 | 1.45]|1.26

Effect of wind speed and wave height on polynomial coefficients

The first polynomial coefficients for surge increase and tension reduction
polynomials are shown in Fig.12 (a) and (b) respectively, for compari-
son with those of linear stiffness shown in Fig. 9. Whereas the linear
stiffness coefficients could have been effectively modelled with a poly-
nomial, these plots justify the use of a cubic interpolation which captures
the non-linear variations effectively.

(a) p1 coeff. surge increase
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Fig. 12 Cubic interpolated fit of 1** polynomial coeff. for (a) surge
increase and (b) tension reduction for non-linear stiffness

DESIGN APPLICATION
Process

Application of the proxy model to a given load case and specific set of
design requirements is presented in this section, showing how the method
can be used effectively as part of the extensible mooring design process,
removing the need for iterative ‘trial-and-error’ F.E. simluations. Fig. 13
outlines the process for applying the proxy model to a particular design
scenario .

(a) Surge constraint

Inputs Surge polynomial Tension polynomial Outpfm
* Max. surge 5% 3 ¢ * Optimal
B Find satisfactory Find EA& L
increase ng . EA&L
EA&L with lowest y
* Load case EoTAbinations J— « Tension
(H;, U) Fhsion reduction
(b) Tension constraint
.Inp uly B Tension Polynomial Surge polynomial Outpftts
¢ Min. tension - . i + Optimal
o Find satisfactory Find EA& L
reduction - EA&L
EA&L with lowest
* Toadease combinations surge + Surge
(Hs, U) g reduction

Fig. 13 Inverted proxy model-based design approach for (a) surge
increase constraint and (b) tension reduction requirement

The first set of inputs to the proxy model are the wind speed and sig-
nificant wave height parameters U and H,. From these inputs, the poly-
nomial coefficients can be interpolated to obtain the full surface plots
of tension reduction and surge increase for EA vs L. After setting the
maximum surge increase constraint S, all pairs of FA and L which
exactly satisfy the surge constraint are determined by finding the roots of
the following expression f:

S(EA,L) = Sy, (EA, L) = S ax 1

where Sy, is the surge increase polynomial based on the specific load
case parameters U and H,. The resulting combinations of EA and L
which satisfy the surge constraint are then used as inputs to the tension
reduction polynomial, to determine whether some configurations offer
more tension reduction than others. This process can be completed with
the minimum required tension reduction 7', as an input parameter rather
than surge constraint, i.e. finding which design parameters offer the de-
sired tension reduction, whilst minimising surge increase. This involves



finding the roots of the following expression g, where Ty, is the tension
reduction polynomial:

8(EA,L) = Tyn,(EA, L) = Ty (@)

Field example

The design load for the case study is taken from the 50-year storm con-
ditions at the Hywind demo site (Onstad et al., 2016), with U = 30.5mps
and H; = 13.3m. The maximum surge constraint was arbitrarily taken
as S ax = 60% increase compared to an inextensible line, which equals
a total surge displacement of 20 metres. The resulting multivariate plots
derived by the proxy model for the specific load case are shown in Fig.
14, highlighting the combinations of design parameters which satisfy the
surge constraint.

2 3 4 5 6 7 8 9
EA (MN) EA (MN)

Min. tension reduction = 37%
Max. tension reduction = 38%

Min. tension reduction = 33%
Max. tension reduction = 45%

Fig. 14 Estimated surge increase contour plot for the specific load
case based on the proxy model; for linear stiffness (left)
and non-linear stuffness (right). Each EA and L pair that
satisfies the maximum surge constraint is shown with a red
marker, with bigger markers signifying a higher reduction
in tension.

The combinations of design parameters that satisfy the surge constraint
for linear EA are all approximately equivalent for tension reduction,
i.e. all configurations offer a similar trade-off, indicated by all the red
markers having the same size (Fig. 14). This is not the case for the
non-linear EA, with some combinations of design parameters proving
more viable than others, shown by some red markers being bigger
than others. For the same amount of surge, the shorter non-linear
extensible sections operate in a higher strain region on the non-linear
force-strain curve than the longer sections (above 70%), thus making
them stiffer (Fig. 5, due to thermoplastic element) and less effective at
reducing dynamic loads from the waves. The most and least effective
configurations are shown in Tables 4 and 5, along with the actual results
from bespoke F.E. simulations to compare accuracy. The full FE. dataset
is publicly available online (Festa, 2022).

For the same load conditions, the proxy model can also be used to
find design parameters which satisfy a tension reduction constraint.
For this example, a required tension reduction of 30% is specified.
The proxy model determines which configurations of EA and L meet
this requirement for the given load conditions design, and which
of these configurations is most effective for minimising surge. The

configurations that meet the prescribed constraints are shown in Fig. 15,
Table 4 and Table 5, along with the actual results from F.E. to compare
accuracy. Significant disparities in surge increase can be noted between
the different configurations for the non-linear stiffness, with the most
effective configuration reducing surge by over 30% for the same value
of tension reduction.

EA (MN)

Max. surge increase = 35%
Min. surge increase = 32%

Max. surge increase = 45%
Min. surge increase = 17%

Fig. 15 Estimated tension reduction contour plot for the specific
load case based on the proxy model; for linear stiffness
(left) and non-linear stiffness (right). Each EA and L pair
satisfying the min. tension reduction is shown with a red
marker, with bigger markers signifying a higher surge.

The linear proxy model results show very good agreement with the F.E.
results (Table 4), especially for tension reduction prediction. This fol-
lows the RMSE trends displayed in Tables 2 and 3, with tension results
on average more accurate than surge results by a factor of 10. Non-linear
results are slightly less accurate (Table 5), with the proxy model under-
estimating surge increase compared to the F.E. results, by approximately
4%. The design application of the proxy model clearly demonstrates
the value of the approach in finding configurations with improved trade-
offs between surge increase and tension reduction for the given design
constraint. Another key strength of the proxy model lies in the ability
to reverse the design question, and predict required extensible mooring
line properties, EA and L, to achieve the prescribed design constraint on
either platform surge or fairlead tension reduction.

Table 4 Summary of linear stiffness proxy model results for load

case application
Design constraint Optimal config. based on proxy | Comparison with F.E results
Tension reduction = 38.47% Surge increase = 61.18%
EA=273MN,L=26m Tension reduction = 38.27%
Surge increase = 32.08% Surge increase = 33.22%
EA =657 MN, L =36m Tension reduction = 30.12%

Surge increase = 60 %

Tension reduction = 30 %

Table 5 Summary of non-linear stiffness proxy model results for
load case application
Design constraint

Optimal config. based on proxy | Comparison with F.E results
Tension reduction = 44.91% Surge increase = 64.11%
EA =406 MN,L =57m Tension reduction = 46.13%
Surge increase = 17.48% Surge increase = 21.79%
EA=847MN,L=52m Tension reduction =33.04%

Surge increase = 60 %

Tension reduction = 30 %

Future work will involve replicating the F.E. dataset and proxy model
for composite and taut mooring lines, in view of developing a fully-
generalisable design framework.



CONCLUSION

This paper presents an approach to determine optimal extensible
tether parameters EA and L to fit project-specific surge or tension
requirements, for both linear and non-linear tether stiffness profiles.
This was achieved using a proxy model based on a data set created with
results from a commercial EE. software.

The main take-away points from this study are:

e Polynomials proved adequate to describe relationships between
mooring loads, platform surge and extensible section design pa-
rameters EA and L. The goodness of fit was better for linear
stiffness than for non-linear stiffness extensible sections, as the
inter-variable relationships were more consistent.

e The simple proxy model not only enables computationally ef-
ficient modelling of extensible moorings, it also allows design
constraints, i.e fairlead tension and platform surge, to be used as
inputs in the design problem, returning the required extensible
section parameters. This is a more efficient workflow than direct
EE. analyses where extensible section parameters are prescribed
as input, with analyses returning fairlead tension and surge. This
approach simplifies the task of finding a bespoke extensible sec-
tion design to fit station-keeping criteria.

o A holistic design approach, as demonstrated here, is especially
beneficial for non-linear stiffness extensible tethers. Different
combinations of EA and L that satisfy the prescribed design re-
quirement can vary significantly in terms of their impact on either
platform surge or fairlead tension. The proxy model can help to
determine which combinations of non-linear stiffness curves and
tether length maximise the trade-off between surge increase and
tension reduction for any given load case.
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ABSTRACT: This study presents analysis of a floating offshore wind system to illustrate methodologies for
reducing the mooring loads transmitted to the anchor and the required anchor size. These design efficiencies
support acceleration of the development of floating offshore wind, to help meet the growth required for 2050
net zero targets. The anchor loading and size reductions are achieved by combining techniques that i) reduce
the anchor loads by considering load reduction devices (LRD) in the mooring line configuration, and ii) mobi-
lise additional seabed resistance by considering beneficial seabed effects due to inertia and changing strength.
This study demonstrates the benefits of combining these effects through an integrated floater-mooring and an-
chor-seabed analysis approach. The method is applied to an example whole-life application spanning the oper-
ating life of a floating offshore wind (FOW) system. This analysis indicates a potential 50% reduction in the

required anchor size for the same system reliability.
1 Introduction

1.1 The need for floating offshore wind (FOW)

To meet net zero targets by 2050, decarbonisation of
global energy supply will require a rapid expansion
of offshore wind. The global offshore wind energy
compact proposes a global ambition of 2000 GW by
2050 to meet the aims of the Paris Agreement
(GWEC, 2022). Much of this growth will be provided
by floating offshore wind (FOW) technology, which
can be installed further from shore, where there is
more available ocean space, high energy wind re-
sources are located and conventional fixed offshore
wind is not practical. Among the challenges of up-
scaling the production and installation of FOW sys-
tems is the need for efficient and reliable mooring and
anchoring systems (Cerfontaine et al., 2023).

1.2 Opportunities for more efficient mooring and
anchor systems

FOW infrastructure is subjected to a wide range of
actions from metocean (e.g. wind and wave) and op-
erational conditions, which are transmitted by moor-
ing lines to the anchors that are typically embedded in
the seabed. Taut mooring arrangements are attractive
for FOW turbines as they require less length and
lighter synthetic mooring line than traditional heavy
chain catenary mooring arrangements. Taut moorings
also transmit significantly higher mean and peak up-
lift tensions to the anchor compared to catenary

moorings, where much of the mooring load is trans-
mitted laterally and much of the load is taken by the
weight of the chain. Further improvements to taut
mooring configurations are currently being explored
to reduce peak mooring uplift loads on the anchor
through the development of load reduction devices
(LRD) that achieve a non-linear stiffness profile with
an initial compliant phase for operating conditions
and a stiffer response at higher extensions to deal with
extreme events (Gordelier et al., 2015; Dublin Off-
shore, 2021; Pillai et al., 2022; Lozon et al., 2022).

The seabed surrounding an embedded anchor also
has potential to offer extra anchor capacity enhance-
ments depending on the loads that are transmitted via
the mooring lines to the anchoring system and sur-
rounding seabed. For long-term cyclic loads that vary
due to sea state and season during the whole-life or
lifetime of the facility (e.g. 20 years), seabed strength,
Sy, and therefore anchor capacity can evolve with
time due to shearing and consolidation of the soil dur-
ing sustained and variable low amplitude cyclic uplift
loads (Blake et al., 2011; Cocjin et al., 2014; Smith &
White, 2014; O’Loughlin et al., 2020; Zhou et al.
2020;; Gourvenec, 2020; Da Silva et al., 2021; Laham
et al., 2021, Kwa et al., 2023a, c) . This can result in
increases in the long-term embedded plate anchor ca-
pacity, Qg, as defined below

Qs = f({su}) = Ns, A (1)

where N, is a bearing capacity factor (e.g. 13.11 fora
rough circular plate anchor (Martin & Randolph
2001)) and A is the cross sectional area the anchor.



The strength {s, } can vary between the initial value,
Suo» the cyclically remoulded minimum s,,,- and hard-
ened maximum s, as a result of remolding and con-
solidation as defined in White et al. (2021). However,
these long-term or whole-life increases in capacity are
not typically considered in conventional geotechnical
foundation capacity analysis. Under dynamic, high-
amplitude loads, e.g. during a storm event, soil vis-
cous rate effects can have a positive effect on the
shear strength of the soil, depending on the strain rate
as defined, for example, by eqn 2. (Randolph 2004).

2
sy, = Syomax |1,1+ ' sinh™t y @)

Yref
where s, is the undrained soil shear strength defined

at a slow or static strain rate as typically used in la-
boratory testing to evaluate s, 4’ is a rate parameter,
typically found to be ~0.1 (i.e. 10% extra strength per
increment of strain), ¥ is a representative strain rate
in the failing soil and y,..fis a reference strain rate as-
sociated with the selected value of s,,.

Wave-structure interaction can cause rapid, high
amplitude snatch loads, which can have time periods
~10 times shorter than the wave itself (Hann et al.,
2015). In this case extra dynamic anchor capacity is
also created from mobilising the mass of the soil sur-
rounding the plate (Kwa et al., 2021). This added soil
mass can be described by the hydrodynamics ‘added
mass’ term, which is well recognised in fluid mechan-
ics and is routinely considered in the dynamic motion
of floating structures and mooring lines, but is not
considered in conventional geotechnical capacity
analysis. The added mass for a geotechnical failure
mechanism is typically double that for fluid flow
around the same object (Kwa et al. 2021).

Allowing for this multiscale hierarchy of mooring-
anchor-seabed load-time processes, which span from
snatch loads (~10° s) to wave loading periods (~10'
s), through to seabed consolidation durations (~10%¢
s), over the full facility life (~10'2 s) can have a ben-
eficial design outcome, offering opportunities for re-
ductions in anchor size and therefore, more efficient
anchoring systems for FOW infrastructure. However,
typical fluid-structure interaction models capture the
response of floaters and mooring lines in the time-do-
main over relatively short time periods (i.e. up to 3
hours) rather than over a whole-life operational life-
time. They also model the connection of the mooring
system to the seabed as a pin connection and so ben-
eficial connected mooring-anchor-seabed interac-
tions are not generally considered.

1.3 Aim and outline of paper

The aim of this study is to explore the benefits from
connecting FOW mooring analyses of taut mooring
line configurations with and without LRDs with

anchor-seabed response. This is achieved through
coupling a developing anchor macro model, Ancmac,
with a Flexcom Finite Element Model (FEM) moor-
ing-floater analysis of an International Energy
Agency (IEA) 15 MW UMaine reference turbine in
an idealised example design lifetime application.

2 Method: Anchor and floating system models

2.1 Geotechnical anchor macro model

Anchor macro models can be used to efficiently sim-
ulate the response of an anchor in terms of the result-
ant forces and displacements at the anchor, as an ide-
alisation of the integrated effect of the surrounding
elements of soil. This approach was formalised in the
1990s by Nova & Montrasio (1991), Houlsby et al.,
(1992) and Schotman (1989) by using a plasticity
framework. The Ancmac model captures the anchor
capacity as a time-varying function of the applied
loads, reflecting short term processes of softening and
pore pressure generation, u, and long-term processes
of consolidation. Consolidation and pore pressure dis-
sipation leads to hardening and strength gain over the
anchor life time (Kwa et al., 2022, 2023c¢). A similar
approach has also been implemented in an anchor
macro model developed in Da silva (2021) and could
be incorporated into other multi-directional anchor
macro models (e.g. Yang et al. 2012; Cassidy et al.,
2012).

The overall whole-life anchor simulation process is
summarised in Figure 1 and is carried out using two
software elements; Ancmac and a wrapper program,
referred to as K2M>.

Database: anchor load Input: Whole-life continuous

time series for a range ‘ anchor load time series from

of seastates from random sampling of seastates and
Flexcom analyses concatenating load time series

Break down cyclic anchor loads into anchor load sets for
each K2M? updating interval time (e.g 1 month), with sets |4
binned by number, N, of mean, R, and cyclic amplitude, S.

*An anchor load set

i) Use RSN method (Verruijt, 1995; Andersen, 2015, Tom
et al., 2019) to accumulate damage, D = u/g;,
representing pore pressure build up u relative to vertical
effective stress gy, at the anchor’'s embedded depth.

if} Use CSI (Critical State Inspired method) (White et al.,
2021; Kwa et al., 2023a) to combine new damage and
consolidation, and update soil state parameters including
soil strength s,

Next anchor|
Updated soil state parameters

pdating of soil parameters between sequential analyses

load set
Méss Check for
) —> ‘anchor failure’ _
Sprfng—J“J Viscous anchor loads >
dashpot current anchor

slider =

capacity ?

K2m2: U

— Ancmac: Time domain analysis
Figure 1: Flow chart of the anchor macro model routine



Ancmac represents the geotechnical anchor re-
sponse using a one-dimensional parallel Iwan model
(Iwan, 1967), in which the spring-sliders incorporate
viscous rate effects, in combination with an added
mass component. The detailed formulation of
Ancmac and K’M? can be found in Kwa et al.,
(2023a,b). The simulation routine of Ancmac when it
is coupled with a separate numerical analysis package
can be found in Kwa et al (2022).

2.2 Hydrodynamic floating system model

A hydrodynamic mooring-floater FEM in the com-
mercially available software numerical analysis pack-
age Flexcom was used to model an International En-
ergy Agency (IEA) 15 MW wind turbine and the
Umaine Volturn-US semi-submersible FOW turbine.
The full FOW turbine platform and turbine character-
istics are described in detail in NREL publications
(Evan et al, 2020; Allen et al., 2020). Flexcom FAST
plug-ins AERODYN and SERVODYN were used to
model the fully-coupled aero-hydro-servo response.

This modelling methodology has been validated
against other software as part of an offshore code col-
laboration project OC6 (Robertson et al. 2020). Two
taut mooring configurations were considered (a) a
conventional taut mooring system, composed of high
modulus synthetic polyester rope; (b) a taut mooring
system, composed of the same polyester rope, with
the addition of a polymer spring load reduction device
(LRD) at each fairlead. This LRD is based on the Tfi
Seaspring (Lozon et al., 2022) and can operate at high
strain (20-50%), thus providing high levels of elonga-
tion to reduce dynamic loads on mooring lines and
anchors. The LRD is modelled with a 3-phase non-
linear stiffness curve, to match the curve of the Tfi
Seaspring The unstretched length of the LRD is mod-
elled as 25 m, with a stretched length of 37.5 m at
4AMN load. The general mooring parameters are
shown in Table 1, with profile views of both mooring
configurations shown in Figure 2.

Table 1: General mooring parameters of taut mooring system,
applicable to both (a) conventional base case and (b) with LRD

Parameter Value
Water depth, z,, 150 m
Number of mooring lines 3
Anchor radius from platform centerline 260 m
Seabed-mooring line angle, 6,, 34 deg
Polymer rope stiffness, (EA)ope 7 MN
Polymer rope linear density prpe 8.5 kg/m
Fairlead pre-tension, Ty, pr 2 MN

" with no applied wind or wave loads

Stochastic load cases were applied to the FOW tur-
bine model based on the IEC design load case (DLC)
matrix. From the matrix of load cases, two ‘opera-
tional’ load cases were selected, as well as two parked
FOW turbine case for a storm and 1 in 50-year storm,

as summarised in Table 2. All environmental loads
are applied in the same direction, and each simulation
was run for 10800s (3 hours). The resulting force
time-series, T,, was measured at the anchor point of
the windward mooring line. The range (i.e. minimum,
maximum and mean) values of T,,, are summarised in
Figure 3 for the taut conventional mooring and moor-
ing with LRD cases. A typical comparison between
the load-time series at the anchor point for the taut
conventional mooring and mooring with LRD cases
is summarised in Figure 4.

Polymer spring load Zy
reduction devices

m /
\
Anchor point N

O/‘\B -
Figure 2: Profile view of taut mooring with load reduction

devices (LRDs). The model of the conventional mooring system
does not have the LRDs in the mooring lines.

Polyester lﬂpc.

Table 2: Summary of 3 load cases used in this study, selected
from UMaine design matrix (Allen et al., 2020)

IEC  Load Wind  Sig. Peak Shape

DLC case Speed  wave wave factor
ref. description  (v,,) height period
(m/s)  (Hy) (Ty)

1.1.4  Operational 4 I.1m 8.52s 1.00
1.1.12  Operational 12 1.84 m 744 s 1.00
6.3.38  Parked 38 6.98 m 11.70s 275

storm
6.1.47 Parked 1 in 475 10.70m  1420s 275
50-yr storm
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Figure 3: Summary of the range (minimum, maximum and
mean) of loads at the anchor point for design load cases (DLCs
as shown applied to (a) conventional taut mooring and (b) taut
mooring with load reduction systems (LRD).

In both taut mooring cases, the mean loads, Ty, ,
were higher than the pre-tensioned value, Ty, pr



(T, =2.3 to 3.4 MN), and there was an increasing
variation between the minimum and maximum loads
for the DLCs associated with higher windspeed. In-
cluding an LRD in the mooring configuration resulted
in reduction in the maximum loads and load ampli-
tudes transmitted to the anchor. This load reduction
was particularly significant in the more severe storm
loading cases; up to 37% reduction in the parked reg-
ular storm case and 50% in the 1-in-50-year storm
case. Smaller reductions of 5 to 11% were observed
in the operational cases as a result of including LRDs
in the mooring configuration.

These load-time-series were used to build synthetic
yearly realisations reflecting seasonality in anchor
loads in the example whole-life application as de-
scribed and discussed in Section 3.

Mooring with LRD

Conventional mooring
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Figure 4: Example comparison between loads transmitted to the

anchor for taut mooring configurations with and without LRD
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Figure 5: Selected seasonal variations in metocean conditions.

2.3 Applied whole-life metocean conditions and
initial seabed conditions

To build the synthetic seasonally-varying yearly real-
isations of whole-life anchor loads, illustrative com-
binations of the DLCs were chosen to artificially re-
flect seasonally-varying metocean conditions within
a year (i.e. calmer in summer and more severe in win-
ter) as shown in Figure 5. This combination of DLCs
was repeated over 20-years to idealise a design life-
time of a FOW turbine. To investigate the response of
the system under an extreme loading event, a 1 in-50-
year storm was additionally applied for a period of 3
hours in the 15" year of the design lifetime.

It is assumed that these loads are transmitted di-
rectly to the anchor, whereas in reality, additional ge-
otechnical resistance would be mobilised from inter-
actions between the embedded section of mooring
line and the seabed. Based on analytical solutions for
the frictional capacity of embedded anchor chains
(Neubecker & Randolph 1995), this decrease in load

would be less than ~10% and is neglected in this anal-
ysis.

An illustrative set of seabed input parameters to
Ancmac and K’M? were selected to be representative
of lightly over consolidated clay around a circular
plate anchor embedded at a depth of ~20m. The se-
lected seabed values were an initial undrained
strength s,,=80kPa, coefficient of consolidation base
case value of ¢,=6m?/s and a variation case of 12m?/s,
and a sensitivity S;=2.5 at the anchor point. These se-
lected seabed values were similar to those in centri-
fuge tests performed by O’Loughlin et al., (2020) and
Zhou et al., (2020).

Two sets of simulations were also considered; one
where seabed strengthening or hardening was disa-
bled and another set where seabed hardening was en-
abled. When seabed hardening was disabled, seabed
strength, s, is limited to vary between the initial
value, s,,9, and a cyclically remoulded minimum, s,
When seabed hardening is enabled, both seabed sof-
tening and beneficial whole-life seabed strengthening
effects from consolidation were considered in the
analysis, and as a result, s,, is allowed to vary between
Sur and hardened maximum s,,;, from consolidation.
This change in s, affects the through-life available
anchor capacity Q; according to Equation 1, which is
compared with Ty, to find the required anchor sizes.

3 Results and discussion: An integrated whole-
life geotechnical-hydrodynamic application

3.1 Basis for defining required anchor size

Results are presented for the 15SMW taut-moored
FOW turbine, with and without an LRD in the moor-
ing line, with a deeply-embedded circular plate an-
chor. Anchor capacity is updated on a monthly basis,
so a monthly factor of safety (FoS) is calculated based
on eqn 3.

FoS = Qs/Tmmax ®)

To determine the required anchor size for each
case, a minimum factor of safety, FoS >1 is set over
the 20-year design lifetime in the simulations. The
analysis of the anchor response throughout the design
lifetime was repeated, iterating the anchor size each
time, to find the minimum anchor size that meets this
condition. For deeply-embedded circular plate an-
chors, the capacity is proportional to the cross sec-
tional anchor area.

This adopted criteria of FoS >1 is a lower FoS than
could be accepted according to conventional design
practice, but is used here to provide a simple con-
sistent basis to compare different modelling cases
(with and without LRD, with and without seabed
hardening). A change in the required FoS would not
affect the relative performance for different cases,
only the absolute results (i.e. the required anchor



size). The minimum required anchor sizes for each of
the four simulation cases are summarised in Figure 6.
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Figure 6: Comparison of required anchor sizes for FoS > 1

The differences in required anchor size are created
by two effects. Firstly, the use of a LRD in the moor-
ing line reduces the loading at the anchor. Secondly,
the anchor capacity varies through the design life de-
pending on (i) the applied loading, (ii) whether seabed
hardening is modelled and (iii) the consolidation co-
efficient of the seabed, which controls the rate of
strength regain. These effects are illustrated by the
time evolution of the key loading (Qs and T, 1,4, ) and
soil parameters (s, H and D), which are shown in
Figure 7 and 9 for the conventional mooring case and
the mooring with LRD case. The resulting variation
in FoS over the design life for each case is shown in
Figure 8 and 10.

3.2 Results for conventional mooring

In the conventional mooring case, Ty, mqy Varied be-
tween 3.7 to 4.6 MN as a result of the selected yearly
metocean conditions (Figure 5). As a result of these
loads, the anchor capacities reduced significantly to a
minimum value of approximately 0.6X the initial an-
chor capacity Qo and undrained seabed strength, s,,4
within the first year of the simulated design lifetime
as shown in Figure 7a and b. This initial drop in an-
chor capacity also corresponded to a decrease in the
through-life FoS as shown in Figure 8.

This initial drop in anchor capacity during the first
year, was a result of the seabed softening under cyclic
loading and because insufficient time has passed to
allow consolidation and dissipation of damage or pore
pressure generated by the applied anchor loads.

For the no-hardening case, this seabed softening
response dominated and the available anchor capacity
remained at 0.6 X s,,0 and Q (as shown by the dotted
lines in Figure 7. Consequently, the anchor size is set
by the requirement to resist the higher applied anchor
loads from the 1 in 50-year storm in year 15 to
achieve a FoS > 1, as marked by F’ in Figure 7a and
8b.

If hardening was enabled in the simulations, the
required anchor size is instead controlled by the initial
drop in anchor capacity and the requirement for FoS
= 1 (marked as F in Figure 7a and 8a) during the in-
itial year. After year 1, seabed strengthening eclipsed
the effect of damage from the applied loads resulting
in an increase in capacity towards 1.3X s, and Qg,
as shown by the solid lines in Figure 7a to c. This in-
crease in available anchor capacity resulted in FoS >1
when the 1 in 50-year storm was applied at year 15
and corresponded to 37% decrease in the required an-
chor size (i.e. 7.5 vs. 11.9 m?) as shown in Figure 5.

3.3 Results for mooring with LRD

When LRDs were present in the mooring lines,
smaller anchor loads were applied. T, 14, Varied be-
tween 3.3 to 3.4 MN and reached a peak of 4.6 MN
during the 1 in 50 year storm as summarised in Figure
4. Compared to the no-LRD case, this resulted in less
seabed damage, D, as well as smaller and more grad-
ual increases in hardening, H, undrained strength, s,,,
and anchor capacity, Qs, as shown in Figure 9. The
final values of seabed strength, s,,, and anchor capac-
ity, Qs, were similar in the cases with or without
LRDs. Therefore, with soil hardening, it is possible to
have a 29% decrease in the required anchor size (i.e.
5.3 vs 7.5 m?) if LRDs are present in the mooring con-
figuration compared to the no-LRD case.

When seabed hardening was enabled the required
anchor sizes were determined based on the initial
drop in anchor capacity, Q; and FoS in the first year,
FoS<1 (marked as F in Figure 9a and 10a), the same
as for the no-LRD case. This is because the seabed
strengthened and hardened in subsequent years such
that FoS >1 when the 1 in 50 year storm was applied
in year 15.

When hardening was not enabled, the anchor size
depended on the anchor capacity when the 1 in 50
year storm was applied in year 15 (marked as F' in
Figure 9a and 10b). This anchor size was larger than
when hardening was enabled (7.5 vs 5.3 m?).

When both LRD and whole-life seabed effects are
considered together, the required anchor size is re-
duced by 55% compared to the case where conven-
tional mooring is used and no seabed hardening is
considered (i.e. 5.3 vs 11.9m?), as shown in Figure 6.



3.4 Variation: higher consolidation coefficient, c, 3.5 Full coupling of anchor and mooring response

Increasing the coefficient of consolidation from c¢,=6  This analysis uses a FoS limit on the static anchor ca-

to 12 m?%s increases the rate of seabed hardening H,  pacity to define the required anchor size. It does not

and recovery of applied damage, D, as shown by the  consider movement of the anchor, and the loads come

green and blue lines in Figure 7 and 9.This increase  from a mooring analysis in which the anchor is repre-

in ¢, resulted in a 5 to 12% decrease in anchor size  sented as a fixed pin. Further design efficiencies

for all cases as shown in Figure 6. could result from considering anchor ductility, where
the anchor can move beyond its installed position and
also mobilise seabed added mass. This is explored in
more detail in Kwa et al. (2022; 2023d).
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Figure 7: Summary of (a) anchor capacity relative to applied tension loads (b) changes in seabed undrained strength, (c) hardening
and (d) damage for conventional taut mooring case

35
T 3 | Conventional mooring, cv=6m/s?
59 With seabed hardening
oL 25 Anchor size, A =7.5m?2
8z 2
w215
@1

a) 0 24 48 72 96 120 144 168 192 216 240

= 33 Conventional mooring, cv=6m/s?

o 3 No seabed hardening

T 25 Anchor size, A=11.9m?

4 »n 2

5815 !

-g 1 F'(Fos=1)

w 0 24 48 72 96 120 144 168 192 216 240
b) Time, t (months)

Figure 8: Changes in through-life factor of safety (FoS) (a) with seabed hardening and (b) without seabed hardening for the conven-
tional taut mooring case
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4 Conclusions

Coupling floater-mooring analyses with whole-life
anchor-seabed response uncovers opportunities for
more efficient mooring and anchoring systems for
floating offshore wind. Results from an example
whole-life analysis show that if load reduction de-
vices (LRDs) are included in the mooring configura-
tion when deriving anchor loads, this can result in a
29 to 37% decrease in required anchor size. If benefi-
cial whole-life anchor-seabed effects are considered
separately, this can result in a similar decrease in an-
chor size. If both factors (LRDs and whole-life seabed
are considered together, it is possible to approxi-
mately halve the required anchor size. The coupling
between the floater-mooring and whole-life anchor-

seabed response can be achieved efficiently via a de-
veloping anchor macro model, Ancmac that simply
and practically connects with floater-mooring anal-
yses, to assess through-life changes in anchor capac-
ity and seabed response during the full operational
lifetime of FOW infrastructure.
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Decarbonisation of global energy supply to meet Net Zero targets by 2050 requires rapid expansion of offshore wind [4]. Much
of this growth will come from floating offshore wind (FOW) technology where seabeds are less congested, high energy wind re-
sources are located and conventional fixed offshore wind is not practical [1]. The required scale of FOW requires a step change in
mooring and anchoring technology compared to existing hydrocarbon solutions. New, efficient and reliable mooring and anchoring
systems are essential to economically deliver the necessary FOW [1]. Taut mooring arrangements can be attractive for FOW turbines
as they require less length and lighter synthetic mooring line than traditional chain catenary mooring arrangements. However, taut
moorings transmit significantly higher mean and peak tensions to the anchor compared to catenary moorings. It is therefore im-
portant to fully quantify the capacity available from anchors during typical FOW load conditions, including dynamic effects.

This study focuses on how a numerical anchor macro model, Ancmac [6], can be used to capture and quantify dynamic anchor-
seabed capacity benefits such as from seabed added mass, F,,, [5] and viscous soil strength effects. These effects can enhance the
dynamic anchor capacity and are not typically considered in anchor design. Typical mooring-floater fluid-structure interaction anal-
yses also model the connection of the mooring lines to the seabed as a fixed pin connection and so seabed-anchor-mooring interac-
tions are not typically considered. Ancmac can replace this fixed pin connection node at the seabed as it uses mechanical analogue
components (e.g. spring-viscous-slider and mass) to simply and practically link forces on the anchor with anchor and chain move-
ments in the time domain to determine the seabed response and the current available anchor capacity. This study presents an example
case where Ancmac is used to model the response of an embedded plate anchor that is subjected to a high amplitude, short period
(T= 6 and 10 s) high mean load event (Figure 1a). The anchor loads , F,,, are derived from applying a 1-50 year storm design loading
event on a ISMW FOW turbine [3] with a taut mooring line configuration composed of high modulus synthetic polyester rope [8].

Results show that if dynamic seabed benefits are not considered (purple line in Figure 1a), then a static anchor capacity of
Quit,stat=4.15 MN and corresponding anchor size of A}, sq¢=11.13 m? is required (for an anchor buried in slightly overconsolidated
soft clay s5,=30 kPa and bearing capacity factor N.=12.42). If beneficial dynamic seabed enhancements are considered (shown by
red lines F; = f(v)), then a lower initial static anchor capacity can be adopted Qy=3.13 MN, which corresponds to a ~25% decrease
in the required anchor size (Ap 4,,=8.41 m?). During the design loading event, as the applied anchor load, E, increases above the
available static capacity, towards the maximum applied value, the anchor begins to move (Figure 1b) generating dynamic resistance
from mobilising the non-linear viscous slider and added mass resistance components. The resistance in the viscous slider component
is based on a model for the change in undrained strength with increasing equivalent strain rate (y'=v/D, where D is anchor diameter),
as shown in Figure 1c. The resistance from the viscous slider component reaches a maximum at the time marked V slightly after the
peak of the applied mooring line loads, at time M, as shown in Figure 1a-c. Reducing the period of the applied load (T=10 s to 6 s)
increased the added mass resistance as the anchor is subjected to higher accelerations. As a result, the anchor experienced signifi-
cantly smaller (~50% less) maximum displacement and reduced velocities. This comparison is also evident in Figure 1d, which

compares the contributions of resistance forces from the spring-viscous-slider and added mass components.

© 2023 Kwa et al. published by TU Delft OPEN Publishing on behalf of the authors. Licensed under a Creative Commons Attribution CC BY license.
DOI: https://doi.org/10.59490/seg23.2023.619
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Ancmac can also capture the long-term enhancements in seabed strength and anchor capacity as a time-varying function of the
life-cycle of seasonally varying, operational applied loads. This could, for example, further reduce the required anchor sizes, as s,
can increase from beneficial long-term seabed consolidation effects [7]-[10]. These short and long-term seabed benefits that occur
over the range of different loading timescales, and result in enhanced anchor capacities for loads that are relevant to FOW taut

mooring configurations, will be further discussed during the presentation.
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Figure 1: Summary results showing capacity enhancement during dynamic loading using numerical anchor macro model
Ancmac
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ABSTRACT: This paper presents the development of an anchor macro model and its integration with mooring analyses, for
easy coupling of the anchor-seabed-mooring response and full system modelling of a floating offshore wind turbine. The model
combines techniques that (i) mobilise additional seabed resistance by considering the added mass and whole-life effects of
changing strength of the seabed and (ii) reduce the anchor loads by considering a compliant mooring system, to result in reduced
required anchor size. The benefits of combining these approaches lead to reductions of up to 50% in the minimum required

anchor size for the same system reliability.
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1 INTRODUCTION

1.1  Background and Aim
Floating offshore wind (FOW) infrastructure is subject
to a wide range of actions from metocean and
operational conditions, which are transmitted via
mooring lines to the anchor. These loads can affect the
geotechnical properties of the seabed and in turn affect
the capacity and response of the infrastructure over its
lifetime (Gourvenec, 2020). However, typical mooring-
floater fluid-structure interaction analyses model the
connection of the mooring lines to the seabed as a fixed
pin connection and so seabed-anchor interactions with
the mooring and floater analysis are generally not
considered. This uncoupled method of analysis can
result in potentially overconservative anchor designs.
This challenge is addressed by using a novel anchor
macro model, referred to as Ancmac, that captures the
‘whole-life’ geotechnical response of the seabed
surrounding the anchor, and simply and practically
connects with mooring analyses. In this context, whole-
life geotechnics, enables assessment of the through-life
changes in seabed response and anchor capacity as a
result of variable mooring tensions that are applied to
the anchor over the lifetime of the FOW infrastructure.
This approach can have beneficial design outcomes over
traditional design methods including more accurate
predictions of seabed-anchor response, available anchor
capacity and required anchor size throughout the FOW
design lifetime. This study describes Ancmac and its
integration with FOW mooring analyses to demonstrate
the benefits of considering the coupled seabed-anchor-
mooring floater response over an idealised FOW facility
lifetime of 20 years.

2 ANCHOR-MOORING-FLOATER MODEL
CONFIGURATION

2.1  Geotechnical anchor model
Ancmac is a macro model which simulates the response
of an anchor in terms of the resultant forces at the
anchor, as an idealisation of the integrated effect of the
surrounding elements of soil. The approach was
formalised in the 1990s by Nova et al., (1991), Houlsby
et al., (1992) and Schotman (1989) by using a plasticity
framework. The novel contribution of this study is that
the anchor strength is a time-varying function of the
applied loads, reflecting short term processes of
softening and pore pressure generation, u, and long-
term processes of consolidation where the seabed can
also recover, harden and strengthen over the whole-life
time. This approach could be incorporated into multi-
directional anchor macro models (such as those
presented in Cassidy et al., 2012; Peccin da Silva, 2021).
Ancmac is explicit, following the terminology of
Jostad et al (2022), as a time history of cyclic anchor
loading is converted to increments of the model state
parameters. These parameters are then translated into
spring-sliders, dashpots and added mass mechanical
analogue parameter (MAP) components — which define
an extended parallel Iwan model (Iwan, 1967) that
represents the anchor in a time domain of the next set of
cyclic loads. The updating of the MAPs takes place at
intervals that are long enough in time so that the whole
operating life of an anchor can be modelled efficiently,
but also short enough that the anchor capacity does not
change significantly during a single simulated set of
cycles. ‘Failure’ of the embedded anchor is identified
when any of the anchor loads that are mobilized exceed
the current anchor capacity.
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The overall simulation process (as summarised in
Figure 1) involves two elements; Ancmac and a wrapper
program K’M?. Ancmac holds the current MAP
components of the anchor model, which do not change
in value during a time domain analysis of mooring lines
during a certain sea state. For every time domain
analysis of the mooring line, Ancmac outputs a series of
cyclic anchor forces and the corresponding anchor
movements (i.e. displacements, X, velocities, v, and
accelerations, a) at the anchor point.

The wrapper program, referred to as K°M, uses an
acceleration strategy that factors up the number of cyclic
loads from Ancmac to represent a longer period of time.
K’M? then uses the upscaled force time series to
accumulate the pore pressures or damage applied to the
seabed , D, from the time history of applied loads from
RSN curves, which are based on the mean, R, and cyclic
amplitude, S, of the applied load cycles, N (Verruijt,

Mooring & floater Numerical

Analysis Package (NAP):  \yind

Flexcom with AERODYN &

SERVODYN Wind Turbine
IEA 15MW

Semi-submersible
floating platform

1. Run short time domain
simulations for selected wind and
wave design load conditions (DLC)
(e.g. 3 hours) to find force-time
series at anchor node

Figure 1: Anchor-mooring-floater model configuration

2.1.1 Spring-slider component

A parallel Iwan (PI) model defines the force-
displacement responses in Ancmac. This consists of a
number of spring-slider elements, connected in parallel
and defined by parameters K; and S;. The number of
spring-slider elements and their initial parameters can be
derived from the monotonic backbone curve, as outlined
in Kwa et al. (2022, 2023). The force in any spring,
Fpy n, is the product of the elastic displacement, 8, and
the spring stiffness, K The elastic displacement is the
difference between the total displacement, &, and the
plastic displacement, 5,

Fpri = K (e 5p)a (1)

where if abs(FP,‘L-) > K, ;, the capacity of the slider
has been exceeded and the value of the plastic
displacement must be incremented by the change in total
displacement. Therefore, the resulting force from the
spring-sliders is given in equation 2,

Fpr = min[¥l_; S, Tikisq Ksj(8 — 8, |- 2

Umaine Volturn-US

1995, Andersen, 2015 and Tom et al., 2019). KM’ also
handles consolidation and the updating of soil strength
and other state parmeters using a critical state inspired
(CSI) method as described in White et al., (2021). These
are used to update the Ancmac spring-slider MAPs
before before K’M? moves to the next time domain
simulation. Therefore, together, Ancmac and K’M’
predict the through-life changes in anchor capacity and
movements of the anchor at the anchor point over
different time scales and enable easy coupling with
mooring-floater analyses which do not traditionally
model these aspects. The following sub sections will
briefly describe formulation of the MAP model
components.  The  detailed formulation and
benchmarking of the model has been is presented in
separate studies (Kwa et al., 2021b, 2022, 2023).

Anchor macro model wrapper K?\M?

. Sequence together longer force-time series
e.g. 3 hours — 1 month)

find D (akin to u)

5. Use CSI method to apply consolidation &

hardening, H and find changes in s,

6. Update spring-slider (K, S5) in Ancmac & repeat
k'- steps 2 to 6 over whole-life simulation (e.g. 20 years)

~

|
|
3. Use force-time series from step 2 to find :
|
|
|

i
|
|
|
|
4. Use equilibrium forces from step 3 & RSN curves to:
|
|
|
|
|
I

~

Anchor macro model Ancmac

equilibrium forces and anchor movements (i.e.
displacement, velocity, acceleration) at anchor

During a whole-life analysis, the values of Kg; or S;
are updated in the K’M? routine to reflect a whole-life
soil response where soil strength and therefore anchor
capacity, @, can evolve with time due to shearing and
consolidation of the soil during sustained and variable
low amplitude cyclic loads according to Equation 3;

Qs =f(D,H,{su}, 3)

where D is damage, which leads to a reduction in soil
strength and varies by D=0-1. The damage is
calculated using the RSN curves. The hardening, H, is
also defined such that H=0—1, and is a result of the
dissipation of damage. It reflects the progressive gain in
soil strength as the soil densifies. Finally, {s,}, is the
potential range of undrained soil strengths. Defining Qg
in this manner enables the model to capture rises in the
long-term capacity of anchor in a similar manner to
established approaches for the capacity of surface
foundations and pipelines (e.g. Bransby et al., 2002;
Gourvenec et al., 2014; Cocjin et al., 2014; O‘Loughlin
et al.,, 2020). To update Kg;, the model uses non-
dimensionalised elastic responses and shear modulus vs
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over consolidation ratio relationships (Houlsby et al.,

1991) as defined in Equation 4;
B

Ks,i = Gs E Kw (4)

where B is anchor diameter, K, is a dimensionless

elastic stiffness coefficient dependent on Young’s

Modulus, v=0.5, in undrained conditions and the anchor

embedment ratio, both of which are assumed to be

constant during the analyses. The shear modulus, G, is

given by Equation 5;
— (Ss -A (%)
Gy = (Su)nc (OCR"™ x s,),

where (%) is the initial shear modulus to undrained
u’nc

strength of a normally consolidated soil, n is a fitting

constant, typically taken as 0.5 in clays, A depends on

the slopes of the normal compression and

unloading/reloading lines A and k according to the

. . A— S .
relationship A = TK and the over consolidation ratio,

OCR, is related to hardening, H. Therefore, K;, changes
according to,
Ksi _ OCR] sy, (6)
Kso - OCRg_AXSu_U'
The slider value, Sgj, is related to changes in
undrained strength as,
By? Q)
Ss,i = Nc Su (E) s
where N, is the bearing capacity factor and is 13.11
for a deeply embedded a circular rough plate (Martin et
al, 2001). Therefore, changes in the slider component
are dependent on variations in the undrained strength as

Ssi _ Sui
Ss,0 - Suo’
2.1.2 Dashpot component
Viscous rate effects are defined using a dashpot with a
resistance proportional to the inverse hyperbolic sine of
the strain rate or velocity as defined in (Randolph 2004).
This has been used to find modified slider capacities,
Ssui to capture increases in undrained strength due to

viscous soil effects as defined below.
Ssui = Ss (1 + p'sinh™t y ) ®)
yref

2.1.3 Added mass component

Extra dynamic anchor capacity can also be created from
mobilising the mass of the soil surrounding the plate
under highly dynamic snatch loading conditions (Kwa
etal., 2021a). A lumped mass, my,,, represents the mass
of the anchor and soil around the anchor mobilised and
a resistance force associated with having to accelerate
this added mass according to Newton’s 2™ Law. The
added mass term can also be defined by a dimensionless
added mass coefficient, Ny, which under 2D plane
strain and 3D axisymmetric cases are;

mam )

Namsp = B3’

Namop = B2’

where p is the density of the medium. These Nyp
terms have been analytically determined for plate
anchors embedded in soft clays in Kwa et al., (2021a)
by using conventional geotechnical collapse
mechanisms to derive the geotechnical counterpart to
the established added mass solutions derived for fluid
flow, and are approximately doubled compared to added
mass mobilised in the inviscid fluid case (Table 1).

Table 1: Geotechnical and fluid inviscid added mass
coefficients Ny for embedded plate anchors

Nam Geotechnical Fluid inviscid flow field
Nam.2p 1.678%,3.356" 0.785
Namsp 0.548% 0.599° 0.333

rough, ® smooth cases

2.2 Mooring-floater model

2.2.1 Flexcom model of a FOW Turbine
The modelling of the floater, turbine and mooring
system was performed using Flexcom, a commercial
FEM software. Flexcom offers fully-coupled aero-
hydro-servo  modelling using FAST plug-ins
AERODYN and SERVODYN, and has been validated
against other software as part of an offshore code
collaboration project OC6 (Robertson et al. 2020). The
FOW turbine model used in this study is composed of
the International Energy Agency (IEA)15 MW wind
turbine and the Umaine Volturn-US semi-submersible
floating platform. The full platform and turbine
characteristics are described in detail in NREL
publications (Evan et al, 2020; Allen et al., 2020).

Two taut mooring configurations are considered (i) a
conventional taut mooring system composed of high
modulus synthetic polyester rope; and (ii) a taut mooring
system, composed of the same polyester rope, with the
addition of a polymer spring load reduction device
(LRD) at each fairlead. This LRD, based on the Tfi
Seaspring (Lozon et al., 2022), can safely operate at high
strain  (20-50%), thus providing high levels of
elongation to reduce dynamic loads on mooring lines
and anchors. The LRD is modelled with a 3-phase non-
linear stiffness curve, to match the curve of the Tfi
Seaspring. The general mooring parameters are shown
in Table 2, with profile views of both configurations as
shown in Figure 3, where the mooring lines are
connected to the seafloor via a fixed pin connection.

Table 2: Mooring parameters for taut mooring systems

Parameter Value

Water depth 150 m

Number of mooring lines 3

Anchor radius from platform centerline 260 m

Seabed-mooring line angle 34 deg

Polymer rope stiffness 7MN

Polymer rope linear density 8.5 kg/m
2000 kN

Fairlead pre-tension
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s, N

Polymer spring load
reduction devices

Polyester rope

N\

Figure 2: Profile view of taut mooring with load reduction
devices (LRDs). The model of the conventional mooring
system does not have the LRDs in the mooring lines.

2.2.2 Applied metocean conditions
Stochastic load cases were applied to the FOW model
based on the IEA design load case (DLC) matrix. From
the matrix of load cases, two operational load cases were
selected, one above and below the turbine’s rated wind
speed, as well as the parked turbine cases for a storm and
extreme 1-in-50 year storm, as summarised in Table 3.

Table 3: Summary of design load cases used in this study,
selected from UMaine design matrix (Allen et al., 2020)

IEA  Load Wind  Sig. Peak Shape
DLC case Speed  wave wave factor
ref. description height period
1.1 Operational 4 1.Im 8.52s 1.00
Below-rated m/s
1.1 Operational 12 1.84 m 7.44 s 1.00
Above-rated  m/s
6.3 Parked 38 6.98 m 11.70 s 2.75
storm m/s
6.1 1 in 50 year 47.5 10.70m  14.20s 2.75
storm m/s

All environmental loads are applied in the same
direction and each simulation is run for 10800s (3
hours). The resulting force time-series was measured at
the point where the windward mooring line attaches to
the seafloor and these time-series were used to build
synthetic yearly realisations reflecting seasonality in
anchor loads in the example whole-life application
described in Section 3.

3  WHOLE LIFE EXAMPLE APPLICATION

3.1 Applied loads on anchor

In this idealised example application of the anchor-
mooring-floater model, the DLC combinations
summarised in Table 3 were used to build synthetic
anchor load cases, chosen to artificially reflect
seasonality of metocean conditions within a year (i.e.
calmer in summer and more severe in winter) as shown
in Figure 4. This combination of DLCs was repeated
over 20-years to idealise a design life time of anchor
loads. To investigate the response of the system under
an extreme loading event, the 1 in-50-year storm case
was applied for a period of 3 hours at year 15 of the
design lifetime. It was also assumed that the mooring

line tensions were transmitted directly to the anchor.
This is a slightly conservative approach as in reality,
additional geotechnical resistance from interactions
between the embdedded mooring line section and the
seabed would reduce the load transmitted to the anchor.
Based on analytical solutions for the frictional capacity
of embedded anchor chains (Neubecker et al., 1995),
this decrease in load would be ~10%.

ISUER) R0 %

2 600

3

£ 400

RN NRR AR
g o

o Jan Feb Mar Apr May Jun Jul AugSep Oct NovDec

m Below-rated Above-rated mStorm X\

Figure 3: ldealised yearly metocean conditions

3.2 Seabed response and anchor capacity

The seabed input parameters to Ancmac and K’M? were
selected to be representative of lightly over consolidated
clay around a circular plate anchor embedded at a depth
of ~20m. The selected seabed values are similar to those
reported by O’Loughlin et al., (2020) and Zhou et al.,
(2020), with an initial undrained strength, s, =80kPa,
coefficient of consolidation, c,=6m/s*, and sensitivity,
S5:=2.5, at the anchor point. When seabed hardening was
enabled, both seabed softening and whole-life seabed
strengthening effects were included in the analysis. The
required anchor size was determined from running the
whole-life simulation and setting a minimum factor of
safety, FoS> 1, where the FoS is the ratio of the static
anchor capacity, Qg = N Sy A t0 Tpyay, to the maximum
applied tension in each simulated month.

The different whole-life seabed responses with and
without hardening enabled, are summarised in Figures
4. In the case where a conventional taut mooring was
used to generate the input anchor loads, the damage
imposed on the seabed increased significantly during the
first year (Figure 4a) and this corresponded to a decrease
to the minimum through-life undrained strength, anchor
capacity (Figure 4c,d) during the whole-life simulation.
The damage remained at a maximum, D=1, until year-5,
when D started to decrease as the seabed softening
effects were eclipsed by consolidation and increases in
hardening and undrained strength when hardening was
enablled (Figure 4b,c). At year-5, the seabed strength
recovered to s, and subsequently increased to a final
normalised value of 1.3Xs,, and initial anchor
capacity, Qgo. If hardening was not enabled, s,,
decreased and remained at 0.6 X s,,¢ and Qg and larger
anchors were required to achieve a FoS> 1 to withstand
the 1-in-50 year storm applied at 15 years. In the case
where a LRD was incorporated in the mooring and
hardening enabeled, the final normalised undrained
strength and anchor capacities were similar to the case
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where conventional mooring case loads were applied (at
~1.6 X s,0 and Qgg). This is a result of the smaller
applied anchor loads, which resulted in less seabed
damage and therefore smaller and more gradual changes
in s, and Qg, which are balanced by smaller increases in
hardening over the design lifetime. When hardening was
disabled, similar to in the conventional mooring case, s,
and Q, decreased towards a minmum value of 0.6 X s,
and Qqg, and as a result a larger anchor was required and
this contributed to a more gradual increase in damage
over the design lifetime towards D —1.
Conventional mooring — With seabed hardening

- No seabed hardening -
e s S R Anchor capacity

Force, F (kN)

wilr(LRD no LRD Max tension applied in each month T,

cv=6m/s?
a) 0 24 48 72 986 120 144 168 192 218 240

Undrained

Hardening,
H-)

o
o
n
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.
&
~
~
=]
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>
&
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~
=
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=
=1

Damage, D
)
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s
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2

Figure 4 Summary of seabed (a) damage, (b) hardening, (c)
changes in undrained strength and (d) anchor capacity
relative to applied tension loads

Minimum required anchor sizes for a taut mooring
with and without a LRD, and with and without seabed
hardening enabled during the simulations are
summarised in Table 4. Introducing LRDs into the taut
mooring system reduces anchor size by 30%. This is a
result of smaller loads being transmitted to the anchor.
Separately including beneficial whole-life seabed
hardening effects in the analysis reduces anchor size for
both conventional taut mooring and mooring with LRD,
by 37 and 30% respectively. Finally, when both LRD
and whole-life seabed effects are considered together,
the minimum required achor size is more than halved.

Table 4: Comparison of minimum required anchor size

Taut mooring case Required anchor size, A (m?)

No seabed With seabed
hardening hardening
Conventional mooring 11.9 7.5
Mooring with LRD 7.5 53

4 CONCLUSIONS

This study presents an anchor macro model, which
captures seabed response when coupled with a mooring-
floater FEM. Results from an example whole-life

application of the anchor-mooring-floater model
demonstrate how it can be used to assess the through-
life changes in seabed response and anchor capacity.
Results show a possible 50% decrease in the required
anchor size from combining beneficial effects of LRDs
in the mooring lines, and whole-life seabed
strenthenging effects, which is more than if either effect
were considered separately. If dynamic anchor capacity
were also considered and the anchor is permitted to
move, rather than be treated as a fixed pin connection in
mooring analyses, then this could also lead to further
reductions in the required anchor size.
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