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Executive Summary

This report has been prepared by Arup and Cruz Atchesdrelwif of Wave

Energy Scotland (WES) as part of a landscaping study of structural forces and
stresses for wave energy converters (WEQ is aimed at developers of WEC
devices, and others in the supply chain who have a stake in the design, fabrication,
operation anctertification of wave energy converters.

The objective of this report is to provide guidance on the applicaticei@fant
methods and standards to the design and analysis of WEC dévieagportis
not intended to be a definitive nor axhaustive list oflesignrequirements, rather
an interpretation of existing methods and standards in the context of. WECs

The report is broadly presented in t8ectiors with distinct objectivesSectionl
aimsto highlight existingstandards and practices that are relevant to WECs
Section2 aimsto propose suitable methodgies for the load assessment and
structural analysis of WEQkrough interpretation of these standards and
practicesIn this respect, this report builds on previous studies which have
provided more practical guidance but may have focused on a singl@sotir
device, rather than providing an independent overview of alternative techniques.

The reportlsoincludesthe results of a survey of active WEC developers. The
findings of this survey show that the developer community is making use of a
range of dols and techniques. However, these are not always deployed at the right
stages of design development, and not necessarily to the level of detail appropriate
for the maturity of the technology being pursued. These survey findings suggest
that the industryis not operating as effectively as it could and thatindustry

would benefitif robust methodologies were in place.

A representativexampleis also presented to demonstratertain methodologies
described in this reporThis examplehighlights some ofthe challengeshat the
industry facesvhichcould be addressed through the provision of further guidance
beyond this report. Derivation of loads can be an extremely onerous,
computationallyintensive exercise beyond the means of some developers.
Fabricaton details can be complex and retandard, requiring detailed stress
analysis. In particular, methods of improving the efficiency of time history
techniques, or improving access to relevant software would be of great benefit.

Finally, the wider communitymust be acknowledged too. It is not just the design
engineers who pursue these issu#i®ere are financiers, insurers, certification

bodies and others in the supply chain who need to understand and agree on the
process. More established offshore indestrare highly regulated and standards

and techniques have been calibrated to an internationally accepted safety level,

well recognised by investors. A wider understanding, everhghdevel, of a

more standardised WEC design process would surelyimgrdve i ndustr yods
to commercialisation.
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Introduction

The industrybés technical challenge

There are several answers to the questidfiny have wave energy conversion
technologies not been implemented on a large scale?"

From a technical perspectiveyenthe failure in creating a solid design basis at
the concept design stagan be &ey issue The structural assessment of WECs
and assimilation of clear, standard guidance for such assessment is particularly
challenging m comparison to other offshore industries, and the absence of
comprehensive methodologies that cover both performance afgenmnmance
design situations from an early design stage directly contribute to poor
specification of the vital subystems that ake up a WEC.

The fact that the design of WECs has not converged presents another significant
challenge. The loads expectedn vary significantlynot onlywith the design of

the device, but alseith short term operational considerations such as faotls a
installation configurations. This creates@nplexarray of desigrsituations from
which it is challenging to apply uniform approaches.

As with all offshore structural design, the analysis of WECs involves the
intersectiorof hydrodynamic and structair analysis. However, unlike fixed

offshore structures which aim to minimise drag and inertial wave forces, WECs
rely on the interaction with the waves often within the splash zones where
unsteadyloadingis significant. The device therefore has to be giesil to harness

as much energy from the waves as possible during operating conditions, without
causing excessive loads during the survivability state.

Existing offshore design approaches therefore are not readily transferablelo

of the analysisiecesary forWEC designand a detailed understanding of the
interaction between hydrodynamic and structural disciplinesis required. New
techniques and guidance are required in order to provide the necessary toolset to
analyse WECs in a more standard manner.

The industryds financi al challenge

Generation of electricity fromVECSs although in its infancy, is wekstablished

as a concept and is supported by the need to move away from-tatdsive

energy sources. Development to date supports a market opfyovitnnch, by

some estimates, could be of the order of hundreds of gigawatts installed, with an
industry worth £20bn per annum by 2650urrently, a great number of
developersre activeglobally, all pursuing a range of concepts, at various stages
of development. This volume of developers demonstrates the level of R&D
activity and supports the view that the market opportunity is considerable.

1 Carbon Trust, Marine Renewables Green Growth Paper, 2011

ARP LS2 | Final Copy | 28 June 2016 Page 3



Wave Energy Scotland Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

Despite this progress, the marine energy sector is at a critical juncture; having
demonstrated a number of teclogies at fulscale, the next step is deployment
of early commercial arrays.

One of the key challenges to demonstrating atdodle and enable funding of

R&D, and to deploy in arrays, is the significant investment required. That can
only be made posdde if the cost of energy from projects, even with revenue
support schemes, is low enough to offer a commercial return to investors. Hence
nearterm cost reduction, as well as being able to forecast an attractive-longer
term trajectory, is of paramount frortance.

Key Metrics

These technical and financial challenges are reflected in key industry metrics
proposed by Wave Energy Scotland and described below.

Thef i nanci al chall enge is reflected in one
industry metricsaffordablity. Wave Energy Scotland have identified a further
three key metrics by which to measure progress in the industry. These are:

1 Reliability
1 Survivability
i Performance

Each one of the key metriaggeflectthe Levelised Cost of Energy (LCoEnd a
thorough appreciation of structural loads amtegrity has an impact, in varying
degrees, on all four metricg balance must be found between conservative-over
engineering and ambitious, but necessary,-cedtiction. This balance cénto a
significant extenti be facilitated through thelevelopment of a formal design
methodology.

Affordability

We know from experience, and from a number of industry studies, that the
affordability of WECSsis strongly influenced by the capital cost of the device
structure. This share of cost can be up to 50% of total devick kdeste
optimising the structural design in order to reduce the tonnage of structural
material is an important design decisiom®maddressed in pursuit ieducing the
LCoE. A robust understanding of loads astductural integrityof aWEC, and
appropriate use of relevant tools and techniques is crucial in this respect.

Survivability

As referred to later in this report, significasttuctural failures can be catastrophic
and lead to complete loss of a WEC. The optimisation of the structure of WECS,
in pursuit of greater material efficiency and lower LCoE must be robustly guided
with well-informed design decisions. In addition, amfety or environmental

2 Carbon Trust, Capital, operating and maintenance costs, 2006
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consequences of structural failures can have a negative impact on percapudions
potential investment, irrespective of the direct impact on LCoE.

Reliability

Reliability tends to be discussed in the context of systems (e.g. pdeafia

but structural design has a part to play here too. Many WECs rely on the relative
movement of large buoyant bodies and the PTO systamgontairsignificant
load-bearing structural elements themselves. If the integrity of these becomes
compromised, then the overall system reliability will suffer as a result. Héwce
structural integrityof these components should be evaluated to the same level of
rigour as the main structure of the WEC.

Performance

As is the case with reliability, plarmance tends to be discussed in the context of
systems. However there is a clear relationship between WEC size and power
capture. As concepts progress from experimental models to-lscgbr reakea
devices, the tools and techniques usedafmessingpads and structural integrity
must follow suit.

It is clear from the metrics above that there is a balance to be struck between
conservative oveengineering and ambitious, but necessary,-sedtiction. This
balance caii to a significant exterit be failitated through the development of a
robust structural design methodology.
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Report Objectives and Overview

This study aims tprovide guidance on the applicationesisting methods and
standards to the design and analysis of WEC deigesavidesan independent
overview of a range of structural analysis techniques and standards, from wider
engineering and industrial sectpis the context of WECS.

The report ipresentedn threeSectiors:
1. DesignProcessKey Principles
2. Load and Structural Angsis
3. Summary of Key Findings

Sectionl provides a description of existing practices and standards for
undertaking WEC design. This includes a list and description otl&sign basis
requirements, an outline of the overall design process, a reviapptitable
offshore guidelines and standar@nd finally the results of a survef/24 WEC
developers tadentify the design and analysis methodologiteey currently
employ.

Section2 contains guidancéor load and structural analysas$ WECsbased on

our interpretation ofhe existing methodsdentified in Sectiorl. This includesa

brief overview of various tymeof WECs along with an approafdr deriving

loads andsuitable approaches for assessing the structural integrity of WHEBES.
conclusions are summarised using rating matrices which rank load and structural
analysis methodologies in terms of their appitiy to design situatiomandto
different WECs.Section2 concludes with aepresentative example of h@aeme

of the methodsdescribednight be implemented in der to estimate loads and to
demonstrate the structural integrity of a WEC.

Section3 presents the key findings of this studhy summarising the guidance for
load and structural analysis described in Sectiozasd 2.

ARP LS2 | Final Copy | 28 June 2016 Page 6
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1 DesignProcessand Current Practice

At a high level, the WEC design process comafahree stages; design basis
definition, concept design and detailed design. A brief outline of the key

objectives and tasks associated with the WEC design process is proviigare

1. Following the completion of the design basis definition, an initial selection of
design load cases (DLCs) can be made, informing the concept and detailed design
efforts. Typically, load and structural integrity assessment is theducted,

initially for preliminary design conditions and subsequently for a complete set of
DLCs.

Guidelines and standards that may inform the WEC design process are reviewed
in Sectionl.2

: - Concept Detailed
Design Basis : :
Design Design
e ) e T ) e )
Objectives Objectives Objectives
: - - Preliminary load -
|| - WEC design pa5|s ' || calculations | - Load calculatlons'
- Metoceardesign basis - Performance estimates - Structural analysis
. J . J . J
4 Tasks ) 4 ) 4 )
- Review standards and Tasks Tasks
guidelines ) _ - Numerical modeliing
- Define load and - Numerical modelling - Ultimate loads
strua:turall analysis - Bxperimental analysis
|| m;t f'odo 09y || modelling - Fatigue loads analysis
- Define metocean - Onshore testin | . Eini
conditions g - Finite element
analysis
\ FMEA J & J \_ y,
( ) ( )
Outputs ( )
Outputs
Outputs - WEC performance _ _
estimates - Ultimate and fatigue
Design Load Cases loads
(DLCs) - WEC loads for
preliminary design - Strength assessments
conditions (ULS, SLS, ALS)
—\_ J —\_ J N )

Figure 1 Key objectives and tasks: WEC design process

1.1 Design Basis

The design basis definition is typically captured in a document, defined by DNV

to befifAdo c ume nt defi ni ng o eonddiondts bertakeqimto r e me nt s
account for design and in which any requirements in excess of this standard

should be givew A design basis for a WEC should, at a minimum, define the

following:

1 Principal design objectives

9 Device fabrication, installation andaintenance criteria

ARP LS2 | Final Copy | 28 June 2016 Page 7



Wave Energy Scotland Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

1 Device decommissioning criteria

Review of design codes, standards and guidelines
1 General description of the device

1 Main structural components

1 Array layout, mooring cable systems, grid connections, pipework and any
other peripheral furtional components

1 Environmental conditions of target s{erther informationcontainedin
Section2.2):

1 Metocean data

1 Marine operations

1 Marine growth and actiwt

Design load casemnd applicable partial factors
Material properties and applicable partial factors
Load and structural analysis methodaoésg
Corrosion protection systems

Safety and hazard assessments

= =2 4 4 4

Failure modes, effects and criticality analy$tSAEA)

1.2 Review of Guidelines and Standards

At present there are no dedicated standards for the design of WECSs. In addition,
there is limited experience in defining DLCs for any type of WEGtable
exceptions include eld], [2]. A small number of documents that specifically
coverWEC design and certification have been publishedever These include:

Det Norske Veritas AS (DNV) Offshor8ervice Specification (OSS) 312 (DNV
0SS312, October 2008 This document overviews the principles and
procedures associated with the certification of WECSs, including an overview
of relevant documentation. It does not, however, include technical pravision

DNV6s O0Guidelines on Design and Operation
2005, The Carbon Trusln the absence of a specific standard for WEC
design, this document compilesoag list of related standardsd outlines
methodologies for fatigue analgsand wave load modelling

The European Marine Energy Centre (EMECQC) e
Mar i ne Ener gy Con v &hisseport overdiews generals O , 20009
aspects behind design basis docuatem, covering both wave and tidal
energyconveters.

In addition to the above documentglevantstandards from the maritime, oil &
gas and offshore wind sectdiave been reviewedhere are considerable
similarities between the design of WECs and such structures / installations,

ARP LS2 | Final Copy | 28 June 2016 Page 8
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allowingthese doaments to be used as a starting point when defioiad and
integrity assessment methofis WECs.

It isrecommendd thatthe key documentation listedirablel is consulted

which is adapted frorfiL], for WEC designlt isalsorecommendd that

technology developers uJablel as a shortlist of representative guidelines when
investigating suitable documentation for concept and detailed design.

It should be noted thatn IEC technical committeéHC TC114/PT 6260Q2)is
currently deriving theechnical specification / design requirements for marine
energy systemdt is hoped that this specification will provide further guidance for
WEC design, for examplthe definition of the applicable safety factors

Tablel Core documentation: WEC load and structural anakeispted fron{1])

Application /

Doc. Reference
Relevance

Supporting / Additional Documents

DNV-OSS304(2006)Risk Based
Verification of Offshore Structures
DNVGL-RU-OU-0102(2015)replaced
Guidance on overall | pnv-0ss102 Rules for Classification of
procedures Floating Productin, Storage, and
Loading Units

DNV-RP-A201(2012) Plan Approval
Document Type$ Definitions

DNV-RP-C205(2014)Environmental
Conditions and Environmental Loads

GL Rules and Guidelines +8-3 (2007)
Overall description of| Fixed Offshore InstallationsSection4 T

DNV-0S55312(2008)
Certification of Tidal and
Wave Energy Converter

environmental TLPs)
GL Rules and Guideline| conditions and design| DNVGL-OS C103(2015)(replaceddNV-
1V-6-4 (2007) loads (environmental,| osc103) Structural Design of Column
Offshore Technology | Permanent, functional Stabilised Units (LRFD Method)
Structural Design and accidental), DNV-RP-C204(2010)Design against

including principles Accidental Loads

forstructural design | | pp o Ep42011)Recommended
Practice for Planning, Designing, and
Constructing Floating Production
Systems

ARP LS2 | Final Copy | 28 June 2016 Page 9
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Doc.Reference

Application/
Relevance

Supporting / Additional Documents

GL Rules and Guideline
[V-2-5 (2012)Guideline
for the Certification of
Offshore Wind Turbines
- Strength Analyses

Structural design and
analysis

GL Rules and Guidelines2-1:
Materials and Welding Non-metallic
Materials(2006)Fibre Reinforced
Plastics and Bonding

DNV-OSC205(2014)

Environmental Conditions and
Environmental Loads
DNV-RP-C501(2013)

Composite Components
1SO 10092

Petroleum and natural gas
industries Fixed Steel Offshore
Structures

DNV-RP-C208

Determination of Structural Capacity by
Non-linear FE analysis Methods

DNV-RP-C301

Design, FabricatiorQperation and
Qualification of Bonded Repair of Steel
Structures

DNV-RP-C204
Design Against Accidental Loads
DNV-0SJ101

Design of Offshore Wind Turbine
Structures

DNV-0OSC102
Structural Design of Offshore Ships

DNVGL-OSE301
(2015)

Position Mooring

Mooring specification
/ load assessment

GL Noble Denton 0032/NI(2015)
Guidelines for Moorings

AP| RP 2SK(2005)Design and Analysis
of Stationkeeping Systems for Floating
Structures, 3ed., (with 2008 addendum

DNV-RP-A201(2012)

Plan ApprovalDocument
Typesi Definitions

Quantitative reliability
assessment

API RP 17N(2009, Recommended
Practice for Subsea Production Systen
reliability and Technical Risk
Management

BS 576((2014)Reliability of systems,
equipment and components

ISO 142242014)Petroleum antas
Industries Collection andExchange of
Reliability andMaintenanc®ata for
Equipment.

ISO 2394(2015)General Priciples on
Reliability for Structures

ARP LS2 | Final Copy | 28 June 2016

Page 10


http://www.gl-group.com/infoServices/rules/pdfs/gl_ii-2-1_e.pdf
http://www.gl-group.com/infoServices/rules/pdfs/gl_ii-2-1_e.pdf
http://www.gl-group.com/infoServices/rules/pdfs/gl_ii-2-1_e.pdf
http://rules.dnvgl.com/docs/pdf/dnvgl/OS/2015-07/DNVGL-OS-E301.pdf
http://rules.dnvgl.com/docs/pdf/GL/NobleDenton/0032_ND%20%20Rev_2%20%2014-Dec-15%20%20Guidelines%20for%20moorings.pdf?utm_source=oilgas&utm_medium=website&utm_content=http%3A%2F%2Frules.dnvgl.com%2Fdocs%2Fpdf%2FGL%2FNobleDenton%2F0032_ND%2520%2520Rev_2%2520%252014-Dec-15%2520%2520Guidelines%2520for%2520moorings.pdf
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Doc. Reference

Application /

Relevance

Supporting / Additional Documents

ABS Pub# 11%2003)

Guide for Fatigue
Assessment of Offshore
Structures

Overview of fatigue
assessment methods
offshore installations
(inc. safety factors)

DNVGL-RP-C203

Fatigue Design of Offshore Steel
Structures

DNVGL-RP-C206(2015)(replaced DNV
RP-C206

Fatigue Methodology of Offshore Shipg
BS 7608

Guide to fatigue design and assessme
steel products

1SO 10092

Petroleum and natural gas

industries Fixed Steel Offshore
Structures

API-RP-2A

RecommendeBractice for Planning,
Designing and Constructirkixed

Offshore Platforms: Working Stress
Design

DNV-RP-F205(2010)

Global Performance
Analysis of Deepwater
Floating Structures

Floater load models,
de-coupled and
coupledesponse
analysis

GL Rules and Guidelines +8-4 (2007)
Offshore Structures: Structural Design
(Sectior.6)

IEC/TS 614063-2 Ed.
1.0

Wind turbines Part 32:
Designrequirements fo
floating offshore wind
turbines

Standard for Floating
Offshore Wind Turbines

(FOWT) (final publication
forecast 07/2016)

DNV-0SJ103(2013)
Designof Floating Wind
Turbine Structures

Design Load Cases
(DLCs)

Strength analysis in
FEM

Floating support
structures (at least
partially)

DNV-0SJ101(2014)Design ofOffshore
Wind Turbine Structures

IEC 6140063 (2009)Wind Turbine§ Part
3: Design requirements for offshore
turbines

Ll ovydos (2012)Guidance®n
offshore wird farm certificationSection

4.2 Loadingon floating structures.
Sectiorb.2i Floatingstructures

GL Rules and Guidelines 1% (2012)
Guideline for the Certification of
Offshore Wind Turbines (Chaptdii Load
Assumptions; and Chaptet Strength
Analyse$

ABS (2014)Guide for building and
classing floating offshore wind turbine
installations

Information on where toosirce documents cited Trablel is included below.

GL Rules and Guidelines 1% (2012):A pdf-version of the GL Renewable
CertificationGuideline for the Certification of Offshore Wind Turbines,
Edition 2012 (pdiversion) may be ordered via thisk to the DNV GL

website.

API RP 2FPH2011)Recommended Practice for Planning, Designing, and
Constructing Floating Production System& Edition: This documents may

ARP LS2 | Final Copy | 28 June 2016
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http://www.eagle.org/eagleExternalPortalWEB/ShowProperty/BEA%20Repository/Rules&Guides/Current/115_FatigueAssessmentofOffshoreStructures/Pub115_FAOS
http://rules.dnvgl.com/docs/pdf/dnvgl/RP/2015-07/DNVGL-RP-C206.pdf
http://rules.dnvgl.com/docs/pdf/DNV/codes/docs/2010-10/RP-F205.pdf
http://www.gl-group.com/infoServices/rules/pdfs/gl_iv-6-4_e.pdf
https://rules.dnvgl.com/docs/pdf/DNV/codes/docs/2013-06/OS-J103.pdf
http://rules.dnvgl.com/docs/pdf/DNV/codes/docs/2014-05/Os-J101.pdf
http://www.gl-group.com/en/certification/renewables/CertificationGuidelines.php
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be purchased from the American Petroleum Institute publications store online
via thislink.

API RP 2SK (R2015(2005)Design and Analysis of Stationkeeping Systems for
Floating Structures, 8Edition (Includes 2008 Addendum): This documents
may be purchased from the American Petroleum Institute publications store
online viathis link.

Ll oy do s (2002)Guidancecon offshore wind farm certification: This
document should be sought directly framyds Register

IEC 88/379/NP (PEL/88 10 0084This is a working draft document from the
IEC/TS 614003-2 Ed. 1.0 Wind turbinesPart 32: Design requirements for
floating offshore wind turbines project. The forecast publication date for the
title is 07/2016.

IEC 614003 (2009):This document may be purchased online; one source is the
British Standards Institution (BSI) shop via this«.
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1.3 Current Practices: How do WEC Developers
Estimate Loads and Stresses?

A WEC developer survey was conducted between tHeahd 24" of February

2016. Over forty WEC developers from across the globe were invited to complete
the survey. A personatmail invitation was sdrdirectly to key contacts from

each developer, and the surveys were completed electronically via an online
survey tool.

Twenty-four survey responses were received, which equates to approximately
60% of the developers surveyed.

The survey was composedtafenty carefully selected questions to assess the
design methodologies for estimating loads and stressesntlyapplied by WEC
developers.

This Sectionprovides an overview of the key results and a more detailed analysis
of the responses with the airhroapping the design methodologies currently
being followed by the surveyed WEC developers.

I't should be noted that the survey respons
opiniors and in some casdisesemay represent an overly optimistic perspective.

In particular, this was observed in the TRL estimations presented by some

developers (see Sectidr3.?).

1.3.1 WEC device types

Developers were asked to iddéyttheir technologyfrom one of seven different
generic WEC device types (specified by WES). The WEC developer responses
can be summarised as follows (see &ligpire 2):

1 11 point absorbers

3 oscillating wave surge converser
3 oscillating water columns

1 overtopping device

1 attenuator

1 pressure differential device

4 O6otherd6 WEC types
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B Attenuator
® Point absorber
m Cscillating wave surge
converter
Gscillating water column
B QOvertopping

u Pressure differential

Bulge wave

Other

Figure 2 WEC device types

In summary, the majority of WEC device types under development by the WEC
developersvhoresponded to the survey were point absorbers. Oscillating wave
surge converters and oscillating water columns were also common3 with
respondents for each device type. The least common device types were
overtopping, pressure differential aatlenuatordevices, with only a single

developer for each device type. No bulge wave device types were identified by the
survey respondents. Foure s pondents sel ected the 6ot her
based on an assessment of the individual responses and an understanding of more
unique WEC device types under development, this may correspond to (e.g.) small
arrays of point absorbers combined in a srgystem.

1.3.2 WEC development progress

There are multiple approaches to claged the status of innovative technologies
and identifyng the stage of development. The US Department of Energy (DOE)
Technology Readiness Assessment (TRA) Guiokkows a tailorel version of a
proven National Aeronautics and Space Administration (NASA) and Department
of Defence(DoD) technology assessment model. A TRA evaluates technology
maturity using the Technology Readiness Level (TRL) seshiehwas

established by NASA in ¢11980s. The TRL scale ranges from 1 (basic principles
observed) through to 9 (total system used successfully in project operations). The
definitions of each TRL classification are provided in the aforementioned DOE
report.

A summary of the TRL breakdowar the WEC technologies under development
by survey respondents is presented below (sed-ajsce 3).

1T 8% TRL 7
1 46% TRL 6
1 33% TRL 4-5
1 13% TRL 1-3

3 https://www.directives.doe.gov/directives-documents/400-series/0413.3-EGuide-04-admchgl
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ETRL1
mTRL 2
mTRL3
TRL4
= TRLS5
= TRL6
TRL7
ETRL8
TRL9

Figure 3 WEC technology readiness levels (TRL)

The most common TRL selected for devices under developranTRL 6. This
correspond$o a development stage of engineerstle models or prototypes

being tested in a relevant environment. At this TRL prototypes should be capable
of performing all the functions that will be required of the operational systaen. T
highest TRL selected by respondents was TRL 7. This represents a significant
step up from TRL 6, representing the demonstration of s&ale prototype

system in a relevant environment.

The surveyed WEC developers were also asked to specify the tanfidunding

spent to date and given five different options to select from. The responses
obtained indicate that the respondents have varying levels of resources committed
to the development of their technologies to date. The breakdown for the funding
spen to date was (sessoFigure4):

1 <£1m 25%
1 <£5m 21%
1 <£10m 25%
1 <£50m 21%
1 >£50m 8%
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m<flm
m <£5m
H<£10m
<£50m
B >£50m

Figure 4 Amount of funding(Em) spent to date by respondents

1.3.3 Modelling activities to date

The significantmajority of WEC developensho responded to the survey have
conductedboth numerical (92%) and experimental (96%) modelling. Developers
who completed experimental modelling adties were asked to specify the
scale(s) at which the WEC was tested. Three different test scale options were
provided for developers to choose from, with a request to select all suitable
options. The responses received from the survey were as follows:

1 Proof-of-concept (1:100 1:20) 61%
1 Functional testing (1:201:5) 57%

1 Large scale testing (>1:5) 52%

In addition, 54% of the WEC developers surveyed have also conducted open
ocean trials to date, with 29% of those trials involving the testing of WECs
connected to the grid.

In short, and although virtually all the respondents have done some numerical and
experimental modelling to date, with over half of them testing a functional
prototype and conducted some large scale testing, only a small group have
proceeded to gridonnected trials. This is consistent with the findings outlined in
Sectionl.2.2 for both the TRk and the funding spent to date.

1.3.4 Baseline formulationsand methodologies

WEC developers were asked to identigir currentbaseline load calculation

formulations and structural assessment methods. Furthermore, WEC developers
were alsasked to identify the design situations that, in their perspective, have

been assessedto date, and how the load data has been obtained. Respondents were
allowedto select all applicable answers, in an effort to provide a comprehensive
overview of all ofthe methods currently being used by WEC developers.

Figure5illustrates the breakdown of the responses received to the question that

aimed to identy the baseline formulation used in load calculations. The three

most popular answersfirst-principles (68.4%), linear Boundary Element

Met hods (BEM) (57. 9%) anidendastratesableaéts equat i
partially, the infancy of the wave energydustry. Such conclusion can be
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justified with the fact that any of these formulations provide the means of
simulating an accurate representation of all the load sources, thus leading-to early
stage numerical models that are likely to be uncoupled, ethoals that do not
simultaneously account for all the load types identifie8éation2.2 of this

report However, it is encouraging that a large proportion ofstinerey

respondents have identified the use of fully coupled load models in the assessment
of critical design situations, although the least detailed option (point load,
frequencydomain approach) was, within the fully coupled option, the most

popular respnse (47.4%). More detailed models in the tishoenain (either point

or distributed loads) were selected by a minority of the respondents (42.1% and
36.8%, respectively), with evédawerdevelopers selecting the most advanced
options possible (including fiyl nonlinear methods). A detailed description of

each baseline formulation and an overview of the design situations that may be
tackled using the different methods is presente8eiction2.2.6

Figure6 illustrates the design situations that respondents have addressed to date.
In close alignment with the findings highlighted the previous paragraph, the
overwhel ming majority of the respondents |
design situation already analysed (94.7%). This is consistent with the fact that the
majority of WEC developers that responded to the surveytifokl simpler,

potentially uncoupled load calculation formulasaas those currently in use (it

should benotedthat the accuracy of any load estimate, including those that are
related to power production conditions, is likely to improve if a suitailg f

coupled model is used). The second most popular answer (survival events, 84.2%)
can be associated with the use of Morison equation based models. On the other
side of the response spectrum, design situations associated with fault scenarios
and damagetability arethoseleast addressed to date, with the latter being

analysed by only 36.8% of the respondents. Detailed definititmedLCs

associated with each design situation are proposgdaton2.2.4

Finally, inFigure 7 a trendthat indicates an appetite for experimental modelling
as the main source of WEC load dedm be identifiedsee als®&ectionl.3.3.
However, it should be noted that this is closely followed by numerical modelling
results. Both findings stress the im@onte of ensuring that the derived models
(numerical and / or experimental) are accurate representations of-gsdls
equivalent. Load data from onshore trials and offshore éestaccording to the
survey responses, much rarer, with approximatelfydiahe responses when
compared to numerical and experimental modelling. Againgdtaiveinfancy of
the wave energy industry can be associated with this findliagse.g. onshore
trials for reliability testing are standard practice in more matulesinies.
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COther (please specify)

Fully coupled distributed loads model (time-domain)
Fully coupled point loads model (time-domain)

Fully coupled point loads model (frequency-domain)
Boundary Hement Methods (nonlinear)

Boundary Hement Methods (linear)

Morison's equation

First-principles only (i.e. hand calculations)

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 5 Baseline formulations used in load calculation exercises by respondents

Damaged stability

Extreme survival events

Transport, installation, maintenance and repair
Parked / survival plus fault conditions

Parked / survival (standstill or idling)
Emergency shutdown

Start-up / shutdown

Power production with faults

Power production

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 6 Design situations addressed to date by respondents

100% -~
90% -
80% -
70%
60%
50%
40% -
30% -
20% -
10% -

0% -
Numerical Experimental Onshore trials Offshore tests

Figure 7 Data used by respondents in loealculation exercises
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100% -
90% -
80% -
70% -
60% -
50% -
40% -
30% -
20% -
10% - .

0% - , , : : : : : ; ; ;

code guidance
calculation

1. Spectral fatigue calculation
modelling

2. Time history fatigue calculation

3. SCF assessment using formulas in

4. SCF assessment using finite element

5. Inclusion of dynamic amplification

during strength assessment

6. Strength assessment using hand

7. Strength assessment using FE model

8. Strength assessment using local FE
model of components

9. Strength assessment of local regions

on wetted perimeter
10. Strength or fatigue assessment using
testing
11. Use of integrated analysis packages
for loads and FE

Figure 8 Methods used by respondents in the assessment of structural integrity

Figure8illustratesarange of methodsvhicharetypically usedfor the assessment
of structural integrity for offshore structures.

Methods associated with fatigue and strength analysis have been grouped
separately witloptions1-4 relevant to fatigue analysis aogtions5-9 relevant to
strengthassessmenOptiors 10 and 1larerelevant to both.

It should be noted that entries2land 5overlap withloads assessmemiethods
but are not captured within tHeadanalysis formlations containedin Figureb.

Fatigue

Offshore &tigue assessment is typicatlgnducted using a time domain
simulation or aspectral fatiguecalculation. A further breakdown of load
assessment methods is containe#ligure5.

More than45% of respondents usedpectral fatigue calculatioifhis techniqa

is widely used in fixed offshore structures andasmally advantageous due to

the reduced computational effmdmpared to time domain simulatorSpectral
fatigue relies on a satisfactory representation of the device being provided by a
linear systenwhich is unlikely to be the case for the majority of WEC devides
larger proportion of developers using time domain simulation wibelcforebe
expected.

The dominant methods fane calculation of Stress Concentration Factors (SCFs)
werealsoincluded as options in the survégptions 3 and 4)The responses show
that assessment usifgnal Element AnalysisREA or FE)is more prevalent than
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following code guidance and thabmerespondentsise a coimination of the
approaches.

These results suggesbmeconsideration of stress concentrati@sspart of
fatigue assessment of WEQt was expected that a larger proportion of
respondents would use FEA 8CFassessmemtue to the use of novel
components with complex geometiat are not coverelaly code guidance The
results suggest thatasidard details present in code guidance are still rel@vant
some instancelsowever.

It should be noted that respondents may not have consideredf$E€tsled
global FE modelsvere used. SCF derivation involvestandard process which is
applicable to WECs however, anduastherefore expected that the method
would be usedby a wide range oWEC developers

Fatigue assessment methods agascribed further in Sectidh3.4

Strength

It is likely that a global finite element model is required for detailed design of
WECS, supplemented with local models to asaesasvith complex geometry.
Sixty-two percent brespondentsndicated that finite element modelling hache
used during desigrA large proportion of those using FE modelling conducted
detailed local models of componeriad45% of respondents used hand
calculationsHand calculationsre useful for preliminary design and certain
specific calculations but are liketg beinsufficient for detailed design of WECs.

Six percenbf respondents considered dynamic amplification of the structure
during their strength assessmeBlynamic ampliication of loads is the term used

to define cases where inertial loads associated with resonant response contribute
appreciably to the total loads. Inertial forces in fixed structures are often
dominated by resonance, but in WECs qusatic response toydrodynamic

loads can also be significamhertial loads due toesonant response may not be
considerable in comparison to other loéasWECSs, as reflected in the survey
response

Strength assessment methods are described further in S2&ién
Other

Eleven percent of respondents used tesiingdividual componentsas part of
their design process. It is standard pi@cto undertake structural testing fbe
detailed design of synthetic materials which are used widely in mocaimgdsiay
be present in several WEC designs

Thirty-three percentf respondents used integrated analysis packages for the
assessment of structural loads and FE analysis. Thiofygaftware is widely
available for the assessment of fixed offshore struct{ges DNV Sesamand
this result suggestthat similar analysis packages suitable for WEC design are
alsoavailable
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1.3.5 Design procedure overview

Survey questions were posed ssess the familiarity or application of different
design procedures by WEC developers. The following responses were obtained to
the questions posed:

1 90% of respondents are familiar with design load cases (DLCs).

1 79% of respondents completed a failure madd effects analysis
(FMEA).

1 45% of respondents conducted limit state design in line with code
guidance.

1 78% of respondents have developed a basis of design document.

1 77% of respondents follow design standards or guidelines from a range of
industries.Table2 presents the crossover between guidelines used by
WEC developers and other industries.

Table2 Design standards/guidelines used by surmespondents from other industries

Industry % Respondents

Wave and tidal 85%

Offshore engineering 69%

Oil and gas 46%

Offshore wind 39%

Other (i.e. pressure vessel standar 23%

1.3.6 Assessing the need for clearer design methodologies

WEC developersvere asked to provide their opinion on whether clearer load and
structural design methodologies were required. The responses received from
developers who participated in the survey was a resounding yes, with 94% of
respondents agreeing that clearer methagles are required.

Developers were subsequently asked; if this landscaping study provides detailed

design guidance, how likely are they to use the study findiRggure 9 illustrates

the survey responses obtained, which indicate that 76% of the respondents are

likely (i.e.respons®4) t o wuse det arifotmedbytiisesi gn gui danc
landscaping study.
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m 1 - Very unlikely
m2
= 3 - Maybe
4
5 - Very likely

Figure 9 Likelihood of survey respondents to use detailed design guidafarened by
this study

1.3.7 Detailed comparisons

In an effort to map the methodologies for loads stndctural integrity assessment
currently applied by WEC developers, individual survey respsnvere examined
and compared. The process chosen to map design procedures applied by
developers was to compare methodologies based on the TRL of the WEC
technology.

In some cases, these comparisons produced findings in line with the initial
expectationsFor example Table3 comparessurvey responses from WEC
developers at relatively high (7) and low (4) TRLs. The responses illustrate that a
WEC with ahigher TRL followed a more comprehensive design process, which
implemented more sophisticated load estimation formulations and considered the
majority (7 of 9) of design situations listed, compared to the device at a lower
TRL where only the firsprinciples formulation was applied and three design
situations were assessed.
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Table3 Comparison between responses for WECaratatively high and low TRL

Respondent # 24 Respondent # 23

Device type Attenuator Oscillating water column
TRL 4 7
Numerical modelling No Yes

Experimental testing Proofof-concept (1:104L:20); Large scale testing (>1:5);
functionaltesting (1:201:5) oceartrials - grid connected

First-principles BEM (linear);
fully coupled point loads mode

Baseline formulation First-principles (freg-domain) fully coupled

for loads distributedoads model (time
domain)

Design situations 3 design situation considered 7 design situations considere

Data used inload Experimental Numer_i(al, experimental,

analysis methods onshordrialsand offshore tests

Familiar with DLCs Yes Yes

Conducted a FMEA No Yes

However, the design methodologies implemented for WEC technologies-at mid
level TRLs (56) were more difficult to characterise, with a wide range of

responses received from developers. For exarjalele5 presents the survey
responses for two WEC developers that identified themselves at the same TRL,
but with quite distinct design approaches. One developer has undergone a series
of experimental tests different scaleswhile the other has directly progressed to
large-scale testing. Both developdi@veimplemened relatively basic

formulations for loads and have a varied knowledge of design procedures used in
other industries (i.e. DLCs and FMEA). Resgdent # 5 only considered

performance design situations, whilst respondent # 2 claims to have considered all
of the nine design situations listed in the survey despite not being familiar with
DLCs (although it is noted that a very basic baseline fornauafor load analysis

is listed by thesamedeveloper). Tis broad range ithe respondest @nswers

highlights the difficully of creating a design procedure that can be adopted by
WEC developers with varying levels of familiarity with standard designtiges;

a fact that has been taken into account when deriving the methodologies proposed
in this report (se8&ection2).
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Table4 Comparison between survey responses for WECs ata TRL of 5

Respondent # 5 Respondent # 2

Device type

TRL
Numerical modelling

Experimental testing

Baseline formulation
for loads

Design situations

Data used inload
analysis methods

Familiar with DLCs

Conducted a FMEA

Finally, Table5 comparegesponses from point absorber device developers at a

Point absorber Oscillating wave surge
converter
5 5
Yes Yes

Proofof-concep(1:1001:20); Large scale testing-1:5)
functionaltesting (1:201:5);
ocean trialsnot grid connectec

Mori sonds e First-principles

1 design situation considerec 9 design situations considere

Experimental Experimental, onshore trials
and offshore tests

Yes No

Yes No

similar TRL of 6. Both respondenksveimplemented detailed baseline load
formulation methods and considered a wide range ofdestuations. These

results show a general progression towards more detailed load analysis procedures

for devices with a higher TRL, when comparifigble5 to the survey responses
presented for WECs at TRL 5 presentedale4.
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Table5 Comparison between survey responses/f&Cs at a TRL of 6

Respondent # 12 Respondent # 7

Device type
TRL
Numerical modelling

Experimental testing

Baseline formulation
for loads

Design situations

Data used inload
analysis methods

Familiar with DLCs

Conducted a FMEA

ARP LS2 | Final Copy | 28 June 2016

Point absorber Point absorber
6 6
Yes Yes

Proofof-concep(1:1001:20), Large scal@esting(>1:5);
functionaltesting(1:20-1:5); ocean trials grid connected
large scale testing (=5);
ocean trials grid connected

First principles Morison's Fully coupled point loads
equationBEM (linear &non model (freg. and timelomain)
linear); fully coupled point fully coupled distributetbads
loads model (freg. and time model (timedomain)
domain) fully coupled
distributed loads model (time
domain)

5 design situation considerec 8 design situations considere

Numerical, experimental, Numerical, experimental,
onshore onshore trials & offshore test:
Yes No
Yes Yes
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Overview of WEC developer survey findings

Based on the survey responses, two WEC developer groups are identifiable for
devices assigned a midvel TRL. These are briefly introduced Figure 10.

Large-scale _
experimental enthusiasts

ADevelopers who chose to forego
smaller scale experiments and

deploy their technology at a large

scale at an early stage of
development.

Incremental designers

ADevelopers who chose to
undertake a more structured
development approach and test
their technologies at a range of
model scales.

Figure 10 WEC developer groups (based on the survey responses)

In an effort to map thébad methodologies currently applied by these groups of
WEC developers, some key characteristics have been extracted from the survey
resuts and are summarised Trable6. It should be noted that a high degree of
variability can be associated with the answers, thug dfbe 6 summary simply
presers a snapshot of the most notable pattesistble in thesurvey responses.

Table6 Methodologies currently used by different classifications of WEC developers

Large-scale experimental
enthusiasts

Incremental designers

ATest at large scale or open ocean trists.
small scale tests.

ABasic load formulationsused.e. first
principles and Morison's equation).

AlLoad methodologies informed by
experimental results.

AMainly performance design situations
considered.

ATest conducted at a range of scales
(Proofof-concept; functional tests; large
scale test and open ocean trials).

ARange of load formulations considered.

ALoad methodologies informed by
experiment, numerical and open ocean
results.

ABothperformance and non
performance design situations
considered.

Another group of WEC developers identifiable from the survey responses can be
associated with eardgtage, newgeneration WEC developers. These developers
appear to implemennore detailed baseline load formulation methodologies,
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using numerical models, at a lower TRL. Some consideration is also give-to non
performance design situations, in addition to power producliable7 presents a
list of characteristics broadly identifiable from the survey results for the
respondents (low to mid TRL) that fall under the classificatiogesfy stagenew
generation WEC developers.

Table7 Key characteristics of the early stage, new generation WEC developers

Early stage, new generation WEC developers

ANumerical modelling focusedSmaller scale model tests in functional environments (i.e.
proof-of-concept and functional tests).

ARange of load formulationsconsidered from an early stage.
ALoad methodologies mainly informed by numerical results.

ASmaller sukset ofperformance and norperformance design situations considered.

It should be noted that the classifications outlined@ahle6 and Table7 were

also informed by phone interviews with selected respondents. In general, the
contacted developers acknowledged thether guidance was required and that
more detailed methods at an earlier stage could help to prevent the use of
unsuitable design methodologies, which in turn could lead, at a later and
potentially irreversible detailed design stage, to an unoleoverconservative
design of specific aspects of a WELhe results of the survey highlighted a clear
need for usable design guidance for the development of WECs.
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2 Load and Structural Analysis

This Sectioncontains guidancéor load and structural analysisuilding on the
information that was presented $ectionl.

It containsa brief overview othe 7 types of WECs thadre considered in this
study followed by aninterpretationof suitablemethodsfor load and structural
analysisin the context of thes®&/EC types. This is summarised mating matrices
which rankthe applicability oload and structural analysis methodolodies
design situations and WEC device typ€ke Sectionconcludes with an example
load andstructural integritycalculation for a geeric point absorber device

2.1 WEC Types

The following 7 WECtypeswere considereth this report. A brief description of
each accompanied by a generic sketishprovidedoelow.

Point absorber

Oscillating wave surge converter
Oscillating water column

Bulge wave

Attenuator

Overtopping

Pressure differential

NouokrwhE

2.1.1 Point Absorber

This is a floating device that is small in comparison to the incident wavelength.
The heaving motion drives the PTO (power tak® system. Thedevicemay be
fixed to the seabed or be suspehadadwater. A schematic of an example point
absorber is shown iRigure 11.

Point Absorber

Figure 11 Schematic of an example point absorber converter

2.1.2 Oscillating Wave Surge Converter(OWSC)

In this device a partially or fully submerged flap rotates about a fixed or sliding
hinge. Themotion of the flap or hinge drives the PTO. The hinge may be fixed to
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the seabed (bottom hinged) or fixed to an overhang structure (top hiAged).
schematic of an example OWSC is showifrigure 12.

Figure 12 Schematic of an example oscillating wave surge converter

2.1.3

Oscillating Wave Surge Converter

Flap

Base

\/

Sea bed

Oscillating Water Column

This device may be offshore or onshore. It has a partially submerged hollow
chamber. The oscillating water height inside the chamber compresses/
decompresses the air abovarnt drives an air turbinél schematic of an

example oscillating water column device is showfigure 13.

Figure 13 Schematic of examplescillating water column converter

2.1.4

Oscillating Water Column

Sea bed or Ramp

Air
Ramp A / turbine
|
/ A v
—»
Chamber

Bulge Wave

This device includes a submerged rubber tube acting pasétiethe direction of

wave travel. The water enters through tiwevwhich generates
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wave that travels along the tube and drivegdraulic turbine located at tistern
A schematic of an example bulge wave device is shovAgure 14.

Bulge Wave

Pressure

bulge

Turbine
Rubber
tube

Base Sea bed

Figure 14 Schematic of examplbulge wave converter

2.1.5 Attenuator

This is a floating devicerhich generallyacts parallelvith the direction of wave
travel; sometimes referred to as a line absorber. The relative motion between the

Sectios drives an internal PTQA schematic of an example attenuator device is
shown inFigure 15.

Attenuator
Mﬁt
— Mooring
y \‘\-.,_
~ I
II II
— = Base
Sea bed

Figure 15 Schematic of example attenuator converter
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2.1.6 Overtopping

This may be an offshore or onshore device which includes an open reservoir. The
oscillating water height in the reservoir drives a hydraulic turbdechematic of
an example overtopping device is showfrigure 16.

Overtopping

Reservoir

Turbine

Figure 16 Schematic of example overtopping converter

2.1.7 Submerged Pressure Differential

This is a submerged device with a base fixed to the sea bed. The buoy heaves in
response to varyinwater draft above it as the wave passes. The heaving motion
drives the PTOA schematic of an example submerged pressure differential
device is shown ifigure 17.

Submerged Pressure Differential

S

I —Float

—— Shaft

PTO —

Base

Sea bed

Figure 17 Schematic of example submerged pressure differential converter
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2.2 Load Calculations

2.2.1 Types of Loads

Following Section2 of theGL Rules and Guidelines +8-4 (2007)Offshore
StructuresStructural Designdesign loads for marine structures include:

1 Environmental loads (e.g. wind, current and wave loads, marine growth, etc.);
1 Permanent loads (e.g. weight of structures, permanent ballast, buoyancy, etc.);

1 Functional loads (loads from tramspand installatioroperations, power take
off (PTO), varying ballast, etc.);

1 Accidental loads (e.g. collisions, flooding of buoyant compartments, mooring
line failures, inadequate lifting operations, explosions, etc.).

The GL Rules and Guidelines ¥g-4 (2007)documentspecifieswvhich design
loadsareto be used in structural analysis of offshore structures. Other documents,
such assL Rules and Guidelines 12 (2012)Guideline for the Certification of
Offshore Wind Turbines (Chapteii 4.0oad Assumptionsapply similar methods

to derive DLCs for fatigue and ultimate strength scenaddditional types of

loads, such as deformation loads, are introduced irbélg-OSJ103 (2013)

Design of Floating Wind Turbine Structures

In the absence ddffshore standardspecificallyrelated to WEC desigm@,
methodologyis proposedo derivedesign load case®[Cs) which can be used to
assesfatigue (F) and ultimate strength (Ohe proposednethodologyshould be
complemented bgn FMEA for all critical subsystems. A preliminary failure
analysis by WEC type is presenteddaction2.3.2

Following[1] and based on the documentation suggest&alntel, preliminary
load casesanbe definedsee als&ection2.2.4). For WEC designand similarly
to the design procedures outlinedGn Rules and Guidelines 12 (2012)
Guideline for the Certificaon of Offshore Wind Turbines, Chapter 40ad
Assumptionshe DLCs may be further grouped within the ultimate strenghh (U
category and splitinto the design categories:

1 Normal (N);
1 Extreme (E);
1 Abnormal (A);

1 Transport and installation (T).

It is recommendd thatthe calculation of design loadsprimarily conducted
computationally via fully coupled tirrdomain numericasimulatiors that

accounts for all lad contributions simultaneouslfuch procedure is consistent
with method 1.2 ofGL Rules and Guidelines ¥g-4 (2007)Offshore Structures:
Structural Design$ection.6), which applies to thenajority of the WEC types
outlined inSection2.1.Further guidance, including the main source of wave loads
to be considered pending on the type of offshore structure, is gieeg. [NV-
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RP-F205(2010)Global Performance Analysis of Deepwater Floating Structures
(see Table 4, page 12).

It should be noted that oth GL Rules and Guidelines +8-4 (2007)and DNV-
RP-F205(2010), fully coupled rigid body models that take into account all

relevant load sources are mentioned as suitable for andtgsisertain WEC

types (e.gbulge wave), americal solutions using deformable bodies may be
required prior to structural assessments, however this may not be achieved in
practice if all load sources are accounted for simultaneously (whaidd be

seen as a priorityNumerical simiation which includes deformable bodies is
computationally very expensive and there are limited software solutions available
for this purpose.

All relevant nonlinearities, including those induced by the mainsysbems such

as the PTO and the mooringse @& be consideredt least some of these
nonlinearities (e.g. those related to hydrodynamics or mooring forces) may also be
evaluated experimentally. Where possible, comparisons between numerical and
experimental estimates are recommended.

For WECSs, copled analysis of all major loads should be carried out in the time
domain.Simulation periods should be increased from the standard wind industry
default of 10 minutes in order to adequately capture effects associated with the
natural frequencies of suppa@tructures. A minimum simulation length of 30

minutes is recommended when investigating the WEC response. Furthermore, itis
recommended that the variability of parameters derived from 30 minute
simulations is checked under simulations with the sametrghelensity and

different sets of random phases and directions (if applicalie is particularly
relevant should phase control techniques be implementetie WEC

For estimatng the maxima and minima of a WEC response variéblg. motion
respons)in a given sea stata longer simulation time is recommendeeBhrs).
Where applicable, minimum simulation length of 1 hour is recommended to
adequately model secowdder effects and slow varying responsdsese
recommendations are aligned withdboproposed iDNV-0S-J103 (2013)

The calculated loads may be used in further structural design assessments similar
to those outlined 5L Rules and Guidelines 12 (2012)Guideline for the
Certification of Offshore Wind Turbines (Chapter Strength Aalyses) Initial

guidance on the methodology suggested for strength assessment is given in
Section2.3

The concept of limit states should also be considered when defypieg of loads
andDLCs. Thisconcepts briefly describedn Section2.3.

2.2.1.1 Ultimate Loads

As outlined at the start ddection2.2.1, the design loactategoriedo be

considered itthe overallload andstrength analysisalculationsinclude

permanent loads, variable function loads, environmental loads, and accidental
loads.For all of these categories, theaximum loads to be expected in senace
usually classified as ultimate loadden cosidering WECSs
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The d/mmamic loadscting on a WEQill, in general, be driven bits response to

the environment (waves, cents, etc.). The design environmentist be carefully
selected to ensuttbat it covers the sea states which leaithiéomaximumloadng

on the WEC during its design lifetime. In this regartlid important to

acknowledge that the loads will, in addition to wave height, be primarily sensitive
to wave period and directionaljtgnd potentially the phasing of wave groups.
Preliminaryguidance on how to define the relevant environmentaditionsis
provided inSection2.2.2

The GL Rules and Guidelines 12 (2012)statethat generally DLCs @l to
determine structural integrity of offshore wind turbines can be calculated from the
following combinations:

1 Normal design situations and normal external conditions;

1 Normal design situations and extreme external conditions;
1 Fault design situations amdlatedexternal conditions;
1

Design situations for transportation, installation and maintenance, and the
appropriate external conditions.

The principlesoverviewedn GL Rules and Guidelines ¢ (2012)can be
applied to determine the structural integrofy WECs. Additionally, if any
correlation exists between an extreme external condition and a fault design
situation, a realistic combination of the twhbould 2 consideredor a DLC.

The following are consideretb be of key importance for the analysisultimate
loads on WECs:

1 Hydrostatic loads;
1 Hydrodynamic loads

1 Inertial forces, both rotational and translational, arising due to acceleration
of part or all of the device;

1 Abrupt forces from support nonlinearities (e.g. mooring line maximum
extensionsor failure, endstop activation, etc.);

Marine growth loading (e.g. weight and drag);
Waveruaup and overtopping (figreen water o)
Power takeoff (PTO) loads and effects from the control system;

= =4 -4 -

Mooring loads (including loads induced at the moottigchment points)
if applicable

1 Point loads atritical mechanical systems (e.g. esips, mechanical fail
safe, seabed attachments, bearings, etc.);

1 Accidental loads (collisions, impacts, etc.).

It should be noted thabme of the items listedbovemay be excludedepending
on the type of WEC, its characteristics and the target site conditions.
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For the hydrodynamic loadsNV-RP-F205 (2010Global Performance Analysis
of Deepwater Floating Structur@sovides recommended practices regarding
global performance analysis afeepwaterfloating structures and lists
hydrodynamic effects of importance for each class of floater found in the oil &
gas industryFollowing thisreferenceijt is recommendedhat the following
hydrodynamicload sourcesre congiered to assesghetherthey have a material
effect on the global motions or loading of the WEC.:

1 Wave frequency loads;
1 Low frequency loads (i.e. wave drift forces);
1 Air-water interface loading (i.e. wave slamming loads).

The four load design categoriesitlined at the start ddection2.2.1canalsobe
defined based on the recurrence period of external condifioigrn, and to
assiswith the definition of the type of load and partial safety factor to apipéy,
design categuoes can be related to design situagiomhis relationship is
illustratedin Table8.

When assessing ultimate loads, anérisurethat reliable degin valuesare
obtained, the loads shdié multiplied by a partial safety factax (as per the
formula below)This safety factor shall cover thmcertainties of the procedure,
the probability of the load occurring, possible deviation of the loadstinem
characteristic values, and the accuracy of the load model.

Fy =g @,
where:
"O - Design value of the load

[ - Partial safety factor for the load

"O - Characteristic value of the load.
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Table 8 Design categories: recurrence period and design situatiofbased on[3])

Design category Recurrence period Design situatiors

Normal operation

Normal operation plus fault
Parked/ idling

Parked/ idling plus fault
Parked/ idling after fault
ASurvival 06 conf

Parked/ idling
Extreme (E) O 50 years Parked/ idling plus fault
ASurvival 6 conf

Normal (N) O 1 year

Hurricane
Abnormal (A) O 500 vyear s | Earthquake /tsunami
Accidents
Transport and o 1 ear Installation
installation (T) y Maintenance

The valués) of load partial safety fact(s) to be used depe(s) on the various
design categoriedefinedin Table8 and the source of loading (environmental,
operational, permaneraccidental. At subsequent design stagds toad factors
to applyfor all WEC componentsnay be initially adapted from lated standards,
following e.g Tablel. The initial selection may also benefit from initial high
level discussions with eertification body

In many cases, especially when unsteady loads lead to dynamic effects, the load
componats cannot be determined independently of each other. In these cases, the
highest partial safety factdr, , of the corresponding design category shall be
appliedto the loads.

For the assessment of mooring loads, including mooring line tensions, specifi
guidance can be found in e[gNVGL-OSE301 (2015 (seealsoTablel).

Loads defined in these standards shall apply to the design of the moodasa@si
well as the design of the anchor that transfers the loads to the seabed.

It should also be noted that\NVGL-OS E301 (2015defines characteristic
environmental loads based on a 4@@r recurrence period, compared to the 50
year period suggested im\\VV-OSJ103 (2013)

In the transition to theletailed design stagd,is recommendd that ultimate load
DLCs specifically addresstructural vulnerabilitiesvhere failure can be expected
to occur more easily (e.g. mooring line connection points, bearingsstepsl,
etc.). Thesareas can be identified following an FMEA exercise Geetion

2.3.3 andare also likely to be critical in fatigue load strength assessments
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2.2.1.2 Fatigue Loads

In DNVGL-OSC103 (2015Structural Design of Column Stabilised Units
(LRFD* Method) Chapter 25ectior2 i Design Loadsfatigue loadsireclassified
as repetitive loads which could & significant fatigue damage. Tfwlowing
load sources are identified

1 Waves (including those loads caused by slamming and variable pressures)
1 Wind,

1 Currents (especiallywhen vortex induced vibrations oegur)

1

Equipment induced, echanical loading and unloadirfg.g. PTO,
moorings, etc.).

General guidelinesn fatigue loading and analysis can be found for floating
offshore vesselsiBDNVGL-RP-C206 (2015Fatigue Methodology of Offshore
Shipsand inABS Pub #115 (2003or offshore structuredn the absence of WEC
specific recommendationshese can be used as representative examples.

Furthermore GL Rules and Guidelines +6-4 (2007)alsoprescribeshat fatigue
strength analysis should be perfothfer all structures which are exposed to

cyclic loading, with wave loadingsthe main source of potential fatigue cracking.
Specific guidance is given in e gNV-RP-C205 (2014 Environmental

Conditions and Environmental Loafis particular loading soges. For example,

the contributions to fatigue damage due to wave slamming loads can be assessed
in Section8.9 of DNV-RP-C205 (2014)

ABS Pub #115 (20033uide for the Fatigue Assessment of Offshore Structures
highlights thatsome of thdoads may excitelynamic response, whiaanin turn
amplify the acting fatigue inducing stresses. Suoltion stressekighlight the
importance of using fully coupled models when estimating fatigue lQxter
methods for including thesgynamic loadsire described iBection2.3.4

It isrecommendd thatthe following distributionsare usedor the calculation of
fatigue loads(including lifetime weighted equivalesy

1 Arang of directionally spread sea states (in combination with
unidirectiona current and wind effects, if applicable

1 If available site specific metocean dathould be usedn the absence of
directional information, a parametric distribution for the directional spread
may be considered.

Damage Equivalent Loads (DELsan becalculatedo relate the fatigue damage
represented by Rain Flow Cycle Counting (RFCC) data toctinaged by a single
stress range repeating at a single frequeDeynage equivalent loads provide a
suitablehigh level metric for assessing fatigue damage for a given WEC

4 Load and Resistance Factor Design.
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is given by the formula:
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0
where:
Ln is the equivalent stress forcycles
Li is the stress range hin
n; is the number of rain flow cycles at stress range bin
m i's the negative

also referred to as tt#&N curve slope)

N is the number of cycle repetitions in the WEC lifetime.

Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

b and Beddanage eddivateat sti@ss

i nv er s ehleroctirvetnise

The stres4.; is dependenbn the geometry of thetructure under consideratidh.

is assumed that stress is proportional to leadtherefore it is aceptable to use

load instead o$tress in the above equatidfor simplicity, Li andn; may be

derived from the onélimensional table of stress ranges vs. number of cycles with

no correction to account for the fatigue damage due to mean stresses.

There idimited experience in WEC design to allow the specification of a

reference frequency for lifetime integrated DERs. anexample Table9

s |

illustratesthe reference frequency for a common value of number of cycles and
different device lifetime Should the lifetime of the prototype be reduced, the

resulting reference frequanavill be considerably higheRainflow cycle

excee@nces and Markov matrices the main load componentsay also be
presented in the loads calculations report.

Table9 Examples of eéference frequelis for lifetime integrated DELSs

WEC Reference
Number of cycles | lifetime

(years) frequency (Hz)
1.E+07 1 0.3171
1.E+07 5 0.0634
1.E+07 20 0.0159
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2.2.2 Defining the Environmental Conditions

As outlined inSectionl, ametacean design basis repasiould berovidedat the
design basis stade define therepresentativeonditions aan installatiorsite.
Several documentthat define the informatiorequired todescribehe
environmental conditions are also introdugedablel. Overall,the following
key documentxan befollowed:

Section3 (B) of theDNV-OSS312 (2008)Certification of Tidal and Wave
Energy Converterfor an overview of the environmental dat@dsasabasis
for the design;

Sectionl of theGL Rules and Guidelines 1g-4 (2007)Offshore Structures:
Structural Desigrfor technical definitions specifically related to the
environmental conditions (wind, wave, currents, tides, etc.);

Section?7 of theDNV-RP-C205 (2014)Environmental Conditions and
Environmental Loadfor an overview of appropriate theory for wave and
current induced loads on large volume structures.

It is recommendd that the definitions associated with thbove listed docuemts
are followed andwhere relevantadaptedo wave energy conversion. For
example:

1 The description of the site conditionsist bemadein sufficient detail so
that the DLCs cover all representative operational conditions at the site;

1 If measuredsite specific spectral shapes are not available, 614003
(2009)recommends using JONSWAP spectra for representing developing
wind seas and Piersdvoskowitz (PM) spectra for fully developed seas.
Shoulddoublepeaked spectra be considered!\V-RP-C205 (2014)
recommends the use of the Torsethaugen spectiis.may be relevant
as single peak spectra based on a single wave period parameter can
significantly underestimate the amount of energy at low frequencies,
which may affecte.g.fatigue loadingcalcuations.

It may be possible to excludg®me conditions from the DLCs based on the WEC
design and consideration of the environmental conditions at a planned installation
site. Examples of thesexclusions may involve

1 Wind induced loads (should the WEC dt®ard be sufficiently small);

Tidal range(if site conditions allow enough compliance in the mooring
system relative to the highest and lowest astronomical tides and if the
change in water depth is small in comparison with the overall depth)

1 Tsunamis(if a site is not in a high risk regign

Sea ice and icebergs (if the probability of occurrence of seasonal or
permanent sea ice is reduceaaite);

1 Seismic effects / seabed stability (if seismic activity and seabed
movements are not expectedaaite);

1 Seatemperature / thermal effects (to be considered only if the site specific
thermal range will affect structural design).
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2.2.3 Defining Relevant Design Situations

The loadsanalysis methodologgescribedn this reportmay beillustratedin a set
of DLCs, designed to be representative of all significant loading scenarios
experienced during the lifetime aMWEC device The DLCsdetailed inSection
2.2.4andsummarisd in Section2.2.5areprovidedas an illustrative set fanitial
considerationThe following design situations are addressed (seeSastion
2.2.4for a detailed descriptioof each situation

Power Production;

=

Power Production Plus Occurrence of a Fault;
Startup;

Normal Shutdown;

EmergencyShutdown;

Parked / Surviva{standstill or idling);

Parked / SurvivaPlus Fault Conditions;

Transport, Installation, Maintenance and Repair;

= =2 4 4 A4 A A -2

Accidental / Abnormal Eventéf not covered in any of the other load
cases);

1 Damaged Stability.

Some cases may be excluded ANEC or site specific basis, and a final DLC
selection should be preceded bW&C specifiaisk analysis and/or Failure Mode
and Effects AnalysisHMEA) study to identify the design situatiotisat may

apply to the design procesthe PTO andathermachine stings that apply to
each design situatioshould be definedf multiple PTO conditions or machine
operational states apply for a desgjtuation then those leading to theghest
loads should be selected.

The analysis othe FMEA andthe adoption of # methodologies provided in
Section2.2will directly contribute to the creation lafad case descriptisifrom
which aseries of simulations associated with timalf DLCs can bedefined As a
first step, the definitions of the environmental conditions and of each load case
descriptions are presentedSection2.2.4

2.2.4 DesignLoad Cases (DLCs)

2.2.4.1 DLC Environmental Conditions

As described irbection2.2.2 environmental conditions can vary significantly
across WEC deployment sites. The environmental conditions used inthe DLCs
summarised ibection2.2.5attempt to capture the most significant environmental
effects that may driveltimate and fatigue loading. A combination of irregular

wave sea states, synthesised regular waves and wave groups aregeaspas
potential means of characterising critical loading situations. The terminology used
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to describe these environmental conditions, together with some additional notes
for tidal conditionsareoutlined below.

Normal Operational Sea StatesThese comspond torregular wave sea state
covering thestandad operational scatter diagrdior the WEC(binned by
significant wave heightHs and energy period,). The range ofls, Te
combinationsis restricted bythe wave breaking criteriésteepness and dibp
limitations, where relevant)f the WEC is axisymmetric, a singhseanwave
direction may be considered. For e&thTe pair, a singleunimodal spectral
shapeis assumedThe effect of the spectral shape on thiemate loading is
consideredeparately under a reduced subset.

Reduced Range Normal Operational Sea StateBor some DLCs, where
ultimate loadingis of particularimportance, a reduced rangenofmal
operatioral conditions may be specified. Conditions are synthesised for a
subset othe normal operational caskls, Tecombinations allowing additional
machine or environmental conditions to be imposed on the madhifar the
effectsof different unimodal and bimodalpectral shapes be analysed. The
sea statleading to the higis¢ loading under the full range of normal
operational conditionwvill be selected for this reduced.sHte reduced range
will cover thecomplde operational rangealbeit at a coarseesolution.

In the casef bimodal sea statg, simulationswill be conpleted witha range

of divisions of energy between the Idngquency swell and high frequency

wind seacomponents of the spectrum and a range of separations between the
periods of the swell and wind sea peaks.

The effect of differing wind sea and swelltettions may also be considered.

Regular Waves Regular wave setsan bespecified for DLCs wheréne WEC is
required to settle in a steadystate response priorto a loading or fault event
in the simulation.The regular wavesvill be ramped upstartingfrom calm
water,in orderto mitigate the risk posed by transient effects at the start of
simulations.

Focused Wave Group The machine response and potential damage associated
with an instantaneous loading event or fault is dependent on the sea state in
which the loading event occurs. Focused wave groups are suggested as a
means of ensurinthatthe machine experiences significant wave loading
during thefault or high loadingevent. The ability of the machine to respond to
the event despite wave loading regpents an important part of the analysis.
The effect of the timing of the loading event with respect to the wave group
will be investigated.

For the simulations outlined in DLC 1(deedLC Description§) where the
effect of larger waves within operatial sea states is examined, theused
wave groupwill be definedto have a height corresponding to the most
probable maximm value for each sea state bin, basetherexpected number
of hours per yeaassociated witleach bin.

Simulations in focused wa groupsshouldnot replace longer simulations in
random irregular waves to establish the ultimate loading resulting from
continuous operation.
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Extreme operational sea stateFollowingDNV-0OS-J103 extreme sea state
beyond the limits of the operationangecan bemodelledusingirregular,
directionally spreasvaves with the 1-yearand 50year returrvalues ofHs.

Normal current model: The wave conditiosrabove may be supplemented by
varying subsurface current conditions. The normal current maaebunts for
the current velocity profile as a function of water depth and also the-wave
current interaction effects.

Tide levels Tidal rangeeffects may haveraimpact on theWEC response and
loading. Therange of operational water depths throughout ntaehine
lifetime will be considered in the DLC$or ultimate load cases, the most
conservative water depth for machine loadiitj be assesseon a case by
case basis.

2.2.4.2 DLC Descriptions

Design Load Cases are described in detail below, and tabulatedtagai
environmental conditions and relevant design situatioisaiie 10.

Power Production (DLC 1.1 to 1.6)

In this design situation, the WEC is in operation and is connected to the electrical
grid. The control system is set to normal power production.

In DLC 1.1, anormal operational sea state is assumed, with a directional spread
that is representative of tiséte (or range of sites) where the WEC will be
deployed. The effect of currents may be considered if these are judged to be
significant at the site or range of sites under assessment.

In DLC 1.2 the effects of tidal currents are considered in greatail datl
multiple current directions are considered. Simulations are conducted for a subset
of the sea states defined for DLC 1.1, including the most severe cases.

In DLC 1.3, loading combinations resulting from a range of spectral shapes,
including bimodéspectra with two widely spaced frequency and/or directional
components are considered.

DLC 1.4 covers large wave groups that may occur during operational sea states
(using focused wave groups). The random phasing assigned to the DLC 1.1 sea
states may at lead to the generation of these as part of the normal operational
time series and so loading effects are accounted for using focused wave groups.
This approach reduces the need to run lengthy sea state simulations with multiple
random wave phases.

In DLC 1.5 transient switching operations of the WEC triggered by grid failure
(rather than machine fault as addressed under design situation 2) is considered
with regard to the analysis of fatigue loads.

Finally, in DLC 1.6 the operation of the machinghisubstantial marine growth
and/or freeboard icing is considered for a subset of DLC 1.1 operations. The level
of marine growth will depend on the frequency of maintenance operations and the
water conditions in the proposed deployment sites.
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Power Produdion Plus Occurrence of a Fault (DLC 2.1 to 2.3)

Any fault in the control or safety system or any internal fault in the PTO system
that is significant for WEC loading (such as a generator short circuit) is assumed
to occur during power production in thiategory of load cases. It will be

assumed that independent faults do not occur simultaneously.

Control system faults that can be considered a normal event are covered in DLC
2.1, whilst safety system fault events considered abnormal or rare are considered
in DLC 2.2.

DLC 2.3 covers faults that cause an immediate shutdown or any other faults for
which the consequent loading can lead to significant fatigue damage.

The following fault cases may be common enough to be considered as part of the
DLCs (for loadsvhich may feasibly occur during the lifetime of the machine).

9 Transducer failuré control system demands incorrect PTO restraint
forces.

Joint seizure in an articulated part of the WEC structure.
Complete seizure.

Stroke length limitation.

Loss of gridpower due to internal WEC fault.

Hydraulic or pneumatic PTO depressurisation.

= =4 =4 A4 A -

Operation following mooring line failure for floating WECS, resulting in
WEC reorientation and repositioning, is considered in DLC 10.

Start-up (DLC 3.1)

This design situation oludes all the events resulting in loads on the WEC during
the transitions from any standstill or idling situation to power production.

DLC 3.1 considers stattp of the machine during a sub set of operational sea
states deemed to meet the environmentitgp criteria specified by the
manufacturer.

Normal Shutdown (DLC 4.1 to 4.2)

This design situation includes all the events resulting in loads on the WEC during
normal transitions from power production to a standby condition (standstill or
idling).

DLC 4.1 represents cases where the device operator shuts down the WEC.
Shutdown times at a range of different instants during a focused wave group may
be considered.

DLC 4.2 represents cases where the WEC shuts down due to the sea state (control
system inducedormal shutdown). DLC 4.2 may be expected to occur at a

different frequency for fatigue calculations compared to DLC 4.1. For a prototype
design, DLC 4.1 may be expected to have a high probability of occurrence.
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Emergency Shutdown (DLC 5.1)

This load caseorresponds to the manual actuation of the emergency stop push
button. The WEC will be set to a parked / standby condition in which some
internal moving PTO components may be locked or disconnected.

Parked / Survival (Standstill or Idling) (DLC 6.1 to 6.4)
For this design situation, the WEC is in standby mode and may be locked or
idling.

In DLC 6.1 and DLC 6.2, the WEC is assumed to be experiencing severe sea
states associated with féifent recurrence period (1y aB@y, respectivelyvhich
preventsoperation in power production mode.

In DLC 6.3, grid loss is added to DLC 6.2.

In DLC 6.4, the expected number of hours of-pomver production time at a
fluctuating load appropriate for each sea state will be considered (to investigate if
significant fatgue damage can occur).

Parked / Survival Plus Fault Conditions (DLC 7.1to 7.3)

This design situatiortonsiders the parked state resulting from the occurrence of a
WEC fault.

The fault cases are combined with extreme wave sea states with a recurrence
periad of up to 50 years in DLC 7.1 and DLC 7.2, although a shorter recurrence
period, or a reduced sea state, may be appropriate for prototype assessment.

In DLC 7.3, the expected number of hours of-pomver production time due to
faults will be considered feceach sea state where significant fatigue damage can
occur in any component.

Transport, Installation, Maintenance and Repair (DLC 8.1 to 8.6)

This design situation covers the installation period as well as transport,
maintenance and repair operations e WEC.

The load cases include any additional loading resulting from the weight of tools,
cranes, machinery or any additional mooring / fendering configurations or mobile
equipment, as specified by the WEC manufacturer.

DLC 8.1 covers the situation whetetWEC is being transported to the
installation site.

DLC 8.2 includes all critical loading arrangements present during installation.

DLC 8.3 includes loading applied to the WEC during routine maintenance
operations.

In DLC 8.4 the expected number of hoafsnorrpower production time whilst
the PTO is in a maintenance state shall be considered for all routine maintenance
operations where significant fatigue damage can occur to any component.
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DLC 8.5 addresses the impact of a collision between the WECraimdtallation

or maintenance vessel. For this load case, the size of the intended installation
vessel will be considered, potentially requiring the load case to be run on a site
specific basis unless a standardised size, or a conservative, maximunsizessel
can be guaranteed.

Finally, DLC 8.6 considers the case where the WEC has to be abandoned for a
period of time part way through a maintenance operation as a result of a storm
event. An extreme sea state is assumed with the PTO and/or control systedh lo
in arange of maintenance states.

Accidental / Abnormal Events (DLC 9.1 to 9.3)

This design situation covers extreme loading situations which may occur in the
maritime environment and are not otherwise covered in the preceding load cases.

DLC 9.1 conglers ship impacts beyond those considered as part of the
maintenance operations outlined in DLC &&C 9.2 considers severe ice
impacts.The likelihood of ship or ice impact and the maximum impact energy
will be determined based on information regardhey proposed deployment
site(s).

DLC 9.3 addresses loading from Tsunami, caused by either an earthquake or
tropical cyclone. Waves generated by these events normally come with some
warning allowing the machine to be put in to the survival state. Theclsalis
only relevant for WECs being developed for deployment in risk regions.

DLC 9.4considers loading associated with varying ground conditions (not related
to earthquakes) under normal sea stéeveral scenarios (e.g. coastal erosion,
scouring, misratch between surveyed data and actual installation conditions, etc.)
can be considered.

Damaged Stability (DLC 10.1 to 10.6)

The survival of damaged floating WECSs is covered in this design situation. The
aim is to ensur¢hatthe WEC is recoverable afteastaining damage and so the
WEC must be shown to float in a stable condition without sustaining significant
further damage in each case.

DLC 10.1 and 10.2 address the failure of a single mooring line or station keeping
component.

In DLC 10.1, the WEC mayot have reached a new, stable position and will be in
transition following a failure.

In DLC 10.2, stable conditions have been reached following a mooring line
failure.

DLC 10.3 addresses stability following a hull leak and partial flooding of the
WEC. Hooding of individual hull volumes will be considered separately.

DLC 10.4 to 10.6 cover station keeping and flooding failures when the WEC is
parked in severe sea states rather than during power production. These cases may
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potentially be excluded welaxed for prototype assessment if a 50 year return sea
state is overly conservative for a WEC with a short design lifetime.

2.2.5 Design Load Case&summary Table

Tablel0summarises the proposed dessgnations covered iBection2.2, the
environmental conditions detd inSection2.2.2and the load case descriptions
describedn Section2.2.4 Following the review of th&VEC specific-MEA, and

the selection of the final deployment sif@ble10 canbe adapted to provide
specific load case descriptions that associate each DLC with specific simulations
and thér related inputs.

The following abbreviations are usedTiable10:

NSS Normal Operational Seatates
RNSS Reduced Range Normal Operational Sea State
RW Regular Waves
FWG  Focused Wave Group
ESS Extreme Operational Seztates
Hs1 Significant wave height with a recurrence period gf 1
Hsso Significant wave height with a recurrence period of/50
Hs 1 Significant wave height for transport
NCM Normal Current Model
MCD  Multiple Current Directions
Ultimate strengthanalysis

F Fatigue strengtlanalysis

* Fatigue partial safety factor

N Normal partial safety factor

E Extreme partial safety factor
A Abnormal partial safety factor
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Table 10 Summary of suggested design load cases (DLCs)

Partial
Design situation | DLC Wa"e.. PTO conditions | Other conditions Type qf safety
conditions analysis fa
ctors
Power F *
11 NSS Production NCM U N
Power NCM
12 RNSS Production MCD U N
Power Range of spectral
13 RNSS . shapes, including U N
Production .
1. Power bimodal seas
Production 14 FWG Power _ U E
Production
Power . F *
15 FWG Production Grid Loss U E
Power Marine growth or
1.6 RNSS Production freeboard ice U N
accumulation
21 RwW Power Fault in control U N
) FWG Production system(s)
2. Power Fault in safety systen
production plus 2.2 RW Power . or preceding internal | U A
FWG Production .
occurrence of fault electrical fault
23 RwW Power Fault in the control or = *
) FWG Production safety system(s)
Startup
3. Startup 3.1 RNSS Procedure F *
U N
Normal Vary shutdown time
4.1 FWG Shutdown to different points F *
Procedure during the wave
4. Normal shut
group
down
Normal
4.2 Hg, Shutdown F *
Procedure U N
5. Emergency Power
shutdown 51 FWG Production U N
6.1 ESS Hg; Parked NCM U N
6. Parked 6.2 ESS Hgso Parked Tide height/current U A
(standstill or due to storm surge
idling) 6.3 ESS Hggo Parked Grid loss U A
6.4 NSS Parked = .
7.1 ESS Hg, Parked U A
7. Parked plus
fault conditions .2 ESS Hsso Parked Fault condition U A
7.3 NSS Parked F .
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Partial
. _— Wave - . Type of
Designsituation | DLC conditions PTO conditions | Otherconditions analysis safety
factors
. To be specified by
Transportation
8.1 NSS H; 1 configuration manufacturer U N
(transport / tow)
. To be specified by
Installation
8.2 RNSS : . manufacturer
configuration (installation / U A
removal)
To be specified by
Maintenance manufacturer
8. Transport, 83 | RNSS configuration | (including tidal U A
installation, currents where
maintenance and applicable)
repair i
P 8.4 RNSS Maintenance Absence of grid for | F *
configuration -
long period U A
Maintenance Collision with
8.5 NSS Hs r configuration transport or U A
installation vessels
Locked in
8.6 ESS Hg, maintenance U A
configuration
Ship impact
Power Instantaneous load
9.1 RW Production applied to each of the v A
largest bodies in the
system
Ice impact
92 RW Power Instantaneous load | F *
' Production applied to each of thg U A
9. Accidental / largest bodies in the
Abnormal Events system
Controller in
Tsunami due sqrvwal modéif
to this can be done
9.3 carthquake/c remotely) None U A
q Y Otherwise:
clone
Power
Production
Power Varying ground F *
9.4 NSS Production conditions U A
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Partial
. _— Wave - . Type of
Designsituation | DLC conditions PTO conditions | Otherconditions analysis safety
factors
Transient condition
Power between intact and
101 NSS Production redundancy check v A
condition
Power Single mooring line
10.2 NSS Production failure, redundancy U A
check.
Power Leakage (damaged
10. Damaged 103 NSS Production stability) U A
stability Transient condition
between intact and
104 ESS Hgso Parked redundancy check U A
condition
Single mooring line
10.5 ESS Hgso Parked break, redundancy U A
check
Leakage (damage
10.6 ESS Hgso Parked stabilty) U A
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2.2.6 Overview of Suitable Formulations

A range of load analysis methodologies are available for the assessment of WECs

taken from a range of applications in the offshore industry. Séaionprovides
a high level description af range obaseline load calculation formulatioasnd
highlights their applicability téthe WEC design process

Formulation

Notes

Example gplication to
WEC design proces

First-principles
(e.g. hand
calculations)

As illustrated in Sectiofh.3, first-principle calculations
have beenidentified as the most popular baseline load
calculation formulation currently used by WEC develop
(over 68% of the survey respondents sebtitjeThis
result can be seen as a symptom of the early stage of
wave energy industry, as although the method carries
clear advantages (e.g. the ability to very quickly cover
wide design space by assessing the technical viability
using certan components), it also carries some significg
disadvantages.

Among the latter, the risk of using very simplistic
representations of the wave environment is particularly
high, which in turn can compromise the accuracy of the
numerical estimates and offteeads to any wawstructure
interaction effects being neglected. Therefore, this
formulationis only recommended for very early stage
investigations, not aimed at deriving any load data for
concept or detailed design activities (see 8lsotion
2.4.2.

1 Parametric
investigations at
embryonic stage

T 6Goal p O §
initial component
investigation/
specification

1 Notrecommened
for the calculation
of any WECload
metrics
(irrespective of the
design situation)
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Example gplication to

Formulation Notes WEC design proces
Linearboundary element methods (BEM) offer the
capability of addressing key wagdructureinteractions
problems (namely diffraction and radiation) while
performing calculations for many load cases at an
acceptable computational time, which can be particulal
crucial for initial investigationdDepending on their
accuracy, such methods may be more or lgbsad at a
detailed design stageinear BEM methods also carry the
fundamental assumptions associated with linear wave
theory, in particular:
1 Parametric
{1 The fluid isassumedhcompressible and the floy investigations
is irrotational(potential flow); 1 Potential flow,
91 Viscous effects like sheatresses are not inviscid fluid
considered 1 Firstpass at key
wave-structure
For general offshore engineering problems, linear BEM interaction metrics
methods are one of the most widely used explicit (e.g. quantification
formulations to estimatsave loading (firsordel. In of the first order
wave energy, and using the survey results documente wave excitation
Sectionl.2, linear BEM waddentified as thsecondnost force)
popular baselintbad calculatiofiormulation curently T Uncoupledunless
) all load sources ar
used by WEC developers, with near% of the survey consideredyhich
respondets selecting it. Although the key outputs obtair] would make the
I?s(l)grr:]deﬂ%/ from linear BEM solvers are fundamentally related to method equivalent
methods (linear linear (regular) waves, irregular wave results can be toa fr_equency
derived under linearised assumptions following the domain fully
superposition principle. coupled point load:
mode))

The main limitation ssociated with the direct use of line
BEM methods in WEC modelling is that the formulatiof
is, when used in isolation, uncoupled. However, if
additional load sources (PTO, moorings, etc.) are
considered in addn tools associated with a linear BEM
solver, then the formulation is in essence equivalent to
frequencydomain fully coupled point loads model. Also
outputs from linear BEM solvers may be used as inputs
other, more advanced fuligoupled models based e.g. in
time-domain formulations (and tesuitable for the
inclusion of relevant nonlinearities).

Following e.g.Sarpkaya and Isaacson (1981))], a
suitable threshold ovevhich diffraction effectgan be
consideredelevant can be set®0 p&, wherek is the
wavenumber and the characteristidimension of the
body. Knowing that the wavelengthis equal tag* 7Q

this relation can be converted@i_ & . Such
threshold may be useful when assessing if an explicit f
solver is required, or if an empirical solution like
Mori sonds equation may b

1 Potential tause
selected outputs in
more advanced,
fully coupled
models(the range
of DLCs that it is
applicable to will
depend on the
frequency or time
domain nature of
the model)
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Example gplication to

Formulation Notes WEC design proces
Unlike the linear BEM formulation where a measatted
surface is used, nonlinear BEM formulations rely, in the
majority of cases, onthe pressure integration over the
instantaneous wetted surface at every instant in time. 4
result, the nonlinear formulation is based in the time
domain, whereas thinkar equivalent is based in the
frequencydomain. However, nonlinear BEM solutions ¢
the wavestructure interaction problem still carry
significant assumptions (e.g. potential flow, inviscid flui
Even if usedin isolation, nonlinear BEM formulations )
may therefore provide some insight into loading conditi Il .DEta'tI?d i
that are mostly associated with Apower production 1 :g]g?;lt?; If?onv?/
design situations, oftenin ULS, scenarios associated inviscid fluid '
high energy environmental conditions. However, itshol ¢  potential to addres
be noted that if other relemload sources such as thosg nonpower
Boundary induced by the PTO system are neglected when mode production design
element the WEC, the validity of the load estimates may be situations (namely
methods | compromised. ULS related
(nonlinear) scenarios)

One disadvantage of using a nonlinear BEM formulatig
the computational effort required to conduct the
simulations. This limitation may be even further
exacerbated if a fully nonlinear potential flow solver is
included as part of a fully coupled model, in an attempt
simultaneously account for all relevant load sources. T
address these concerns, variatito fully nonlinear BEM
formulations may include partially nonlinear solutions t
address e.g. nonlinear components of the radiation ang
hydrostatic forces.

At present, the application of fully nonlinear BEM solve
in WEC modelling is still rareyith some notable
exceptions. An overview of studies that aim to address
nonlinear hydrodynamic and real fluid effectsWi&Cs
can be found iWolgamot and Fitzgerald (2018R].

1 Particularly
relevant for DLCs
4.x,5.X, 6.X, 7.X,
8.6,9.3,10.4,10.5
10.6
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Example gplication to

Formulation Notes WEC design proces
The formulationsusedo estimate théoading on AWVEC
may be explicit, i_.e.. they may addres_s the physics_of th § Parametriand
problemand explicitlysolve the equations that dominate detailed
the WECresponse; or empirical, i.e. based on investigations
experimental evidence, a parametric set of equationsiy q Possibility to
devised and used to estimate the relevant forces in sin addressiscous
conditions The mostommonly used empirical method i effects
Mo r i s o n 6 dirstecpaeptuisecinMaisonetal. | T Releant for the
(1950) and now extensivelised in offshore engineering majority of DLCs
As illustrated in Sectioh.3, it has been identified as the but particularly
third most popular baseline loadlculation formulation relevant for design
) situations that may
currently used by WEC developers (with nearly 53% of lead to large body
the survey respondents selecting it). velocities
- . . . 1 At asubsystem
It was originally derived to estimate thaveloading on level: may be used
circular cylinders piles. Howeverit has since been for the assessmen
Mo r i s o| appliedina wide range offshore problems. Unlike of mooring
equation BEM, it aims to address viscous effeictaddition to dynamics

inertialloadsWhen Mori sondés equi
calculate the hydrodynamic forces acting MiBC, the
variation of the hydrodynamic coefficients (and6 for
mass and drag, respectiveag a function of the Reynold
number, Keulege€arpenter number and the surface
roughness, needs to be considered. Detailed guidance
provided in[11].

Being empirical by nature, model validation may prove
more challenging as the resulting solution is not directl
dependent on the physical problem being solved.
However , Mori sonds equat
formulation to adress viscous phenomena, which may
prove relevant for a wide range of design situations. It i
also typically applied when conducting a dynamic analy
of a mooring system.

i Potential to use
similar formulation
as extension to
fully coupled
models(addonto
fully coupled
models)

T Whenusedin
addition to a point
loads model
(hybrid model):
same range of
applicable DLCs a
fully coupled
models
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Example gplication to

Formulation Notes WEC design proces
Fundamentally, frequenegomain solverassume that the
solution of the equation of motion can be obtained via 1
superposition of results related to the WEC response i
regular (linear) waves. This steasliate approximation
effectively limits the application of frequendpmain
formulation tolinear (or linearised) problems, including
not only the hydrodynamics but all relevant load sourcg 1 Parametric
However, and within the above described limitations, ti Investigations
. . . 1 Early stag,
frequencydomain formulation still allows for fully .
) . concept design
coupled models to be derived, which may beemelevant activities
Fully coupled | for reliable loading and / or performance estimate than| ¢ |njtial power
point loads nonlinear (yet uncoupled) method. Together with the lg production
model computational effort and the ease to implement a estimatesd g o a
(freque_ncy frequencydomain based solver, these advantages have postso
domain) contributed to the formulath becoming one of the most| 1 Primarily

widely used in WEC researchto date. Based on the W
developer survey results presented in Secti8rthis
baseline load calculation formulation is currently used
47% of survey respondents.

Fully coupled, frequenegomain point loads models may
be considered as entry models for wide rgmey@metric
investigations, which may include alternative WEC
geometries, mass maitrices, PTO options, etc. They are
mostly suited for early stage, concept design activities
a particular focus on power production.

applicable for DLC
1.1 (within the
limitation of the
linear assumptiong
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Example gplication to

Formulation Notes WEC design proces
When nonlinear effects are significamye-domain
solutions are required. Building on the frequexdoynain
formulation, timedomain models typicallyseinputs from
linear BEM solvers, namely the exciting force and the
radiation damping coefficients. These fundamental
properties recognise amtorporate the frequency
dependence of the hydrodynamic forces, in addition to
memory effects (i.e. effects that persist after the motio
the WEC ceases), and can be used to charactimgse
hydrodynamic loading. Specific modules canthenbe | T Paramete and
constructd to provide a nonlinear description of all pletaﬂe_:d .

. investigations
relevan_t load sources. Recent deyelopmmijC 1 Detailed
modelllng'sof'twarmclude the partla!ly nonlinear assessment of
characterisation of the hydrodynanh@dsand, more performance and
rarely, direct coupling with nonlinear BEM solvers loading related

) ) _ WEC metrics
Fully coupled, timedomain point load models are q Potential to cover
Fully coupled | currently available for WEC modellingnd can be applie wide range of
point loads | to a wide range of design situations for extensive load design situations
model (time | calculation exercises due to their ability to accurately (including fault
domain) model nonlinear effects (in particulaote related to related scenarios)

critical machine conditions such as fault scenarios)
However,and although the use of tintomain
formulations is well aligned with thguidelines and
standards recommendations listed in Secti@nvidely
applicable WEQime-domainformulatiorsare relatively
recent and only 42.1% of the survey respondents have
confirmed that they are currently using such method (th
third lowest score). Commercial and open source soluf
have beenrecently proposéttiuding e.g. WEESIm,
which was useih this study to estimate the loading on g
multi-body point absorber (see Section.2)5

Further developments may focus on hybrid models tha
have both explicit and empirical elements, to address €
viscous effects inless computationally intense yet acc
formulations, assisting in the transition from concept to
detail design.

9 Suitable for the
transition from
concept to detaileg
design

1 Mostly suitdle for
DLCs 1.x, 2.X, 3.X,

4x,5X .4,7.3,
8.x,9.1,9.2,10.1,
10.2,10.3
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Example gplication to

Formulation Notes WEC design proces
The extension of fully coupled, timgdomain loads model
from point to distributed loads is (to date) rare iInWEC | q  Detailed
researchEsntially, and in addition to rigid bodiethe investigations
distributed load formulation offers the possibiiymodel| Suitable for
flexible bodieswhich may be particular relevant for extension ofoad
certain WEC types. assessment to the
detail design stage
Fully coupled The ability tomodelflexibility in the main structural 71 Directly suitgple
distributed loadd components oftte WEOmakesthe distributed loads for the transition
model (time | formulation more directly suitable for the estimation of fsrt?;!s,oeids to
domain) structural stresses, as the load outputs maiirbetly 1 Mostly suitable for

inputto finite element analysis (FEA) software package
(seeSectior2.3). However, and assuming that tise of
rigid bodies is acceptable, suitable variations using poi
loads modedcan also beised to estimatie distributed
pressures that impact the main structural components
oftenfollowing linear assumptions and creating a direct
interface with an F& package.

DLCs 1.x, 2.%, 3.X,
4x,5x,6.4,7.3,
8.x,9.1,9.2,10.1,
10.2,10.3 (as per
point load
equivalent model)
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Example gplication to

Formulation Notes WEC design proces

For highly nonlinear scenarios, both hydrodynamic
nonlinearities, machine related nonlinearities (e.g.
nonlinear PTO force profiles) and viscous effects are li
to be relevanin WEC modelling, baseline timeomain
approachebave recently beextendedo explicitly
incorporate viscouwadsources, mostly using Reynolds
Averaged NavieiStokes Equations (RANSE) solvers.
Studies comparing waveads obtained via linear BEM
methodshybrid solvers that include Morison correction] 1 Detailed
andRANSE solverscan be found in the literaturor Investigations
example, Bhinder et al. (201A}¥] compared loading and T Detailed design
performance estimates obtained via an inviscid BEM stage .

) , . 1 Potential for
solver, a hybrid BEM + Morison formulation and.a advanced methods

Others RANSE solver for a single degreﬂ-freedom floating to inform hybrid
(advanced WEC. Regular and irregular waves of varying steepnej methods (e._g.
methods) energy content were tested. The results flagged the RANSE. derivedCy

significant influence that the inclusion of viscous effect for Morison
may have on loading and performance estimates, in corrections)

particular for more energetic environmental conditions
However, the similarity between the hybrid BEM +
Morison formulation and the RANSE solvesults
emphasise the potential merits of hybrid solutions.

In addition to verification studies, validation of the morg
advanced load calculation formulation is required and i
currently an ongoing topic of research. Initial validation
studies involVingRANSE solvers for WEC modelling
include e.g. Schmitt anBllsaessef2015)[15], where the
response of a bottom mounted OWSC was estimated i
OpenFOAM and compared small scale experimental
results.

1 Particularly
relevant for DLCs
4.x,5.X, 6.X, 7.X,
8.6,9.3,10.410.5,
10.6
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2.3 Structural Analysis

2.3.1 Structural Analysis Process

A range of established methods and design guidance exists fmsshesment of
structural integrityfor offshore structures. ThiSectionprovides an interpretation
of these existing methods in the context of WECS.

2.3.1.1 Limit States

Limit state design is an important concept in offshore structural analysis as it
defines acceptable limits for safety and serviceability requirements of a structure.
Four reference limit stateseatypically defined, with different allowable limits
suitable to satisfy the performance of the structure (ISO 120D

1. Ultimate Limit State (ULS): resistance titimate loads®, described in Section
22.1.1

2. Serviceability Limit State (SLS): criteria governing normal functionad. us

3. Fatigue Limit State (FLS): resistanmetheaccumulated effect of repetitive
action described in Sectioh.2.1.2

4. Accidental Limit State (ALS): resistance ltmads duringabnormalor
accidentakvents.

Partial factors and their combinations form an important consideration within

limit state design. Partial factors are used to allow for uncertainties and variability
originating from materials and combinations of loads in order to gain sufficient
reliability. Partial factors applied to loads (typically referred to as action or load
factors)are dependent on the limit state and the source of loading. Partial factors
applied tomaterials (resistance or material factaasy dependent on the limit

state and # material classificatiorDifferent action factors are typically applied

to each of the loads that form the combinations defined in 8aChFurther
information on partial factors is describedSaction2.2.1

Definition of a Design Fatigue Factor (DFF) as a factor applied to the cumulative
fatigue is also required. While the DFF is the approach most commonly used for
offshore design, an alternate is to applyagipl factor to the load3he latter
approach is generally less favoured as it may change the effective stress/cycle
gradient under which the detail is operating and thus the influence on the total
fatigue damage is less predictable.

The DFF value is auhction of accessibility for inspection of the region of interest
and the consequence of failure. It should be noted that the DFFs used for offshore
wind (e.g. see DNVGIOS-J101 [19]) are lower than offshore oil and gas
applications (e.g. see IST®902[16]). This is because of the perceived lower

5 The use of bnormal ultimate limit state loads is also relevant in the context of WECs as
described in Sectiog.3.1.1
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consequence of failure astkurbines are unmanned and present a low risk of
significant pollution of the environment, guidance which will also apply to WECs.

In the absence of formal guidance, determining suitable partial factors for WECs
is challenging. As discussed in Sectid@.], only ultimate and fatiguémit states

are typically considered for WEC design. Existing offshore guidance provides
factors for ULS and FLS conditions for ot gas and offshore wind applications
(e.g. 1ISO 1990216] and DNVGL-0SJ101[19]). It may be appropriate to apply
higher action factors for WECs due to uncertainties in their loading regimes,
although it is increasingly difficult to design in a cesfective manner when

higher action factors are used.

Resistance factors ftect the probability of deviation of materials from
characteristic properties and are directly relevant to WECs where standard
material specifications are used. Reference is made to ISO [B5jGihd ISO
19903[23] for steel and concrete components respectively.

As identifiedin the survey radts (Sectionl.3), a range of structural analysis
methods areurrentlyemployed by WEC developers. It should be noted that
consideration of limit states and pattactors is required independent of the
sophistication of the chosen analysis technique.

The definition of limit states fits into the design process as part of the definition of
DLCs and development of the FMEA. Limit states can be defined for each DLC
as explained ifsection2.2.4in the context of WECs. Some DLCs cover more

than one limit state, for example a range of ultimate DLCs may contribute
significantly to the FLS. Applicable limit states can also be defined with the
FMEA, which highlights the applicable limit state(s) for which a vulnerable part

of the structure should be checked.

A general overview of limit state design and associated partial fastprsvided

in ISO 19900: General Requirente for Offshore Structured.6]. An example of

the application of limit states to design load cases is contained IfGDNDS

J101: Design of Offshore Wind Turbine Structuf&9]. As discussed iBection

1.2, the process of deriving limit states for WECs is yet to be formally considered.
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2.3.1.2 Fatigue Analysis

Fatigue refers tthe cumulative damagecurredby repeated application of time
varying stresses at a specifocation in the structure. A spectrum of fatigue loads
for fatigue analysis are typically assess#derusirg a time history methodr a
spectral method. The output of a fatigue loads assessment is a description of the
cyclic forces at fatigue sensitiaeas on the structure with an associated number
of cycles. These loads are converted into stresses with consideration of local
concentrations at fatigue sensitive details. The cumulative damage is then
calculated by summing the relative contributions ddferent stress ranges. The
process by which a fatigue load spectrum should be converted into cumulative
fatigue is well understood in structural steel and reinforced concrete with
extensive code guidance available (e.g. BRIXC203[17] and DNVOS-C502
[29]).

A detailed description of the fatigue analysis process for fofésthore steel
structures, much of which is relevant to WECS, is contained in ISO 12802
Guidance for individual methods referred to in tBisctionare provied in
Section2.3.4 Key considerations for the fatigue analysis of WECs include:

1 Although the design of WECs is yet to converge the structural integrity
assessmerirom a given set of cyclic loads is standardised and applicable to
the analysis of WECs. Exceptions to this will exist, for examphé d&ata for
novel materials.

1 As described irsection2.2.], fully coupled time domaisimulations are
recommended for the analysis of the majority of DLCs for WECs. Although
this provides a complete load time history, from which stress cycles and
accumulated fatigue damage can be calculated, ahistary stress analysis
sufficient to calalate the required range of ssites could be
computationally extremely expensive. Overcoming this challenge in the
fatigue analysis of WECs may require: appropriate reductions in the range of
operating conditions considered, use of simplifications foc@ssing cyclic
data and/or appropriate setup of FE models for-tirs®ory analysis.

1 Unlike the majority of fixed offshore structures that are assessed for high
cycle fatigue (i.e. high numbers of cycles, low stresmgge), WECs are
typically exposed taignificant low cycle fatigue with large stress ranges as
part of their operational cycle and low cycle fatigue has been a large
contributor to WEC failure to date.

1 Much of the current offshore guidance for fatigue focuses on tubular
connections and it ignticipated that generation of detailed linear models for
the assessment of Stress Concentration Factors (SCFs) will often be required
for assessment of WEC designs.

1 Although all components subject to cyclic loads are sensitive to fatigue
damage, itis ugdly connections and structural discontinuities which require
particular focus for fatigue assessment. A detailed FMEA provides indication
of parts of the structure most susceptible to fatigue to enable focus of the
analysis, asighlighted in Section2.3.3
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2.3.1.3 Strength Analysis

Strength analysis refers to the structur al
allowable capacity when exposed to the expected load®ydis design life. The

process broadly involves calculating the extreme stresses for the critical loading

and assessing these against allowable values, including consideration of all

relevant failure mechanisms (e.g. yielding, buckling). The detailstiiods for

strength assessment and their applicability to WECs are descriSedtion2.3.4

A detailed description of the strength analysis process is contaiieel DNVGL
Guidance for Offshore Wind Certificatid@0]. Key considerations for the
strength analysis of WECs include:

1 In contrast to the loads derivation dfstore devices there is a limited range
of methods for assessing the structural integrity for a given set of loads. It is
therefore expected that the majority of methods describ8dction2.3.4will
beapplicable forthe strength analysisf a given WEC.

1 The dynamic nature of WECs makes selection of the governing DLC for a
given component difficult. Although fully coupled tirtlomain simulations
are recommended for the analysisaage of DLCs for WECs (Sectidh2.]),
limitations within the hydrodynamic modelling may mean more sophisticated
analyses (e.g. CFD) may be required to capture governing load cases. Even if
more standard hydrodynamic models are appropriate it can be challenging to
ensure the simulation is run for an appropriate duration to get the governing
loads given the interacin of the device with the wave conditions.

1 As WECs are dynamic machines, inertial loading is an important component
and the effect of accelerations (including the contribution from hydrodynamic
mass) on the structure mustibeluded inany structurabnalysis model as
well as application of hydrodynamic and restraint loads.

1 Corrosion allowance is an important consideration for design of offshore
structures, usually considered by reduction in the thickness of maidreal.
splash zone, in which many WECseoate, has a particularly aggressive
corrosion regime and corrosion allowance is likely to be an important
consideration for strength analysis of WECs.

1 Completion of an FMEA forms an important step in ensutiag the most
damagingload cases are capturéthe FMEA is also important for the
identification of structural vulnerabilities and single points of failure of a
WEC devicesothat areas requiring redundancy are highlighted.
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2.3.2 Failure Analysis by WEC Type

As part of the structural analysis process necessarip identify the risks
associated with the design of the device.

The safety critical risks, both in terms of danger to humans and the surrounding
environment, or to the business, such as loss of income or power production
facility, that areconceivable during the design life of a device may be identified
effectively by means of an FMEA.he FMEA caralsobe extended ta FMECA
(failure modes, effects and criticality analysis)

FMEA is a method of qualitatively and systematically assessissjipie failure
modes It also offers ajuantitative procedurevhich enables rankingf the failure
modes accordintp likelihood and consequence. The FMEA method was
originally developed by NASA as a means of ensuring desirable reliability
characteristicen system designt has remained powerful technique that allows
vulnerabilities in thedesignto be highlighted and, adequately accounted for in the
design process.

In this reportan example FMEA is presented for each of the 7 WEC types
describedn Section 2.1 The full list of FMEAs may be found in the Appendix of
this reportAl. Whilst there are many variations of FMEAs that may be
applicable to the design of WECs, héine analysis has been limited to identifying
possiblestructural failure modesdt should be note that the design of WECs
considered are generic. Therefore only the structural failure modes of principal
components or connectionshich are consideredsparticularly vulnerable, have
beenconsideredFailure modes are strictly limited to those assteciavith a

single WEC, therefore any failures related to array behaviour or failure of other
peripheral systems, such as subsea piping or grid conrgdtenre not been
considered.

These FMEAs are presentad a demonstration of how tpeinciplesof an

FMEA analysis may be applied by a WEC developer in order to identify
governing failure modes and thus failure locations where design redundancies
may be required.

Tablel1shows the FMEA column headings, followed by a brief description of
the content.

Table1l1l FMEA column headings

1 WEC: Type of wave energy converter device

1 Failure Locatiort Principal components or connections of a generic WEC
design that were identified to be structurally vulnerables is
accompanied by a small schematic, which marks out salient components
of the device.
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1 Schematic of Selected Failure ModesSchematics that illustrate the
cause and effects of selected failure modes are presented.

9 Structural Failure Modes: The possile structural failure modes
identified for each WEC and each failure location are listed. All possible
modes of failure have been broadly categorised into the following:

0 Strength

o Fatiguei high cycle
o Fatiguei low cycle
0 Material Loss

o Stability

1 Cause Foreach structural failure mode identified, the possible
causes/loads/design situations are listed.

1 Governing Failure Mode: Here the likelihood of whether the failure
mode identified could be governing, is identified. The likelihood has been
classifiedinto 3evels:

0 1.Possibly
0 2.Likely
o 3.Definitely

1 ConsequenceHere the severity for the consequence of structural failure,
is identified. The consequence has been classifiedinto 3 levels:

o 1.Minor Maintenance
o 2.Component Failure
o 3.Machine Failure

1 Relevant DLCs (Design Load Cases)DLCs (defined inTable 10in
Section2.2.5, which may be relevant to the listed cause for structural
failure are referenced.

The value of theFMEAs in design are determined by the failure modes identified
and the detail into which it discess the risks associated with them thay feed
theninto iterative design omitigation strategies. Thusis of utmostimportance,

for any given design, for every design load case, all significant failure modes are
capturedn the FMEA

In Section2.3.3 a high level, summary FMEA table is present€kis contains
one or two governing failure modes for each of the 7 WEC tgpesideredn

this report The full list of FMEA for each device hdsen allocated to Appendix
Al.
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2.3.3 Summary FMEA

A high level summary FMEA table is presentselow covering the 7 WEC types considered in the report. The table somteiror two failure modesonsiderednost likely to govern with the most severe consequendailure.
For the full list of FMEA for each device, see Appendik.

Failure Location Schematic of Selected Failure Modes Possible Structural FailureModes)] ~~ ~~~~~~ Cause | Governing Failure Mode? Relevant DLCs

ULS environmental loads (wave slamming, wind, currents, tidal effects)

1.x, 2., 3.X, 4.X, 5.X
6.%, 7.X, 9., 10.x

A: Base connection Strength and Fatigue Failure ALS loads (vesselice impact, tsunasgismiceffects) 91'%)'. ;lib?ég
Transportation and installation loads 8.X
/ Transient snatch loads in cable systems 2.% 5. 9.% 10.x
w Strength Joint seizure leading to machine parking 3: Definitely 3: Machine Failure 6';16"%26'3
‘_ Yave/
Point wind M aterial andSectiondiscontinuity at composite joints 6'%:16"%26'3
Apsorber |} T Marine growth 1.6
Mooring PTO/ controller failure 2.1,2.2,23
cable snatching i PTO vibration M ooring connection failuréf relevant)
Seabed anchor failure 10.1, 10.4
FLS environment loads (wave, wind, currents) 1.1,15,2.3,9.2
Stress concentration around geometdigcontinuity 6.4,7.3
Fatigue- high cycle PTO induced excitation 3: Definitely 3: Machine Failure 1.1,1.5,2.3,9.2
M ooringload induced excitation 1.1,15,2.3,9.2
Any other excitation of global resonance modes 8.4
N - - . X . ) . 1.x, 2., 3.x, 4.X, 5.x
A: Flap to base connection Strenth and Fatigue Failure ULS environmentdbads (wave slamming, oblique waves/wind, currents, tidal effects) 6x 7X 9x 10X
. N 9.1,9.2,93
\/ Slamming ALS loads (vessel/ice impact, tsunaseijs miceffects) 10.3, 10.6
e Transportatiomnd installation loads 8.X
Oscillaing Strength Joint seizure leading to machine parking 3: Definitely 3: Machine Failure 6.%, 16.%,26.3
panunr®” Wave/ cep Uo
Wave " . N o L 6.1, 6.2, 6.3
Surge wind Material andSectiordiscontinuity at composite joints 7’.1' 72
Converter Flap No end stop @ Marine growth £6
A due to PTO o X seour PTO/ controller failure 21,22,23
Bace failure FLS environment loads (wave, wind, currents) 11,15,23,92
Sea bed Sea bed Fatigue- high cycle i’f;gs;gsggzrz:zz;:;oundgeometrlc Ll ol i ity 3: Definitely 3: Machine Failure 11 i45 7233 92
Any otherexcitation of global resonance modes 8.4
Reflector ( lan view) ULS environmental loads (wave slamming, oblique waves/wind, currents, tidal effects) 1x 2% 3x 4 5x
P Out of Plane Failure MR U
Air - ALS loads (vessel/ice impact, tsunaswijs miceffects, seabed instability) 91%)?? 210963
Reflector . Air - - - - : ;
turbine turbine Strength Transportation and installation loads 3: Definitely 2: Component Failure 8.x
2 / N el £ Material andSectiordis continuity at composite joints 61,62 63
Oscillating / / 71,72
Water Vi . Marine growth 1.6
Column — Oblique Mooring connection failure 10.2, 10.5
wave FLS environmental loads (wave, wind, currents) 1.1, 15, 23,92
Stress concentration around geometric discontinuity 6.4, 7.3
Fatigue- high cycle Turbin€ controllerinduced excitation 3: Definitely 2: Component Failure 11,15,23,92
Mooring load induced excitation 11,15,23,9.2
Sudden change in temperature 2% 5% 9. 10.x
Stability Buoyancysystemfailure 3: Definitely 2: Component Failure 10.x
A: Cable to tube connection - . - ULS environmental loads (wave slamming, wind, currents, tidal effects) 1?)&2-;1)(,3-;)(,4?05)(.)(
Strength/ Material Loss Failure T
Pressure Slamming ALS loads (vessel/ice impact, ts unasaijs miceffects) 103 1’0. 6
bulge Transportation and installation loads L i ) ) 8.x
A * Strength ) o o - 3: Definitely 3: Machine Failure 61 62 63
o L Material andSectiordiscontinuity at composite joints 71,72
Bulge . Turbine Marine growth 1.6
Wave Turbine inertia Survivability mode failure 6.2, 7.2
Rubber Inertial loading from hydrodynamic loading on turbine 2.x 4.x 5.1
tube ’?_CO‘“ ) FLS environment loads (wave, wind, currents) 11,15,23,92
Corrosion Stresconcentration around geometric discontinuity 6.4, 7.3
Base Sea bed Fatigue- high cycle PTO induced excitation 3: Definitely 3: Machine Failure 11,15, 23,92
Base Sea bed Mooring load induced excitation Ll il 28 972
Any other excitation of global resonance modes 8.4
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Failure Location Schematicof Selected Failure Modes Possible Structural FailureModef = Cause | coverning Failure Mode? Relevant DLCs

Attenuator

Submergec
Pressure
Differential

Owertopping

Hinge Connection

Hinge Connection

\ / Float
| — Mooring
o / —
f/— --H\n
[ |
mm [mm Base
Sea bed

A: Base connection

Strength Failure
Locked hinge
\ ‘ Float
) — Mooring
7 N
l’/-- _--\\\
[ |
== o Base
Sea bed

Strength and Fatigue Failure

e
A e

*e
T

Wave/
wind

Sea bed

I ——Float
 Shaft+PTO
tether
PTO
A
Base
Sea bed
Reservoir
Reservoir
Ramp / A !_,"’

Y

ITI.I\

Turbine

Strength Failure

Failed turbine,
seized/ misaligned

Strength

Fatigue- high cycle

Strength

Fatigue- high cycle

Strength

Fatigue- high cycle

Material Loss

Stability
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ULS environmental loads (wave slamming, oblique waves/wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunami, seismic effects)

Transportation and installation loads
Transientsnatch loads in cable systems

Joint seizure leading to machine parking 3: Definitely

Material andSectiordis continuity at composite joints

Marine growth

PTO/ controller failure

Mooring connectioffailure

Seabed anchor failure

FLS environment loads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes

3: Definitely

ULS environmental loads (wave slamming, windirents, tidal effects)

ALS loads (vessel/ice impact, tsunasijs miceffects)

Transportation and installation loads
Transiensnatchloads in cable systems

Joint seizure leading to machine parking 3: Definitely

Material andSectiordis continuity at composite joints

Marine growth

PTO/ controllefailure

Mooring connection failure

Seabed anchor failure

FLS environment loads (wave, wind, currents)
Stressconcentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes

3: Definitely

ULS environmental loads (wave slamming, wind, currents, tidal effects)

ALS loads (vessel/ice impact, ts unasaijs miceffects) .
3: Definitely

Transportation aniistallation loads

Marine growth

Turbine failure

FLS environment loads (wave, wind, currents)

Stress concentration around geometiscontinuity

Turbine induced excitation

Corrosion

Scouring

Marine activity

Interfacebetween dissimilar materials

Sudden change in temperature

Buoyancy systemfailure

Moaringconnection failure

1: Possibly

1: Possibly

2: Likely
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3: MachineFailure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

1x 2.x 3. 4.x 5x
6.x, 7.x, 9.x, 10.x

91,92, 93
10.3, 10.6

8.x

2. 5. 9.x 10.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,22,23

10.2, 10.5

10.1, 10.4

11,15,23,92

6.4, 7.3

11,15,23,9.2

11,15,23,92

8.4

1x 2. 3. 4% 5x
6. 7.% 9.x 10.X

91,92, 93
10.3, 10.6

8.x

2% 5.x, 9.x, 10.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,22,23

10.2, 10.5

10.1, 10.4

11,15,23,92

6.4, 7.3

11,15, 23,92

1.1,15,23,9.2

8.4

1.x, 2., 3.x, 4., 5.x
6., 7.X, 9.x, 10.x

9.1,9.2,93
10.3, 10.6

8.X

1.6

21,22,23

11,15,23,92

6.4,7.3

11,15,23,92

1.6, 6.x, 7., 9.x, 10.x

1.6, 6.% 7. 9.x, 10.X

8. 9.X

2. 5.x 9.x 10.x

2. 5. 9.x 10.x

10.3, 10.6

10.2, 10.5
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2.3.4 Overview of Suitable Methods

A number of existing structural analysis methodologies arelevantfor the assessment of
WECs. This Section provides a high level descriptionr@él@vantstructural analysis

methods and highlights their applicabilityM@EC analysis and design
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2.3.4.1 Fatigue Analysis

Structural analysis
method

Notes

Applications to WECs

Spectral Fatigue
Analysis

The spectral analysis technique is a methodé&bculating the cyclic loading spectrum on a structure in th
frequency domain. The method involves representing the sea state as a spectrum with a function of fr
for each sea state and calculating a transfer function to relate these spectestoifmoments in the
components of interest.

The main advantage of this technigsithat it provides a comprehensive representation of waves across
entire sesstate without having to run a significant number of time histories, which is computationall
expensive. Its limitation is that it requires linearization of the hydrodynamic loading and WEC dynamic
example, variations in the water level around the still water line and other nonlinearities presentin the
such as power takeff need tdbe satisfactorily representedin a linear manner. Spectral analysis is typic
used in design of offshore steel structures where linearization of drag components is appropriate and
heights of waves that cause the majority of fatigue damage (ise #ith small periods) is relatively small.
Spectral analysis has proven applications in the design of WECs however, (for erd@fleand it is
recommended #t it is used where the device operation and dynamics allow it.

ISO 1990716]and AP{RP-2A[18] (including the commentary on fatigue) provide comprehensive
description of thapplication of spectral fatigue analysis. Several textbooks also cover the theory of the
technique (e.d8]).

Connections and operational modes wherg¢
the responsean be well represented by a
linear system e.g. connections to shallow
catenary cables which are not subject to
frequent snatch loads.
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Structural analysis
method

Notes

Applications to WECs

Time-History Fatigue
(Deterministic Fatigue
Analysis, Stress
Calculation and Rain
Flow Counting

Deterministicfatigueanalysids an alternative to the spectral method. It involves building up the cyclic
loading on a structure from its response to a series of individual waves. For a deterministic analysis it
important that an appropriate number of-séates are chosen to coteose that will occur over the lifetime
of the structure. The appropriate selection ofstates idistedin Table10. As deterministic analysis
generally relates to the individual waves itis not usually used where dynamic amplification of hydrody
loads is likely to be significanivhich will often bethe case in WEC devices.

Time history analysis is an extension to standard deterministinitee commonly applied to WECs where
the wave climate is represented by a realistic wave train for each sea state and contributing operatior
The main advantage of this methothatif the WEC device is satisfactorily representieeh the methodan
fully capture the dynamics and nonlinearities of the system. For exdmpbajour othe optimal power
take-off system is unlikely to be linear. The main disadvantaihe methods that it can be complex and
computationally expensive to produdmé histories for the required range of states.

The output of a time history analysieforces and moments for a givéoration o the structure as a
function of time. Once converted to stressasinflow analysis (e.g. as described in BS 7[30§ can be
performed to calculate the number of cycles and stress ranges from a generic time history profile and
damage calculation performed. An example of thdiegpon of this method in the context of WECSs can bq
found in the Structural Design of Wave Energy Devipgdication[10].

A simplified approach is to converhie history damage equivalent stress as explainBddétior2.2.1
Conversioninto a damage equivalent stress requires some assumptions (most commonly eraptitiees
in the spectrum conform to a Rayleigh distribution and that-#Neg&dient in the fatigue design curve is
constant) which may result in ovepnservative results. It can however be a useful tool during initial des

As a general modelling pgation, FE models representing the WECs should be as simple as allows whi
capturing the relevant stiffness and dynamic behaviour in order to minimise computational expense. I
often be attractive to use a relative simple global model of the WEECedsith more detailed models of
specific components to understand their behaviour under specific extreme loads or to obtain stress
concentration factors. This approach may allow the analyses of the more detailed models to be condu
statically.

For WECdevices a timéhistory analysig
is required for all situations where
nonlinear effects significantly affect the
response.

If the dynamic response of the WEC
device is captured in the analysis, ther|
is no obvious deficiency relative to
spectral analysise. all devices which
could be analysed satisfactorily using i
spectral method could also be analyse
using a timehistory methogthough in
all likelihood at greater computational
expense.

This will include a large range ®YEC
geometries and design sations.
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Structural analysis
method

Notes

Applications to WECs

Stress Concentration
(and Allowable Cycle
Calculation

For offshore structures, connections are one of the most fatigue sensitive areas due to high local peak
The peak stresstitese connections is typically quantified by multiplying nominal stress values on pare
plates by stress concentration factors (SCFs) to capture the concentrations associated with the conne
geometry. The peak stress values used for calculatioreadréf defined as the hot spot stress. SCF values
be derived from finite element analysis, model tests or empirical equations based on these methods W
provided in standards. This allows simplification of global FE maodels

There is a large arrayf guidance for the calculation of SCFs in relation to steel structures. Parametric
equations and methods for combining stresses at joints are provided for standard joint detaiRR2AP|
[18], ISO 1990416] and DNVRP-C203[17]. Where parametric equations of other suitable guidance is 1
available, it is recommended that DNRP-C203[17]is used as guidance for calculation of hot sp@ssties
using finite element analysis. This contains a recipe for understanding an appropriate position to extra
extrapolate hot spot stress values at connections from detailed local linear FE models such that they &
compatible with SN curves providd in the code. This guidance also provides information on best practi
setting up detailed FE models for SCF assessment. Calculation of nominal stresses is typically taken
global linear FE model for a given loading.

SN curves represent emigially determined relationships between stress range and the number of cycl
failure including the effects of weld profile and discontinuities at the weld tbc®ves vary based on a
range of factors including material, weld type and corrosioreptioin. SN curves for standard weld details
in steel are contained in DNRP-C203[17]. The standard also includes estimation of the efficacy of pos
weld treatmats to improve weld life (e.g. hammer peening, grinding, heat treatment).

This describes a standard process for
calculation of fatigue stresses for a giui
input load.

It is therefore expected that this methg
is applicable to fatigue assessmentlbf
WEC devices.

It is expected that local FE models will
be required in some cases to assess §
of novel connections found in WECs

Equations for standard detadan be
found in design standards.

Damage Calculation
and Recommended Lif

The damageassociated with a fatigue loading is calculated using the PalrAvjrear damage accumulation
rule as shown below (DNYRP-C203[17]).

It is recommended that thiée is a multiple of the design life of the structure (i.e. D<1) due to the uncertg
nature of the analysis and envir@ntal loading. Appropriate multipliers are discussed in Se2ti®a

This describes a standard process for
calculation of damage and is expecteq
apply to the majority of steel fatigue
calculations for WECs.
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Structural analysis
method

Notes

Applications to WECSs

Handcalculations and
code guidance

Preliminary sizing of structural members is typically done using hand/spreadsheet calculations with st
members initially sized using a nominal design stress excludinfdotmts and SCFs e.g. 15 for steel.
Prei mi nary | oads would often be provided by an
equation, examples and guidance on which can be found inRIN€205[25], Baltrop[8] and Section
2.2.6 of this report

Hand/spreagheet calculations to determing
initial loads and structural element sizes
would be the starting point for virtually all
WEC devices.

Linear global model
combined with design
code checks and/or
local models

This process involves assessing stresses and structural behaviour resulting from the critical load casg
global finite element model. Capacity checks of the structural members and connections are then perf

The global finite element model swrises of the main structural elements with appropriate detail for
modelling a good representation of the expected structural behaviour and the nominal stresses. The y
sectioncapacity checks in accordance with design standards form an efficieriraetvative approach
where possible. Arange of code guidance for the assessment of strength capacity is available for stry
typical offshore design (for example, steeltubular structures). Whether code guidance is applicable o
depends on thgeometry and material of the structure.

Where guidance provided in standards is not applicable to the structural geometry the effects represe
code guidance need to be considered in some way (e.g. second order geometricabbdfantssspunching

shear at connections). This is likely to involve linear buckling analysis of individual members and loca
element models of components/connections with complex geometry. It is important that appropriate b
conditions are applied to localadels to adequately capture their behaviour in the global structure. This
involve prescription of displacement or force conditions at boundaries, or stitching detailed local mode
a less refined global model.

(continued on next page)

Global linear FE model:

f

Local FE model:

f

Design code checks:

f

All WEC design will require a global FH
model to assess the global capacity.

Individual components with complex
geometry on the main load path may
also require a detailed local model.
Examples: attenuator connections,
mooring and foundation connections,
connections with PTO for OWSC and
point actuator device.

Current design standards cover tubulal
structures, concrete foundations, grou
connections, threaded connections,
flanged connections.

Tubular @mponents with OSWC, point
actuators, attenuators and OWC.
Concrete standards are to be relevant
nearshore based overtopping devices
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Structural analysis
method

Notes

Applications to WECSs

Linear global model
combined with design
code checksnd/or
local models

(continued from previous page)

This method s closely aligned with code guidance and is adopted for the majority of existing offshore
structures, this provides the approach with credibility and, in all likelihood, an easiémmpaith
certification. The limitation of this technique is that generalised methods will have a tendency to
conservatism, when applied as intended, and that the design codes cater only for specific geometries
scenarios.

Applicable standards:

1 General gidance on the applicability and limitations of global finite element modelling is provided i
ISO 1990716]and API RRP2A[18].

1 Detailed guidance for FE model setup, including local models, is provided in DNVGL guidélifes
Apperdix 5.

Standards for member and joint checking include ISO 1@§)Zsteel), ISO 199083] (concrete)

Nonlinear simulation
using global and local
models

This is the same as the method described above, except tHatewmrbehaviour such as pegeld response
of the material and neviscous power takeff are considered. As nonlinear behaviour is often considere
beyond code capacity, the applicabilifycode based checks may no longer be applicable.

These types of methods can remove conservatism from the designeaegaticularly suited to extreme
load cases, such as the accidental limit state. However, it is not a universal ruleiaarsimulation will
resultin a leaner design as linear analysis may not be sufficient to capture all the important response
devices e.g. new load paths may be identified in ayiesd condition. As with the linear equivalent, the
difficulty of this method is that other areas that are codified need to be considered from firstesrizuadpl
modelled explicitly. A limitation of this method is the computational effortinvolved with nonlinear mate
models. For critical components with complex geomsstundergoing extreme loads (as identified in the
FMEA) this can be a valuable technique however.

Guidance for the dermination ofstructural capacity byanlinear FE analysisethodsincluding examples,
is provided in DNVRP-C208[24].

Elements in the device which are
intended to behave in a ndinear
manner in operational conditions e.g.
power takeoff.

Accidental limit state analysis (e.g. bog
impact) forthe majority of WEC device
(see FMEA).

Abnormal ULS environmental
assessment on structural componentg
(see definitionirsectior2.2.1).
Composite connections where linear
methods are inappropriate (e.g. groutg
connections, interface between steel g
concrete foundations).

Pushover analysis to assess overall
structural capacity in locked conditions
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Structural analysis
method

Notes

Applications to WECs

Inclusion of dynamic
amplification

Dynamic amplification of loads is the term used to define cases where inertial loads associated with r¢
response contribute appreciably to the total loads.

Inertial loadings in WECs may bemgrated through rigid body accelerations of the device and also thro
dynamic deformations of the structure. Inertial forces in fixed structures are often dominated by reson
vibration of the natural modes of vibration, but in WECSs, gséaticresponse to hydrodynamic loads e.qg.
waves, can also be significant. Capturing these effects within the loads analysis will typically require g
or time-history analysis. As for fatigue, spectral analysis is limited to cases where the device batzaima
adequately represented by a linear model while time history analysis has the potential to cajtueamnon
effects. After completion of an analysis, determining which load cases provide the governing strength
cases can be ndnivial.

It should be noted that inertial forces due to resonant deformations are implicitly captured by applying
history loads to an FE model (see description of Deterministic Fatigue Analysis). It must be ensured th
models include suitable hydrodynamiidad mass.

The requirement for the inclusion of
dynamic amplification of loads is
dependent on the propensity of the
device to exhibit resonant excitation
under har moni s hloo
following application of an impulsive
load.

An assessment efhether resonant
response is significant can often be
conducted by comp
natural frequencies to the wave period
that occur at the site. Modes with natu
frequencies in excess of 0.5 Hz are,
generally speaking, unlikely to exhibit
significant resonant behaviour under
wave loading.

Component testing

Structural testing to determine fatigue and
exist.One example where this can tiparticular importancisin the design ofnooring connections and
tethers where novel materials (which do not have standard strength or development of errgifataju®
curves) are required. DN@S C301[26] provides a description of where structural testing is most applic
and detailed guidance on how best to perform tests. Clearly, an essentialgmeto component testing
where code guidance is unavailable is a literature survey of existewrobs

ARP LS2 | Final Copy | 28 June 2016

Page 72



Wave Energy Scotland Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

2.4 Method Assessment

This Sectioncontainsa critical evaluation of the applicability WEC analysi®f the load
and structurabnalysis techniquegreviouslydiscussed.

A matrix technique was developed to systematically asgegms in terms ofheir relative
transferability tothe analysis of WECs. The assessment has been conducted differently for
methods associated with loads analysis and those associatestrudtbralanalysis. The

loads analysis methods are, in general, applicable to all WEC types, and hence are assessed
against design situation. The structural analysis methods are, in general, applicable to all
design situations and hence are assessedadsEC type.

The developed matrices follow the review of guidelines and standards presebésdion

1.2 Where applicablghe identification of alternative rtieds through the possible

generation of hybrid formulations is also proposed (e.g. combining simple analysis methods
with more advanced techniques).

2.4.1 Load Calculations

Tablel12illustratesa critical assessment of the baseline load calculation formulations as a
function of the design situation under consideration. The rating system developed and applied
to Tablel2 aims to assess both the suitability of the baseline formulation(s) to each design
situation andwhenapplicable, the level of effort required to further develop the method(s) in
order to apply the technique to WE@s aresult, the rating is well aligned withe effort

required to develop solutisrtio address all the DLCs suggested in Tablese@$ection

2.2.5.

In order tocalculate the loads on a WESEl the loading sources must be accounted for
Broadly, theseinvolve environmentalconsiderations and machimgerating conditions (see
Section2.2.1). The baseline formulationgresented ii.3.4areconsidered in terms of their
applicability to estimag the designloadsaffecting a WECand when applicablethe
development effort required to fulfil this objecti@me of the baseline formulations
considered€.g.BEM methods) are primarily used to assess the hydrodynamic loads on a
WEC structureand may therefore require developments to ipooateadditionalload

sources (PTO, moorings, etm)order toconsiderall of the relevantoads affectinga WEC
system(in some cases, the fully coupled models have in summary followed a similar
development path)

The following points provide a detail commentary that summarises thgical assessment
presented i2.2.6and the key findings that may be extracted from its analysis.

1 A formulation based on first principles is only applicable for high level6 g o a | post.|
power production (and potential trawsp/ installation) considerations.
9 Linear BEM solvers are capaf addressing key wavstructure interactions
problems (namely diffraction and radiation), while performing calculations for many
load cases at an acceptable computational time. The primatation associated
with the direct use of linear BEM methods in WEC modelling is that when the
formulation is used in isolation, it is uncoupladd requireshe incorporation of
additional load sources (PTO, moorings, etc.) to conso@eling on a VEC system.
If such developments are incorporated, the formulation in essence becomes equivalent
to a fully coupled point loads, frequerdgmain model.
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Nonlinear BEM formulatios have the potential to address a wider range of non
power production designtgations asthey consider the pressure integration over the
instantaneous wetted surface at every instant in time. Similar to linear BEM
formulatiors, nonlinear BEM solvers focus on theave structure interactio problem,
with a need to incorporate othexlevant load sources to estimate WEC loading for
different design situations. Therefore, significant to major development efforts are
required to adapt the baseline nonlinear BEM formulation for different design
situations.

Mor i s on 0 s amgmomr ¢mpiocal methetbr estimatng the loads impacting
offshore structureBeing empirical, it iy definition basedn a parametric equation
derivedfrom experimental evidence, and as such may lead to erroneous estimates
when applied in dsimilarconditonsMor i son6s equatsefasai s par
means ofaddresing viscous effects in addition to inertial loadsusrelevant for

design situations that mdye associated with lardedy velocitiesWith suitable
adaptations, the formulatiois transferable to the majority of design situations with
minor to significant development efforts.

All frequencydomain based formulations are fundamentally unsuitable for DLCs that
involve highly transient effects, which may be induced by e.g. energetic
environmental conditions, fault conditions and / or a combination of both external and
internal WEC conditions.

All coupled methods rawell suited for DLC 1.x (power production), with the more
advanced time&lomain methods being particularly well suitesithey allow for
nonlinearities to be included in the simulations.

Varying levels of effort are required to develop suitable formulations to model all
relevant design situations. For example, there are at present no readily available
software tools to catuct batch load calculations for power production design
situations involving faults (DLC 2.x).

When compang Morison formulatios and nonlinear BEM solversoftware based

on the former is more widely available that software based on the latter. Fatber

a Morison based formulation is more easily adapted and more modular, which
facilities its inclusion with other formulations in a hybrid approach (seeSdstion
2.2.6). As aresult, it may be more practical to adapt such formulation for a wide rang
of design situations, within the limitation that an empirical method carries.

A fully coupled, point loads (timeéomain) load calculation method is the most

directly suitable formulation for the widest range of design situatitatsis readily
applicable at presenfTime-domain solutions are cagalof dealing withnonlinear

effects and typically usdatafrom linear BEM solveras inputs(e.g.exciting force

and radiation damping). A range oflf coupled, timedomain point load models are
currently available for WEC modellingzor example, the baseline formulation used to
estimate the loads in the example present&kntion2.5.1 isbased ora point loads
(time-domain) model, with the hydrgdamic loadingnput data derived from a BEM
(linear)solver.

A fully coupled, timedomain distributed loads formulation may have particular
challenges in terms of e.g. the computational effort required to perform batch load
calculations. This is particuldrue for a flexible body formulation, which may be
requiredfor certain WEC types (e.g. bulge wave WECS). A distributed load technique
based on rigid bodies may partially alleviate such concerns.

ARP LS2 | Final Copy | 28 June 2016 Page 74



Wave Energy Scotland Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

1 Advanced methods may be applied for highly nonlineadng scenarios, when
hydrodynamic nonlinearities, machine related nonlinearities (e.g. nonlinear PTO force
profiles) and viscous effects are likely to be releveiowever, one of the drawbacks
of applying tlese formulatiors is the computation effort reqed In order to reduce
this effort, some hybrid advanced methods are currently under investigation to
examine the merits of this approach (Seetion2.2.6) There is a substantial amount
of ongoing research regarding the suitability of these methodsiimenrenewable
energy, which going forward can benefit WEC developments.

1 Finally, ronlinear formulations offer a possibility to address accidental / abnormal
events (DLC 9.x) and damaged stability (DLC 10.x) with additional confidence. The
development edfrt for both nonlinear BEM and advanced methods (e.g. RANSE)
formulation is still significant, in particular if it is recognised that to incorporate all
machine related load sources (e.g. PTO, moorings, etc.) substantial software
developments changes maged to be conducted.
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Tablel12Critical assessment of the baseline load calculation formulations

Baseline Formulations Load Calculation

BEM (linear) BEM (nonlinear)

Point loads (freg.
domain)

Point loads (time
domain)

Mo r i sEquatds

1. Power production

2. Power production plus
faults

3. Startup

Distributed loads
(time-domain)

Others (advanced method

4. Normal shudown

5. Emergencyshutdown

6. Parked (standstill or
idling)

7. Parked plus fault
conditions

8. Transport, installation,
maintenance and repair

9. Accidental / abnormal
events

10. Damaged stability

Rating SystemKey

1

Formulationfundamentally
suitable

3 4

Formulation suitable with Formulation suitable with
significant development effort,  major development efforts
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2.4.2

Structural Analysis

Tablel3containsa critical assessment of the structural analysis approaches as a function of
device type. The rating system developed aims to assess both the suitability of the analysis

approach to each device and, when applicable, the level of effort required to further develop
the method(s) in order to apply the technique to WECS.

The following poing provide a commentary supporithe ratings inmrable13:

)l

There are some techniques which have been identified as having direct applicability to
all devices, specifically: hand calculations, flovear simulation and component

testing. Clearly it is still essential that the designers have a thorough understanding of
the design objectives and underlying physical processes when specifying and
implementiry these approaches. E.g. the correct scenarios need to be addressed by
hand calculations and the limitations of any such results understood, similarly
component tests are only valuable if the tests satisfactorily capture the relevant loads
and conditonswi ch are anticipated to affect t
technique seen to be of universal relevance idinear simulation as virtually all

WEC devices will have a design scenario, often relating to extreme environmental
conditions or vessehipact, where some permanent structural deformation will be
defined as acceptable in the design basis.

Spectral fatigue analysis is an efficient technique when it can be implemented but it
relies on a satisfactory representation of the device being prawydadinear system.
For WEC devices it is often the case that slam and slap impulsive loads will be
fundamental in determining the structural fatigue response. This being the case it
makes derivation of a linear representation challenging. A likely excetat this are
Submerged Pressure Differential devices where a good linear representation of the
fatigue loading regime looks feasible; nonetheless, application to this device would
take some development from the prescribed approaches available in czdegu

Deterministicfatigue analysis is seen as a valuable technique where structural
dynamics are not key to the devisatructural responséhis is likely to be the case

in some aspects of the design of the Oscillating Water Column and the Owvegtoppi
devices as a waves are generally incident on a rigid breakwater type structure. Time
history analysis is an extension to standard deterministic technique commonly applied
to WECs where the wave climate is represented by a realistic wave train foreaach s
state and contributing operational statame history analysis is expected to be
applicable to a large range of WEC geometries and design situations.

SCF calculationgenerally supportedith FE, is a very flexible technique as, in
principle, any pra@tal geometry can be represented in the model hence there are few
restrictions in its use. For the case of the Bulge Wave device, the influence of
geometric stiffness and i mpl ementati on
structures would require s@éc consideration during model development.

Furthermore, the availability of information describing the degradation of the fabric
material under cyclic loading will often be constrained by the data available from the
supplier.

The ease of development 8CFs from code guidance is dependent on the similarity
of the proposed structural connection details on the WEC device with existing
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standard connection details on offshore structures. The ratings for this technique are
derived on this basis.

Similarly, the ease with which code capacity checks can be used on WEC devices is
dependent on the similarity of geometry and materials with those conventionally used
on offshore structures. The ratings for this technique are derived on this basis.

The remarks with rgeect to SCF calculation through FE are equally applicable to the
use of local detailed FE models to do capacity checks. In principle, any practical
geometry can be assessed but greater development will be required in cases where
geometric stiffness and tisitions to fabric structures need to be considered.
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Table13 Critical assessment of theructuralanalysis approaches

. . Hand Nonlinear
Spectral fatique Deterministic SC'?MFtﬁ]C:éatlon SC\Z.;?] zgitlon calculations FE + code FE + local simulation using Component
pe 9 fatigue . : with code capacity checks models global and local testing
modelling equations ]
uidance models

Point absorber

Oscillating Wave
Surge

Oscillating Water
Column

Bulge Wave

Attenuator

Overtopping Device

Submerged Pressur
Differential

Rating System Key
1 2 3
Methodsuitable with
significant development
efforts
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2.5 Representative Example

Following the results presented$ectionl.2, a point absorber WEC geometry
was selected to provide representative loadsémattural analysisesults for a
range of environmental and machine specific conditions.

This Sectionprovides a description dfie numericalmodel setupthe load
calculation methodologyand the characteristioadsoutput for a twebody point
absorber WECThe loads derived wetkenusedin a spectral fatigue analysis of
the assumednooring connection and a strength analgdithe assumethase plate
connection.

It should ke noted that the results from the example calculations are highly
dependent on the assumed geometry and local design details. They therefore
provide insight into the methods rather than generate absolute values of demand.
The stress derivation methodologyesented for spectral fatigue and strength
analysis represents a single set of simplified calculatfémsa detailed design
exercisea large number of design iterations would be required, involving a
number of more detailed calculation approaches.prbposed best practice
approach for structural analysisssmmarised in Sectiah

2.5.1 Overview

The Reference Model 3 (RM3) twlmody point absorber WEC, defined in the
Department of Energy (DOE) funded Reference Model Projat,usedsthe
exampledesign The point absorber was modelled in WSEN [6]. WEC-Sim

has the ability to model devices that involve rigid bodies, PTO systems and
moorings.The input files to the RM3 are available online (see additional links
available in [6]) and cabe used by the interested reader to replicate the analysis.

Simulations are performed in the tirdemain by solving the governing WEC
equations of motion in all relevant degresdsreedom, in a fully coupled format
(i.e. simultaneously accounting for adllevant load sources). In alignment with
the definitions presented in Section 1.3.4, WE€C més basel i ne for mul a
be described as a fully coupled, thalemain point loads model. Further details
regarding WEESim can be founat http://wecsim.github.io/WECSIinv.

25.2 Structural Model

WEC-Sim models are constructed on a mbltidy basis, as a collection of linked
components with specific physical properties. These components include wave
activated rigid borks, joints at which PTO forces may be applied and mooring

lines that can be attached to the WEC structure and to which anchor points may be
assigned.

The RM3 is a twebody point absorber WEC, consisting of a float and a spar with
a reaction plateThe WECstructural properties are represented in \A&E@® as

rigid bodies with mass, inertia, PTO and hydrodynamic propertiesullhecale
dimensions of the RM3 WEC and its mass properties are shokigure 18 and
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Table14. A Simulink chart representing the muelibdy structure implemented in
WEGC-Sim is illustrated irFigure 19.

The relative movement between the spar/plate and the float is restricted by a
heave constraint at the location of the PTQthis representative example, no
active control strategy was used; PTO settings in terms of damping coefficients
remain constant

Table14 Geometry and mass properties of the RM3

Centre of Moments of inertia about CG
Body Mass graw;y o Ixx (ll:gn‘z) Ixx
name (tonne)
y lyx lyx lyx
z lzx Izx lzx
Float 727.01 0.0 20.9E6 0 0
0.0 0 21.3E6 4305
-0.72 0 4305 37.1E6
Spar/ 878.30 0.0 94.4E6 0 0
Plate 0.0 0 94.4E6 218E3
-21.29 0 218E3 28.5E6
:‘ 20 [r',', }
@6 [m]
|
SwiL

Float to SWL2 [m]

38 [m]

Figure 18 Dimensions of the RM3 WESIm
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Conn -

Float
body(1}

Translational PTO
pto(1)

Conn [

|
Spar/Plate

body(2)

Floating (3DOF)
constraint(1}

Cconn 7+

&

Global Reference Frame

Figure 19 WEC-Sim model schematid¢ Baseline model

The mooring arrangement was represented using the mooring forces calculated
usingMoorDyn [7]. The mooring system consists of three mooring I{seg

Figure 20), discretised it 20 evenlysized line segments connected by node

points. The linear mass of each limasset to 126kg/m, with an unstretched

length of 280m. The mass is lumped at the node points, along with gravitational

and buoyancy forcelydrodynamic loads, and resms from contact with the
seabeddHydr odynami ¢ drag and added mass ar e
equation The point masses are connected by spdengper elements. The springs
represent the axial stiffness of the lidefined viathe product ofelasticity

modulus and crossectional areghere set at 583.4MN. Divided by the segment

length, this gives aaxial stiffness of41.7MN/m to each line segment, in tension

only. The dampers represent a small internal damping force that, while not
correspoding to a physical characteristic, is necessargampen noiphysical

resonances caused by the lumpeaiss discresation. Bending and torsional
stiffnessdés are neglected. Bottom contact
damping forces whenodes pss below the seabethe mooring lines are

attached to the spar, 10m below the undisturbed sea water line (referred to as

SWL in Figure18).

Tablel5summarises the moorirlghe properties, including the coordinates of the
attachment points and anchor points, nasdstiffness coefficientsThe positions
of the dtachment and anchor poirtave been provided relative to a reference
frame such as the horizontal {8 plane is aligned with theeawater line, and the
z-axis is aligned with theertical spailxis, pointing upwarddt should be noted
that dthough the mooring system defined MoorDyn would allow motions irsix
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degreesof-freedom the floating constraintsonnecting the spar to the sealred
WEC-Simrestrains the motions ®degreesf-freedomonly (seeFigure19),
namely surge, heave and pitch

Figure 20 Mooring line arrangement schematic

Table15 Mooring line properties

Attachment Anchor Mass (tonne) Axial stiffness
point (M) point (m) (Young modulus
X crosssectional
areg (MN)
-3.0 -267.0
Line 1 0.0 0.0
-10.0 -70.0
15 133.5
Line 2 2.598 231.23 35.28 583.4
-10 -70.0
15 133.5
Line 3 -2.598 -231.23
-10 -70.0
2.5.3 Load Calculation Methodology in WEC-Sim

The dynamic response of the system is calculated by solving the equation of
motion for the WEC, including all relevant sagstems. The equation of motion
for the WEC can be given as:

do O O O O 0 O O
where®is the (translational and rotational) acceleration vector of the devics,
the mass matrixO is the wave excitation force vectd@ is the force vector
resulting from wave radiatiofD isthe PTO force vectofQis the damping
force vector,O isthe Morisorelement force vectorQ is the net buoyancy
restoring force vector, an@® is the force vector resulting from the mooring
connections.

The hydrodynamic forces were obtained thalinear boundary element method
(BEM) potential flow solvetWVAMIT . The BEM solutions were derived by

solving the Laplace equation for the velocity potential, which assumes the flow is
inviscid, incompressible, and irrotational.
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Both"O and’O were calculated using outputs frahe BEM solver. The
radiation term includes an addewiss and radiation damping term associated
with the acceleration and velocity of the floating bodies, respectively. The wave
excitation term includes a Froud@ylov force component generated by the
undisturbed incident waves and a diffraction component that results from the
presence of the floating bodies.

In a linear approximation of the hydrodynamics, B@h and™O are calculated
using integral equations, with the latter based on the Cusnquatiorj5]. This
method is recommended to represent the fluid memory effects acting on the
floating body. The excitation and radiation forcas then be given as follows,
where"Yis the input wave spectrum afidis a random phase angle:

O 0 0S5 wo L O twtQft

S
O o P Y 01 Q <Y Q

However, not all devices and operating conditions can be aebusatulated

using linear hydrodynamics approximations. When large body motions are
exhibited, the wetted area can change dramatically, and a model based on linear
hydrodynamic coefficients may become inaccurate. Previous s{@]ieave
assessed the potential differences between linear and nonlinear formulations. In
this example, a nonlinear approximation was considered. In this approximation,
the buoyancy forcé and the Froud&rylov component of the excitation force
were calcuhted from the instantaneous position of the bodies. Instantaneous
buoyancy and Froud&rylov forces and moments were obtained by integrating
the hydrostatic and hydrodynamic pressurgs &ndr) , respectively) at each
simulation time step over the wed surface of the body, using the formulae given
in [9].

no "
P, AT CHE Q .. .
n E Qe T aT Al ©

where” is the fluid density;Qis acceleration resulting from gravitg,is the wave
amplitude, Qis the wave numbery is the distance to the mean waterlifigs the
water depth and-is wave phase angle.

Forces and moments were calculated by discretising body geometries into
triangular elements, tracking their displacement and then summing the resulting
forces and moments on each element about the centre of mass of the body.

254 Load Simulation SetUp

For normal operation conditionsimulations foreightirregular waves were
completed.The significant wave height and peak period parameters defining the
JONSWAP wave spectrum were selected based on a scatter diagram representing
the wave climate at the European Marine Energy Centre (ENY§@5ing
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refraction point RP50NThe information isummarised ifablel6. The eight
most occurring sea states were siédgcas highlighted in bold ifiablel6,
covering ¢.50% of the events in the scatter diagram.

When assessing the VlEesponse to an extreme event, different machine
conditions were tested. In particular, a normal PTO setting (damping coefficient
identical to operational conditions) and a PTO under fault conditions were
simulated. For the latter, the loss of PTO (zero damping) and a locked PTO
(infinite damping) were teéed.In [4], the offshore extreme wave conditions
corresponding to return periods of 1, 10, 50 and 100 years were estimated. For
this study, lhe 50year wave wasadected, followingONV-0S-J103as
recommended in Section 2.2.4.1. A JONSWAP spectrum with 14.7m significant
wave height and 18.2s peak period was using in the simulations, following the
extreme wave conditions presented4h(seeTablel7). It can be noted that
although the wave conditions provided4h make use of the zer@rossing period
T, WEGSim requires the use of the peak pefipdThese can be related for a
JONSWAP spectrum by a proportionality factor of 1.285. Moreover tigegy
periodTe described in Section 2.2.4.1 is also proportional to the peak perfod

a JONSWAP spectrum using a proportionality factor of 1.107.

Nonlinear FroudeKrylov hydrodynamics and hydrostatics were used in the
simulations. This is particulbrrelevant for situations where large body motions,
such as those related to extreme wave inputs, lead to nonlinearities in the
hydrodynamic loading. One fullynear simulation under the 5@ar return wave
and with a faulty PTO (locked) was run to evide the effect of taking into
account nonlinearities.

A simulation length of 1856econdswas usedor all the simulationsincluding a
rampup time of 50s to allow a steady state response to be reached.

ARP LS2 | Final Copy | 28 June 2016 Page 85



Wave Energy Scotland

Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

Table16 Inshore combined wawdimate (significant wave height againgero crossing
period) at refraction point RP50N (50m water depfih)

% of occ.

Mean wave period Tgs)1 centre of bin

05|15]25

Significant wave height Hs (mi)centre of bin

45|55|65]75]|85]95][105|11.5/12.5/13.5/14.5/155
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Tablel17 Extreme wave conditiong4])

01|01

0.1

00

00|01

0.1

0.0

00

0.0

0.1

00

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

00

0.0

00
00
00
00

00 00

Return perioq Significant wave Zero crossing | Peak periodY
(years) height"O (m) period”Y (s) (s)
1 10 117 15.0
10 127 132 17.0
50 14.7 14.2 18.2
100 154 14.6 18.8
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2.5.5 Loads and Distributed Pressure®utput

WEC-Sim outputs structural loads for all thdiesin the model. These are the
resultant forces and moments acting on a particular element. By def&idx,
Simoutputs these structural forces at demtre of gravity of each bodgind the
output coordinate system is orientated with the global axis defmn&EC-Sim
The globaWEC-Sim coordinate systens located amean water levelwith thez-
axis pointing upwardsand thex-aligned with the incoming wave direction

For the structural analysis, representative loads were seteatacty out to the
next stage A brief description of thevariablesnvolved are presented irable18.

Table18 Description of WEESIm output carried out to structural analysis stage

Body Description of the Loads

Forces in the bodfixed coordinate system located
the centre of mass of the structures.

Float The output loads at these locations include:

Spar/Plate 1 Hydrodynamic loads
9 Gravity loads
1 [Inertia loads

The tension on the mooring liN€( is
calculated in MoorDyn as the magnitude of the
Mooring result_ant force of the three components of the
lines 1,2,3 mooring force.

Each tension isaken fromthe last segment (attache
to the spar) of the respective mooring line.

The distributed loadsn the maincomponents of the
structurecan be assessed via the pressure
Distributed distribution These arelerived for all the panels fror|
pressures the discretisation used in the hydrodynamic code
broken down into hydrostatic, linear Froukeylov
and nonlinear FroudKrylov pressure components.

Figure21 shows the time series of wave surface elevations for the most frequently

occurring sea statéd= 0.75m and Y= 5.8s (i.e’Y= 4.5s)) and the 5@ear return
period wave 0= 14.7m and Y= 18.2s) Note that all repetitions of a simulation

use the same seed for the phase, and the generated time series of sea states are
thus identical. This is relevant for the comparison of WEC responses under the

same sea state but different machinadttons (e.g. PTO conditions).
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Figure 21 Extract of the wave surface elevation tiseries for the most occurring sea
state (blue) and the 5@ear return period wave (red)

Figure 22, Figure 23 andFigure 24 illustrate the time series output of the heave
(absolute and relativend pitch body wtions (respectively). Under the

operational sea state, the spar/plate body remains relatively stable throughout the
simulation, with less than 0.5m amplitude of motion. Its position oscillates around
a point about 1.7m below the initial position due ® ithfluence of the moorings.
Unde an extreme sea state, and as expected, the resulting motions are
significantly larger, both in heave and in pitch. The fault case illustratedune

24 exhibits a pitch oscillating around c®@e. a spar close to the horizontal. In

this case, the float is pulled away from the spar and the WEC loses its structural
integrity (sed-igure25). Note that the structural model does not include any
auxiliary systems such as mechanical-stwps or a PTO controller that could
assistin mitigating this end result. For the detadegessment of momnplex

load casesoften not related to performance conditions, consideration should be
given to the inclusion of erstops and a more detailed description of the PTO.

For certain load cases, e.g. PTO with fault, other, more advanced baseline
formulations mg also be more appropriate (see Section 2.2.6).

The total force output, that includes excitation, radiation damping, auded

and restoring forces, is displayedrigure 26. It can be seen that the stability and

the response in general is significantly affected not only by the environmental
conditions (i.e. the sea state) but also by the machine conditions (e.g. in this case
the PTO settings: normal or faulty). Shemphasises the importance of

considering more than just environmental conditions when defining relevant
DLCs (see als@ablel0).
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Figure 22 Extract of the float (top) and spar/plate (bottom) heave motion responses for

Time (s)

the most occurring sea state (blue) and thgeéslr return period wavender normal and
loss of PTO conditions (red and orange respectively)
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Figure 23 Extract of the relative heave motion responses between the two bodies (float
and spar/plate) for the most occurring sea state (blue) and-4wab@turn period wave
under normal PTO conditions (red)
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Figure 24 Extract of the spar/plate pitch motion responses for the most occurring sea state
(blue) and the 5@ear return period wave under normal and loss of PTO conditieals (r
and orange respectively)
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elevation
6.732e+00

3.7434

0.75467

-2.2341

-5.223e+00

Figure 25 Snapshot of the spar/plate and float positions at t=380s under-jreab@eturn
period wave with loss of PTO (loss of structural integrity).
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Figure 26 Extract of the float (top) and spar/plate (bottom) total heave force responses for
the most occurring sea state (blue) and thge#0 return period wave under normal and
loss of PTO conditions (red and orange respectively)

Figure 27 and Figure 28 show the tension in the mooring lines, in two
environmental enditions (operational and 5@ar return wave) anir different

PTO conditions (normal, loss and locked) respectively. Tensions measured for
Lines 2 and 3 are identical, as the mooring setting is symmetrical with regards to

the incident wave direction.
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Figure 27 Extract of the tensions (in MN) on the mooring lines for the most occurring sea
state (top,) and the 5@ear return period wave under normal PTO conditions (bottom)
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Figure 28 Extract ofthe tensions (in MN) on the mooring lines for they&@r return
period wave under normal PTO conditions (blue), loss of PTO (red) and lock PTO
(orange)

Figure29ill ustrates the PTO absorbed power in an operational sea state with
normal PTO conditions. The average power over the duration of the simulation
(30min) can be derived from the entire thseries data: for a sea state of
"0=0.75m and'Y=5.8s (i.e. the n&i frequently occurring sea state), the averaged

absorbed power is of 8.6kW.
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Figure 29 Extract of the absorbed power time series (kW) in the fnegtiently
occurring sea stafie30min averaged absorbed power: 8.6kW

To concludean example of the instantaneous pressure distribution foryadO
return wave withiO= 14.7m,"Y= 18.2s is shown iRigure 30. The incident wave
is approachinghe WEC from the positivedirection (i.e. from the righband
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side of the figures below). The hydrostatic pressure increases significantly with
the distance from the free surface. Although it can be the main contributor to the
total pressure, falatigue analysis the variation in pressure over time is also
relevant, and the nonlinear Froueylov pressures are of the same order of
magnitude as the static counterpart.

Figure 30 Distribution of pressure on the float foydrostatic (top) and nonlinear Froude
Krylov (bottom) at t=811s (Hs=14.7m and Tp=18.2s)ormal PTO settings.
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2.5.6 Mooring Connection - Spectral Fatigue Analysis

Spectral fatigue analysis is applicable to structures which arecexeitieeir linear
rangeby dynamic loadingvhich can be characterised with a spectrapending

on the nature of the device and the environmental conditions it is possible to make
a number of assumptions regarding the statistical nature of the waveg|osebn
Section2.4.2and[8] for further details

A simplified spectrafatigue analysis was conducted in order to estintaggfatigue
life of the mooring cable connections to the spar.

A number of assumptions were made regarthiegeometricdetail of the
connectionbetween the mooring cable and the spae sketch ifigure 31. A
fillet weld, with athroatlength of 10mm, around the perimeter oha
approximatelysquare plate (250m x 250mm) was assumedrhis is an
assumed, simplified geometry for the mooring connection, used in order to
demonstrate the process and pritespf conducting a spectral fatigue analysis.
Note that inpractice a number of design iterations and refinement will be
requiredin order to detamine the detailed connection geometry.

Mooring Connection Weld Sketch

N,
~_

Wit ()$T

..............................

Diameter ~ 6 m

A

Ll

Figure 31 Assumed geometry of mooring cable to spar connection
Therefore the total assumdldtoatarea of weld was:
Aved ~ 4 X 250mm x10 mm ~0.010n?

The tension loadvas assumed to be appliadd evenly distributed acrose full
weld area. Astress time history wakereforeobtainedby dividing the tensioime
histolies,an example of which was shownkigure 27, by the assumed weld area

Figure 32 showsthe calculatedstress time history fomooring line 1 for an
operational sea state characterised BDAISWAP spectrum witfO= 0.75mand
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“Y= 5.8s This sea state falls in the mdséquently occurringoin of the EMEC
inshore wave climateseeTablel6. Line 1 was chosen as it experiences the highest
stress ranges out of the 3 mooring lines.

2B T T T T T T T T T

Stress (MPa)
]
I

2r =

1

o0 | | I I | | I I 1
0 200 400 500 800 1000 1200 1400 1600 1800 2000

Tirne (s)

Figure 32 Stress time history for mooring line 1 for operational sea state 0.75m and
“Y = 5.8s)

The first observation to note regarding the stress time history i that

dominated by a particular frequendyis also evident by inspection that the stress
response of the cable is characterised byitlid body motion of the device

moving fore and aft on thenooring cable systemvhichis depenénton the

global cable system stiffnessther than the wavgeriod

This stress time historganthen beconvertednto thefrequency domaiioy

conducting a discrete Fourier transfoamd scaling and squaring to obtain a

power spectral density function of stre$ke fast Fourier transform function

available in Mdtab was utilized to obtairhé frequency spectrum Higure 33.

This shows that there is a dominant frequency present in the stress response of the
mooring cableataround 0.01Hz (equivalent to a time period of approximately

83 seconds)which is also evident frortine periodicstress time history
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Figure 33 Power spectral density plot (frequency domdar)mooring line 1 foran
operationalsea state with 0.75m significant wave height and 5.8s peak period

Numerical integration was then performed to obtain the area (or the zeroth
moment) under the curve about the y axi§ighre 33.

mp = 1.85 MPa

For a narrow band spectrum (where there is a dominant frequency response) such
as the one shown above, the effective constant amplitude ($teedizat which

would provide the same fatigue damage as the Vargg®ectrummay be
approximatecusing the following expressids]:

Serr = (8M)YAG(2+m)/2)V™ = 242x&mpx1.099

Where g is the area undgyower spectral density function (i.e. the variara)
Gis Eul er 0s ,gvhighfoam =f3uc(2+m)i28M= 1.099 The
exponent m is dependent on the precise connection detail, further degails
availablen DNV-RP-C203[17]. For the purpose of thesxampleweassure m =
3 and thatthis remains constant irrespective of tnagnitude of stres3hisis a
conservative assumption to maHKeénis enableghe curve of stress range versus
number of cycles to failure, &N curve to be characterised by the following
equation:

N =AS™
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Where N is the number of cyclésfailure A is aconstant and S is the stress
range.This is a generic equatiarsed to describe the fatigue performance of a
component and values for reference fatigue cur¢esrived from fatigue tests)
are tabulated in DNARP-C203[17].

Multiplying the constant amplitude stress valsigy, by a stressconcentration
factor (SCF)gives the peak constant amplitusiieess range which in this
example works out to hE05 MPa In the absence of a detailed connection
geometryin this example a value oR.5, was assumed for the SCF.

A reference stress, for a fatigue life of tyclesis obtained frorDNV-RP-C203
[17]. This reference stress limit is obtained from a referenceNscurve, and the
selection of the appropriate curve depends on the nature of the loadingewad typ
joint. This example connection between the mooring cable and the spar was
assumed to be@ategory W3 welded jointhat carries load perpendicular to the
weld line:

Table A-8 Welded joints with load carrying welds

Detail | Constructional details Description
calegory

w3 2. 2.Partial penetration tee-
butt joint or fillet welded
joint and effective full
penetration in tee-butt
Joint. See also section 2.8,

t <20 mm

h—

Figure 34 Category W3 welded joint taken froph7], Table A8, pg 86

A corresponding 9\ curve for a component that is abldieely corrodgsee
Section2.4.5in [17]) was selected. The reference fatigue limit stress for a freely
corroding W3 joint isL0.493MPa

Based on the above calculationfatigue life of29 yearswould be predicted if
the structue were to experience a sea state gf.75mandTp =5.8s for
100% of its life.

To account for the full wave climate it would be necessasuio thepredicted

fatigue livesfrom all possible sea states, scaled bydbarespondingccurrence

rates. For this example, time history data for 7 other operational sea states was
obtained, in total accounting for 50% of the yearly occurrence. In order to
calculate the cumulative damage per year, it was assumed that the other 50% of
the time the structure alsxperiences an equivalent set of sea states.

Thus by summing the contribution of 8 total sea states, the overall fatigue life for
the joint works outo be446years However it is accepted practice fodasign
fatigue factor (DFFJo beappliedrefer b Section2.3.1.1for further detailsin

this casea conservativeralue of3 was assumegwhich corresponds to a DFF for
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a connection in a submerged zone in the structure with little accessibility for
inspection, se€l9]). Dividing the calculated fatigue life by the DFF, gives
overall fatigue life estimate oi49years.

As a sensitivity studythe overall fatigue life was also calculated using tie S
curvefor a welded connection that is exposed to seaviatexith cathodic
protectionin place For a joint category of W3, this\gs a fatigue limit stress of
21.05MPa[17].If this SN curve is assumed the overfatigue life calculated
increase$o 1200years This demonstrates the sensitivity of the analisibe
assumptions made, atitereforecareis required to avoid under conservatism in
design.

2.5.7 Float to Spar Connection- Slam Load Analysis

Slam loading is a type of inertial loading which is experierimed structural
memberwhen it comes into contact withe water surface i.e. when a member is
suddenly immersed in watérherefore the highest slam loadwguld be

expected for components that are closest to the mean water level.

There is code guidanaan an analytical method of estimating slam loads,
providedin Section8 fi Ai r gap and Wa v-RP-C305[25hfhisn g 0
would certainlybea viable methodsolong as the loads derived appropriately
accountsfor the fluid-structure interaction and the resulting water particle
velocity.

Whilst it is possible talerive anestimate for the slam load, the physics that needs
to be captured is complekor aparticur WEC design, the most reliable method
for estimating slam loading would be¢onduct a detailed CFBnalysis verified

by wave tank testing of a scale model.

2.5.8 BasePlate i Strength Analysis due tolnertial Loading

Model Set up

A shellmodel of the poinabsorbemwas analyseavith finite element analysis

using the softwareS-DYNA v 971 7.1.1seeFigure 35. The geometry as shown

in Figure 18 was usedexcept for the base plate thickness, which was increased in
the modelfrom 0.1m to 0.3m. This was done in order to increase 8ection

modulus of the plate toractical levein the absence of detailed geometric data
e.g.stiffeners.It was also necessary to estimatatethicknesgs for the spar and

the float,0.3m and0.05m were usedespectivelyThe following inear elastic
material properties for steel were assumedafbcomponents

Table19 Steel material properties assumed for base plate strength analysis FE model

Density (kgm®) | Elastic Modulus(GPa)| Poi s son
7850 200 0.3
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Figure 35 Shell model of pointabsorber analysed in EBYNA, consistingof 3 main
components, float (blue), spar (red) drabeplate (orange).

Inertial Loading

Added (hydrodynamic) massastype of inertial loading that is caused by the
local interaction ofin immersedstructure witithe surrounding fluid that is
acceleratinglt predominantlyacts perpendicular toghaxis of the structural
member.For the current point absorber geomeitys therefore expected toe

the dominant force acting on thaseplateduring its operatioriThere will be

some inertial force acting on the spar, but its effective area perpendicular to the
heaving motion of the machine is relatively small. The main force acting on the
float would be the uplift due to buoyancy as itis only partly submergedgdurin
normal operation.

In order to estimate the magnitude of the peektialloading on the base plate
for the extreme sea state with a 50 year return péHed 14.7m, T, = 18.2s) the
acceleratiotime history loading for the combined rigid body of fflate and spar
was extractedKigure 36). 4 load cases were considered where the following
operatioml status of the PTO were assumed:

1 Normal PTO operation
1 NoPTO

1 Locked PTO (linear)

1 Locked PTO (nonlinear)
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T h e o HT@ load caseassumesero dampinghencerepreserng a fault
situation The locked PTOcondition represents a survival strategy for some
devices and the corresponding loads wkmeved assuming infinitTO damping

and just accounting for linear hydrodynamids. set of MAnonl i nearo

loads were also derived, where buoyancy and Fréugleov forces were

calculated based on the instantaneous position of the rigid body. However it
should be noted thaadiation damping and diffraction forces are still calculated
using linear hydrodynamic coefficients. Further information on the derivation of
these loads may be found [@].

8 T T T I

normal PTO

no PTO

locked PTO linear
6 locked PTO nonlinear [

&f

Body (2) heave acceleration (m/s2)

50 100 150 200 2580 300
Time (s}

Figure 36 Acceleration time history focombined rigid body of plate and spar
The added massn, of the base plate was calculated using the equfgion
m, = 0.63 rD¥6

Where D is the diameter of the plate (Bpandr is the sea water density
(1029kgnt®), which results in an added mass value-8165 tonnesA
conservativeapproximation fo the force time history for thmertial loadingwas
calculated by multiplying the accelerationtime history(imy + m), where mis
physical mass of the plate.

For eacHoad casgthe peak force experienced was extracted and this load was
applied as an equivalent, uniformly distributed pressure acting vertically upwards
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on the base platén the analysishie pressure wdsearlyramped ugdrom zeroin
a quasistatic manner.

It was assumed that in this instant in time, the buoyancy force will be acting
against the inertial loading. In order to reflect this, conservatively, the top row of
nodes in the spaf the model was constrained to not translate in the vertical z
direction

Results

Results are presented here for the normal PTO operation case and the locked PTO
(linear) case. The normal PTO operation case resulted in the lowest stress in the
base plate and the locked PTO (linear) case the highest of the 4 load cases
investigated Hence these results were compared in some detail below.

Figure 37 shows a cusectionof the model after the load on the base plate has
been applie@nd static equibrium has been reachebdeformationshown has
been magnified by 5 time3he horizontal line represeritee undeformedection
of the base plate. The two images represent the load cases for normal PTO
operation and locked PTO (linear). This shows thatdgghamic added mass
loading causes the base plate to cantilever from the plate to spar connection.

(a) Normal PTO (b) Locked PTO linear

N N

308mm 397mm

Figure 37 Cut Sectionof modelshowing base plate deformatigmagnified by 5 times)
after load application assuming (a) normdl@and (b) locked PTO (linear) operation

Figure 38 shows the peak maximumrincipal stress (maximum of all integration
points).A peak maximum principatress o268 MPa and 87 MPain tension
were observed for normal PTO and locked PTO respectively, inatbe plate
elements closestto the plate to spar connectiad they were output from the
lower most integration points, on the lower side of the plate.

Figure 39 shows the peak minimum principal stress (minimum of all integration
points). A peak minimum principal stress2#2 MPa and284 MPain

compression were observed fmrmal PTO and locked PTO respectivelybase
platethe elements closest to the plate to spar connediash they were output
from the upper most integration points on the upper side of the plate.
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These results illustrate the sensitivity of the redolthe PTO condition assumed
in the loading simulationt also confirms the FMEA finding (sekection2.3.3
which identified that the structure failure of the gection between the base plate
and spar is likely to govern.

(M1) 10 Max STOT © 2 6B0732E+008, Min 51668 8 611719E+001 MAX Princ Stress (M2} 1) Max STOT 3 58S561E+008, Min S1013 1 1 275463€ 4002 MAX Princ Stress
(a) Normal PTO (axallpte) (b) Locked PTO linear Maxallpe)
0.00 0.00
28.23 28.23
56.46 56.46
84.69 84.69
112.92 112.92
141.15 14115
169.38 169.38
197.62 197.62
22585 22585
254,08 254.08
28231 282.31
310.54 310.54
338.77 338.77
367.00 367.00
% 1.0E+086 * 1.0E+06
I I
b, F_.
2500082 2.500045

Figure 38 FEA results, maximum principal stress (max of all integration pofotsja)
Normal PTO operation in extreme sea state and (b) locked PTO with loads based on
linear hydrodynamics in extreme sea state

(M1) 12 Max 52272 - -1 561250E+001, Min 52675 : -2.22454TE+008 MIN Princ Stress (M2} 1: Max 52272 - -2.162500E+001, Min S2675 : -2.846022E+008 MIN Princ Stress

(Min all pts) (Min all pts)
(a) Normal PTO 285,00 (b) Locked PTO linear 500
-263.08 -263.08
-24115 -241.15
-219.23 21923
-187.31 19731
-175.38 -175.38
-15346 =153 46
-131.54 -13154
-1098.62 -10862
-87.69 -87.69
-B85.77 -86.77
4385 4385
-21.82 -21.82
0.00 0.00
x 1.0E+06 x 1.0E+06
. :
| E .
2500032 2500045

Figure 39 FEA results,minimum principal stressnfinimum of all integration points) for
(&) Norm& PTO operation in extreme sea state and (b) locked PTO with loads based on
linear hydrodynamics in extreme sea state
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Figure40 showsthe maximum principal stress@hin as a vector plot. This shows

that the near the plate to spar connection the max principal stress is predicted to be
aligned with the element local radial axis, whereas further away the max principal
stress is aligned with the element local circumfeatrtxis.

(M1} 1 Max STO7 - 2 BB0T32E-+008, Min S1688 - 8 610547E001 MAX Princ Stress  (M2) 1: Max 5707 : 3865561 E+008, Min 51013 - 1.275547E+002 MAX Princ Stress

(a) Normal PTO el (b) Locked PTO linear """

0.00

0.00

28.23

Figure 40 FEA results, maximum principal stress shown as a vector plot (max of all
integration points) for (a) Normal PTO operation in extreme sea state and (b) locked PTO
with loads based on linear hydrodynamics in extreme sea state

2.5.9 Calculation Summary

Hydrodynamt loads for an example geometry of-a@ly point absorber WEC
were derived using WESIm a ully coupled point loads timdomainmodel
Loads were derived using the 8 most frequent sea statesring 50% of
occurrenceat theexample target sif@anda50-year return period wawve
represent an extreme loading condition

Table20summariseghe main outputs of the load analysis under the normal and
extreme wave comtions (most frequent sea states aneyB@r return period wave
respectively)As a first approximation, thesmutputsare based on the maximum
values for each representative load tisegies.
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Table20 Summary table of load analysiesultsi point absorber

Goal posts
Body Type ofLoads Normal 50yr wave
conditions conditions
Excitation force 3.6MN 24.1MN
f Radiation damping force 0.9MN 4.1MN
oat
Added mass force 2.2MN 12.8MN
Restoring force 5.1MN 24 9MN
Excitation force 1.5MN 12.1MN
Radiation damping force 0.03MN 0.2MN
Spar/Plate
Added mass force 1.9MN 11.6MN
Restoring force 0.8MN 14.7MN
Tension line 1 576kN 13266kN
:\i/rlggrmg Tension line 2 362kN 8172kN
Tension line 3 362kN 8172kN

The loads derivedere used as an input to conduct the following structural
analysesthe results for which are summarisedlable21:

1 Spectral fatigue analysis of a single mooringleaconnection to the spar
9 Strength analysis of the base plate due to inertial added mass loading

Table21 Summary of structural analysis resulfgoint absorber

Failure location | Load Sea States Structural Structural Analysis
Calculation | Considered Analysis Results
Methodology Methodology
Mooring cable to| Fully coupled| Normal Spectral fatigue| Effective stress
spar connection| point loads condition. 8 analysis range of 10.8/Pa.
model (time | operational sea Assuming the
domain) states covering connection
50% of the experiences
most frequently| corrosion, results in
occurring a fatigue life of 149
waves years.
Base plate to Fully coupled| Extreme Quast static Maximum principal
spar connection| pointloads | conditionwith | FEA strength | stress of 367 MPa
model (time | 50 year return | analysis and peak shell
domain) period. resultanmoment of
8.5 MNm/m.

It should be noted that thiesults from the examplealculations are highly
dependent on the assungebmetry and local design detail$el therefore
provide insight into the methods rather than generate absolute values of demand
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3 Summary of Key Findings

This Section summarises the suggested guidance for loadracuirstt analysis
of WECsdescribedin Secti@i and2. The ley recommended stepsnanating
from this studyareas bllows:

1. Develop a design basis

The first stage of a WEC design process shoulchéddvelopmenbf a design

basis. Themain objectiveareto define the design methodology, specifying key
components, environmental conditions and analysis methodologies, along with
identifying critical aspects that should be assessed to facilitate the transition from
concept to detailed desigiss defined inSectionl.], a design basis for a WEC
should, at a minimum, define tHiellowing:

1 Principe design objectives
Device fabrication, installation and maintenanceecrd
Device decommissioning criteria

Review of design codes, standards and guidelines

= =2 =4 =

General description of the device:
1 Main structural components

1 Array layout, mooring cable systems, grid connections, pipework and any
other peripheral functional compornen

1 Environmental conditions of target site:

1 Metocean data

1 Marine operations

1 Marine growth and activity

Design load cases and applicable partial factors
Material properties and applicable partial factors
Load and structural analysis methodologies
Corrosionprotection systems

Safety and hazard assessments

= =4 =4 4 4 2

Failure modes, effects and criticality analysis (FMEA)

2. Review ofappropriate design guidelines

A reviewof existing applicable guidelineshould be conducted tefine and

prioritise the necessary methods for the calculations that must be performed
during the desigprocessFollowing existing(relevant)guidelines as closely as
possible and obeying codes of best practice will support the creation of a thorough
design basis and lend to-dsking the design prass. Furthermore, in the later
stages of the design processttification of the WEC may begeired by a range
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of stakeholders, thuanearly adherence to the codes of best practice may prove
beneficial.

At present there are no dedicastdndard for the design of WECs. In Sectlo?
standards from the maritime, oil & gas and offshore wind sectors were reviewed
and those most relevant to WEC desagasummarisedn Tablel. It should be

noted thathe draft technical specification / design requirements for marine energy
systemsis currentlyunder development by an IEC technical committee (IEC
TC114/PT 626042).

3. Define critical design load cases (DLCs)

A methodology to derive DLCs which can be used to assess fatigue (F) and
ultimate strength (Uhas been presented$ection2.2 The DLC descriptions
combine theenvironmental conditions at a site and relevant design situations for a
WEC, leading to the definition oh range of load cases for consideration in the
design process.

A summary of suggested DLCspsesented ifablelO. It isrecommended that
developers determine and prioritise the list of DLCs to be considered during their
design process based on a review of the WEC specific FMECA and the sslection
of the final deployment site for a device.

4. Assessthe baseline load formulation to be used

A critical evaluation of the applicability of baseline formulations for WEC load
analysis is presented Bection2.4.1 At present, a fully coupled, point loads
(time-domain) load calculation method is the most readily applicatdelirectly
suitable formulation for the widest range of design situations. For the ar@lysis
specific design situations (e.g. accidental/abnormal events (DLC 9.x) and
damaged stability (DLC 10.x)) nonlinear formulations may be most suited, but the
development efforts are significant.

5. Estimate the relevant design loads

It is recommended thdlbe calculationof WEC design loadss conducted

primarily computationally using fully coupled timedomain numerical

simulations that account for all load contributions simultaneously. All relevant
nonlinearities, including those induced by the mainstems such as the PTO

and the mooringsshouldbe considered. At least some of these nonlinearities (e.g.
those related to hydrodynamics or mooring forces) may also be evaluated
experimentally. Where possible, comparisons between numerical and
experimental estimates are recommendadther developmérmay focus on

advanced formulations that address the more complex design situations and / or in
creating clear, practical interfaces between load and stress analysls mode

6. Apply appropriate structural analysis techniques

A range ofrelevantstructuralaralysistechniquesare describeh Section2.3and
the applicability ofthese techniques ®range of#WEC desigrs is evaluateth
Section2.4.
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In general, tiis recommended thaitme history anbysisis conducted an&E
models representing the WECs shouldgbrerated. These should be kapt
simple as allows while capturirtge relevant stiffness and dynamic behaviour in
order to minimise computational expense.

It may often be attractive to use a relaljv@mple globalFE model of the WEC
device with more detailed models of specific components to understand their
behaviourunder specific extreme loads. This approach may allow the analyses of
the more detailed models to be conducted staticBlig.use of SCFs can further
simplify global FE models. SCF values may be derived from finite element
analysis, model tests or emgial equations based on these methods which are
provided in standards

A range of code guidance for the assessmestrotturalcapacity is available for
structures of typical offshore design (for example, steel tubular structures) and it

is recommended thaltese ar@adhered to wherever possible. Whether code

guidance is applicable or not depends on the geometry and mateheal of t

structure. It should be noted that where guidance provided in standards is not
applicable to the structural geometry in question, all of the effects covered by the
code need to be considered in some way during the structural analysis (e.g. second
ordergeometrical effects).
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Al.l

Point Absorber

Failure Location Schematic of Selected Failure Modes PRSI Sh;?dcgzral Fa||ur Governing Failure Mode? Relevant DLCs

A: Base connection

Strength and Fatigue Failure

"\'eaae/

Material Loss

(©

cour
Corrosion

Strength and Fatigue Failure

B: PTO to shaft connection

'\'esae/

wind
Mooring- o
cable snatching
iPTO vibration
Material Loss
Scour
Corrosion

Strength

Fatigue- high cycle

Fatigue- low cycle

Material Loss

Strength

Fatigue- high cycle

Fatigue- low cycle

Material Loss
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ULS environmental loads (wave slamming, wind, currents, tidal effects)

ALS loads (vessellice impact, tsunasaismiceffects)

Transportation and installation loads
Transient snatch loads in cable systems

Joint seizure leading to machine parking

Material and section discontinuity at composite joints

Marine growth

PTO/ controller failure

M ooring connection failuréf relevant)

Seabed anchor failure

FLS environment loads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooringload induced excitation

Any other excitation of globalesonance modes

Extreme loads for all causes listed under high cycle fatigue that may lead to pla
response

Transportation and installation loads
Vortexinduced vibrations

Corrosion

Scouring

Marine activity

Interface between dissimilar materials
Sudden change in temperature

ULS environmental loads (wave slamming, wind, currents, tidal effects)

ALS loads (vessellice impact, tsunasgismiceffects)
Transportation and installation loads

Joint seizure leading to machine parking

Material and section discontinuity at comp ofitets

Marine growth

PTO/ controller failure

M ooring connection failure

Seabed anchor failure

FLS environment loads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooringload induced excitation

Any other excitation oflobal resonance modes
Extreme loads for all causes listed under high cycle fatigue that may lead to pla
response

Transportation and installation loads

Vortex induced vibrations

Corrosion

Scouring

Marine activity

Interface between dissimilar materials

Sudden change in temperature
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3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

2: Component Failure

2: Component Failure

2: Component Failure

2: Component Failure

1.% 2.% 3.% 4.X, 5.x
6.%, 7.%, 9.x, 10.x

9.1,9.2,9.3
10.3, 10.6

8.x

2.% 5., 9., 10.x

6.1,6.2,6.3
71,72

6.1,6.2,6.3
71,7.2

1.6

21,22,23

10.2, 10.5

10.1,10.4

1.1,15,23,9.2

6.4,7.3

1.1,15,23,9.2

1.1,15,23,9.2

8.4

3.1,4.1,42,9.2

8.x

10.1,10.4

1.6, 6.%, 7.%, 9., 10.x

1.6, 6.%, 7.%, 9.x, 10.x

8.%, 9.x

2.X, 5.x, 9.x, 10.x

2.X, 5.x, 9.x, 10.x

1.x, 2.%, 3.X, 4.X, 5.X
6.%, 7.%, 9.x, 10.x

9.1,9.2,93
10.3, 10.6

8.x

6.1,6.2,6.3
71,72

6.1,6.2,6.3
71,72

1.6

21,22,23

10.2, 10.5

10.1, 10.4

il LGy, 2.8, €2

6.4,7.3

1.1,15,23,9.2

1.1,15,23,9.2

8.4

3.1,4.1,42,92

8.X

10.1,10.4

1.6, 6.%, 7., 9.x, 10.x

1.6, 6.%, 7., 9.x, 10.x

8.%, 9.x

2.% 5.% 9.x10.x

2.% 5.%, 9.x, 10.x




C: PTO to float connection

Base

Wave Energy Scotland

Strength and Fatigue Failure

Vessel

“way
FRRLlTY
e

Slamming

«
{— ‘Wave/

wind

Mooring
cable snatching

Matenial Loss

Scour
Corrosion

Strength Failure

TBuoyant force

Sea bed

Soil
A N Movement
Stability Failure

Base can be suspended or secured to sea bed

Overturning
moment

Strength

Fatigue- high cycle

Fatigue- low cycle

Material Loss

Strength

Fatigue- high cycle

Material Loss

Stability

ARP LS2 | Final Copy | 28 June 2016

Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

ULS environmentalloads (wag&amming, wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunaseijs miceffects)

Transportation and installation loads
Transientsnatch loads in cable systems

Joint seizure leading to machine parking

Material and section discontinuity at composite joints

Marine growth

PTO/controller failure

Mooring connection failure

Seabed anchor failure

FLS environment loads (wave, wind, currents)
Stressconcentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes

Extreme load$or all causes listed under high cycle fatigue thatmay lead tc
plastic response

Transportation and installation loads
Vortex induced vibrations

Corrosion

Scouring

Marine activity

Interface between dissimilar materials
Sudden change in temperature

ULS environmental loads (wave slamming, wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunasrijs miceffects, seabed instability)

Transportation and installation loads

Incorrect assessment of mechanical properties of soil
Marine growth

Ballast failure

Mooring connection failure

Seabed anchor failure

PTO/ controller failure

FLS environmentalloads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTOinduced excitation

Mooring load induced excitation

Any other excitation of global resonance modes
Corrosion

Scouring

Marine activity

Interface between dissimilar materials

Sudden change in temperature

Ballast failure

Mooringconnection/seabed anchor failure
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3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Definitely

1: Possibly

1: Possibly

2: Likely

2: Component Failure

2: Component Failure

2: Component Failure

2: Component Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

Relevant DLCs

1.x 2. 3. 4.x 5X
6.x, 7.%, 9.x, 10.x

9.1,9.2,93
10.3, 10.6

8.X

2.x, 5.x, 9.x, 10.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,22, 23

10.2, 10.5

10.1, 10.4

1.1,15,23,9.2

6.4, 7.3

1.1,15,23,92

11,15,23,9.2

8.4

31,41,42,92

8.X

10.1, 10.4

1.6, 6. 7.X 9.x, 10.xX

1.6, 6., 7.x, 9.x, 10.x

8.x, 9.X

2.x 5. 9.x 10.x

2. 5. 9. 10.x

1x 2. 3. 4% 5X
6.x, 7.%, 9.x, 10.x

9.1, 9.2, 93
10.3, 10.6

8.x

9.4

1.6

10.3, 10.6

10.2, 105

10.1, 10.4

21,2223

11,15,23,9.2

6.4,7.3

11,15,23,9.2

11,15,23,92

8.4

1.6, 6. 7.x, 9.x, 10.x

1.6,6.x, 7.x, 9.x, 10.x

8.x, 9.X

2% 5% 9. 10.x

2. 5. 9.x 10.x

10.3, 10.6

10.2, 10.5




Shaft

Float
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Strength Failure

Slamming Vessel

o T
g <—\Vave.-"
) "'_Buckhng wind
Bending and
y torsion

3
il

Mooring,
cable snatching

Fatigue Failure

/14 Axial and bending
s | fatigue

vortex induced

vibrations

Strength Failure

Vessel™,
T Wave/
M wind

LAL LY P

x PTO vibration

Material Loss

Marine growth

Scour
Corrosion

Strength

Fatigue- high cycle

Fatigue- low cycle

Material Loss

Strength

Fatigue- high cycle

Material Loss
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ULS environmental loads (wave slamming, windrrents, tidal effects)

ALS loads (vessel/ice impact, tsunassiis miceffects)

Transportation and installation loads
Transiensnatchloads in cable systems

Marine growth

PTO/ controller failure

Mooring connection failure

Seabed anchor failure

FLS environmental loadgave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes
Extreme loads for all causes listed under high cycle fatigue that may lead
plastic response

Transportation and installatideads

Vortex induced vibrations

Corrosion

Scouring

Marine activity

Sudden change in temperature

ULS environmentalloads (wave slamming, wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunassijs miceffects, seabed instability)

Transportation and installation loads
Transientsnatch loads in cable systems

PTO/ controller failure

Mooring connection failure

Survivability modéailure

FLS environmentalloads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Corrosion

Scouring

Marine activity

Interface between dissimilematerials

Sudden change in temperature
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3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Definitely

1: Possibly

3: Definitely

: Component Failure

: Component Failure

: Component Failure

: Component Failure

: Component Failure

: Component Failure

: Component Failure

1.x 2. 3. 4.x 5X
6.x, 7.%, 9.x, 10.x

9.1,9.2,93
10.3, 10.6

8.X

2.x, 5.x, 9.x, 10.x

1.6

21,22,23

10.2, 10.5

10.1, 10.4

1.1,15,23,92

6.4, 7.3

11,15,23,92

1.1,15,23,9.2

8.4

31,41,42,92

8.X

10.1, 10.4

1.6, 6. 7.x 9x 10.x

1.6, 6. 7.% 9.x 10.x

8.% 9.x

2% 5x9.x 10.x

1.x 2. 3. 4% 5X
6. 7.X, 9.x, 10.x

X
9.1,9.2, 93
10.3, 10.6

8.X

2% 5% 9.x 10.x

21,22,23

10.2, 10.5

6.2, 7.2

11,15,23,92

6.4,7.3

11,15,23,92

11,15,23,92

1.6, 6., 7.x, 9.x, 10.x

1.6, 6. 7.X 9.x, 10.x

8.% 9.X

2. 5. 9.x 10.x

2% 5% 9. 10.x
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Al.2 Oscillating Wave Surge Converter

Failure Location

A: Flap to base connection

\/

Flap

A
Base
Sea bed

B: PTO to Flap connection

\/

B

Example
PTO Flap

Base
Sea bed

Schematic of Selected Failure Modes

Strenth and Fatigue Failure

Slamming  ;oqcq
caneem Wave/
wind
No end stop @
due to PTO o 4 geour
failure
Sea bed

Strength and Fatigue Failure

vortex mduced
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Oblique
1\\ wave

Shear and axial

fatigue
/ 4wt wt o wt
¥ Y ¥ Y

Sea bed

Strength and Fatigue Failure

Vessel

.
£y

* slamming/

E wind

.

Sea bed Scour from inshore
sand and debris

% Wave

Strength and Fatigue Failure

Shear Obl_lque
and axial wave

. e e w
fatigue
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@ o e
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Sea bed
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Strength

Fatigue- high cycle

Fatigue- low cycle

Material Loss

Strength

Fatigue- high cycle

Fatigue- low cycle

Material Loss
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ULS environmental loads (wave slamming, oblique waves/wind,
currents, tidal effects)

ALS loads (vessel/ice impact, tsunaseijs miceffects)
Transportation and installation loads

Joint seizure leading to machine parking

Materialand section discontinuity at compojitats

Marine growth

PTO/ controller failure

FLS environment loads (wave, wind, currents)
Stress concentration arougelometric dis continuity
PTO induced excitation

Any other excitation of global resonance modes

Extreme loads for all causes listed under high cycle fatigue thatme
to plasticresponse

Transportation and installation loads
Vortex induced vibrations

Corrosion

Scouring

Marine activity

Interface between dis similar materials

Sudden change in temperature

ULS environmental loads (wave slamming/slapping/snatching, obli
waveshivind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunaseijs miceffects)
Transportation and installation loads

Jointseizure leading to machine parking

Materialand section discontinuity at composite joints

Marine growth

PTO/ controller failure

FLS environmeribads (wave, wind, currents)

Stress concentration around geometric discontinuity
PTO induced excitation

Any other excitation of global resonance modes
Extreme loads for all causes listed under high cycle fatigue that me
to plastic response

Transportation and installation loads

Vortex induced vibrations

Corrosion

Scouring

Marine activity

Interface between dissimilar materials

Sudden change in temperature
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3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

2: Component Failure

2: Component Failure

2: Component Failure

2: Component Failure

Possible Structural Failure Modes Governing Failure Mode? Relevant DLCs

1.x 2. 3.% 4.% 5X
6.x, 7.% 9.% 10.x

9.1,9.2, 93
10.3, 10.6

8.X

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,22,23

11,15,23,92

6.4, 7.3

11,15, 23,92

8.4

31,41,42, 92

8.X

10.1, 10.4

1.6, 6.x, 7.x, 9.x, 10.x

1.6, 6.%7.% 9.x 10.x

8. 9.X

2. 5. 9.x 10.x

2.% 5. 9.x 10.x

1.x 2. 3.% 4.x 5.Xx
6.x, 7.x, 9.x, 10.x

91,92, 93
10.3, 10.6

8.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,2223

1.1,15,23,92

6.4, 7.3

1.1,15,23,92

8.4

31,41,42,92

8.X

10.1,10.4

1.6, 6.%, 7., 9.x, 10.x

1.6, 6.x, 7.x, 9.x, 10.x

8.% 9.x

2.% 5.x 9.x, 10.x

2. 5. 9.x 10.x
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Possible Structural Failure Modes Governing Failure Mode? Relevant DLCs
Strength Failure ULS environmental loads (wave slamming/slapping/snatching, obli 1.x 2% 3. 4. 5.X

Base

\_/

Flap

Base
Sea bed

Flap

\/

Flap

Base
Sea bed

Soil
Movement

Seismic
Forces

Stability Failure

\/

Flap Overturning

Ballast c

Se:ljj:l;re \\ \\ \N \

Inertial loading

Out of plane failure

Flap distortion K
s | k7
Inertial 3 Oblique

Loading : wave

Material Loss
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waves/ wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunasaijs miceffects, seabed instabili

Transportation aniistallation loads

Incorrect assessment of mechanical properties of soil

Marine growth
Ballast failure
Seabed anchor failure

FLS environmental loads (wave, wind, currents)
Stress concentration around geometric discontinuity

PTO induced excitation

Any other excitation of global resonance modes

Corrosion

Scouring

Marine activity

Interface between dissimilar materials
Sudden change in temperature
Ballast failure

Seabed anchor failure

ULS environmental loads (wave slamming, oblique waves/wind,

currents, tidal effects)

ALS loads (vessel/ice impact, tsunasaijs miceffects, seabed instabili

Transportation and installation loads

Buoyancy systemfailure

Page 117

3: Definitely

1: Possibly

2: Likely

2: Likely

3: Definitely

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

2: Component Failure

6., 7.X, 9.x, 10.x

91,92, 93
10.3, 10.6

8.X

9.4

1.6

10.3, 10.6

10.1, 104

11,15,23,92

6.4, 7.3

11,15,23,92

8.4

1.6, 6.%, 7. 9.x, 10.X

1.6, 6.%, 7. 9.x, 10.x

8.% 9.x

2. 5. 9. 10.x

2. 5. 9.x 10.x

10.3, 10.6

10.2, 10.5

1.x 2.X 3.% 4.X5.X
6.x, 7.x, 9.x, 10.x

9.1,9.2, 93
10.3, 10.6

8.x

3.x 4.% 5.X
X 9. 10.x

1Xx
6.

X
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Fatigue- high cycle

Fatigue- low cycle

Material Loss

Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

PTO/ controller failure
Survivability mode failure
FLS environmental loads (wave, wind, currents)

Stress concentration around geometric dis continuity

PTO induced excitation

Extreme loads for all causes listed under high cycle fatigue that ma

to plastic response

Transportation anmstallation loads
Vortex induced vibrations
Corrosion

Scouring

Marine activity

Interface between dissimilenaterials
Sudden change in temperature
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3: Definitely

1: Possibly

2: Likely

Failure Location Schematic of Selected Failure Modes Possible Structural Failure Modes Governing Failure Mode? Relevant DLCs

6.2, 7.2

2: Component Failure 1.1,15,23,92

6.4, 7.3

11,15,23,92

2: Component Failure 31,41,42,92

8.X

10.1, 10.4

2: Component Failure 1.6, 6.x, 7.x, 9.x, 10.x

1.6, 6.x, 7., 9.x, 10.x

8.x, 9.x

2. 5% 9.x 10.x

2.X 5. 9.x 10.x




Wave Energy Scotland

Al.3 Oscillating Water Column
Schematic of Selected Failure Modes Possible Structural Failure Modes Governing Failure Vode? Relevant DLCs
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ULS environmental loads (wave slamming, wind, currents, tidal effe

ALS loads (vessel/ice impact, tsunaseijs miceffects)

Transportation (if relevant) and installation loads
Marine growth

Flooding

Turbine/ controller failure

FLS environment loads (wave, wind, currents)

Stress concentration around geometric discontinuity

Turbing controllerinduced excitation
Corrosion

Scouring

Marine activity

Interface between dis similar materials
Sudden change in temperature

Buoyancysystemfailure (ifelevany

ULS environmental loads (wave slamming/slapping/snatching, obli

waves/ wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunaswijs miceffects)

Transportation (if relevant) and installation loads

Material andSectiordis continuity at composite joints

Marine growth
FLS environment loads (wave, wind, currents)

Stress concentration around geometric dis continuity

Turbiné controllerinduced excitation

Any other excitation of global resonance modes
Corrosion

Scouring

Marine activity

Interface between dissimilar materials

Sudden change in temperature
Buoyancysystemfailure
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3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

2: Component Failure

2: Component Failure

2: Component Failure

2: Component Failure

1x 2.x 3.% 4.x 5X
6.x 7.X, 9.x, 10.x

9.1,9.2, 93
10.3, 10.6

8.X

1.6

103, 10.6

21,22,23

11,15,23,92

6.4, 7.3

1.1,15,23,92

1.6, 6., 7.x9.x 10.x

1.6, 6. 7.x, 9.x, 10.x

8.% 9.x

2.% 5. 9.x 10.x

2% 5% 9.x 10.x

10.x

1x 2.x 3. 4.% 5x
6.

X 7.% 9. 10.x
9.

1,92,93
10.3, 10.6

8.x

6.1, 6.2, 6.3
71,72

1.6

11,15,23,92

6.4, 7.3

11,15,23,92

8.4

1.6, 6., 7.x, 9.x, 10.x

1.6, 6., 7.x, 9.x, 10.x

8.X, 9.x

2., 5.x 9.x 10.x

2. 5. 9.x 10.x

10.x
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Schematic of Selected Failure Modes
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Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

ULS environmental loads (wave slamming, oblique waves/wind,
currents, tidal effects)

ALS loads (vessel/ice impact, tsunassijs miceffects, seabed instabili
Transportation and installation loads
Material andSectiordis continuity at composite joints

Marine growth

Mooring connection failure

FLS environmental loads (wave, wind, currents)
Stress concentration around geometric discontinuity
Turbin€ controllerinduced excitation

Mooring load induced excitation

Extreme loads for all causes listed under high cycle fatigue that ma
to plastic response

Transportation and installation loads
Vortex induced vibrations

Corrosion

Scouring

Marineactivity

Interface between dissimilar materials
Sudden change in temperature
Buoyancysystemfailure
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3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Definitely

2: Component Failure

2: Component Failure

2: ComponenFailure

2: Component Failure

2: Component Failure

1.x 2. 3. 4. 5X
6.x 7.x, 9.x, 10.x

91,92 93
10.3, 10.6

8.x

6.1, 6.2, 6.3
71,72

1.6

10.2, 10.5

1.1,15,23,92

6.4, 7.3

1.1,15,23,92

11,15,23,9.2

31,41,42,92

8.X

10.1, 10.4

1.6, 6. 7.X, 9.x, 10.x

1.6, 6.x, 7.% 9.x 10.x

8. 9.X

2.x 5. 9.x 10.x

2% 5% 9. 10.x

10.x




Al.4 BulgeWave

Failure Location

A: Cable to tube connection

Wave Energy Scotland

Schematic of Selected Failure Modes
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Structural Forcesand Stresses for Wave Energy Devices- Landscaping Study

ULS environmental loads (wave slamming, wind, currents, tidal effec

ALS loads (vessel/ice impact, tsunaseijs miceffects)
Transportation and installation loads
Material andSectiordis continuity at composite joints

Marine growth

Survivability mode failure

Inertial loading from hydrodynamic loading on turbine
FLS environment loads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonannedes
Corrosion

Scouring

Marine activity

Interface between dissimilar materials

Sudden change temperature

ULS environmentalloads (wave slamming, wind, currents, tidal effec

ALS loads (vessel/ice impact, tsunasijs miceffects)

Transportation and installation loads
Transientsnatchloadsin cable systems

Material andSectiordis continuity at composite joints

Survivability mode failure

Marine growth

FLS environment loads (wave, wind, currents)
Stress concentration around geometric dis continuity
Turbine induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes

Extreme loads for all causes listed under high cycle fatigue that may
plastic response

Transportation and installation loads
Vortex induced vibrations

Corrosion

Scouring

Marine activity

Interface between dissimilar materials
Sudden change in temperature
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3: Definitely

3: Definitely

2: Likely

3: Definitely

3: Definitely

1: Possibly

2: Likely

: Machine Failure

: Machine Failure

: Machine Failure

: Machine Failure

: Machine Failure

: Machine Failure

: Machine Failure

Possible Structural Failure Modes Governing Failure Mode? Relevant DLCs

1x 2% 3.% 4.% 5X
6. 7.x, 9.x, 10.x

9.1,9.2,93
10.3, 10.6

8.X

6.1, 6.2, 6.3
71,72

1.6

6.2, 7.2

2. 4. 5.1

1.1,15,23,92

6.4, 7.3

11,15,23,92

1.1,15,23,9.2

8.4

1.6, 6. 7.x 9x 10X

1.6, 6. 7. 9.x 10.x

8. 9.X

2.x 5. 9.x 10.x

2. 5. 9.x 10.x

1x 2. 3. 4.x 5X
6.x 7.x, 9.x, 10.x

91,92, 93
10.3, 10.6

8.x

2% 5. 9.x 10.x

6.1, 6.2, 6.3
71,72

6.2, 7.2

1.6

1.1,15,23,92

6.4, 7.3

11,15,23,92

11,15,23,92

8.4

31,41,42,92

8.X

10.1, 10.4

1.6, 6., 7.x, 9.x, 10.x

1.6, 6.%, 7.x, 9.x10.x

8.X 9.x

2.x 5. 9.x 10.x

2% 5. 9.x 10.x
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Failure Location Schematic of Selected Failure Modes Possible Structural Failure Modes Governing Failure Mode? Relevant DLCs
Base ULS environmental loads (wave slamming, wind, currents, tidal effec b 206 B 6 o

Strength/ Material Loss Failure

Pressure
bulge
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fatigue
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Base Sea bed

Material Loss
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ALS loads (vessel/ice impact, tsunaswijs miceffects, seabed instability

3: Definitely

Transportation and installation loads

Incorrect assessment of mechanical properties of soil
Marine growth

Ballast failure

Seabed anchor failure

FLS environmental loads (wave, wind, currents)
Stress concentration around geometric discontinuity
Mooring load induced excitation

Any other excitation of global resonance modes
Corrosion

Scouring

Marine activity

Interface between dissimilar materials

Sudden change in temperature

Ballast failure

Seabed anchor failure

2: Likely

1: Possibly

2: Likely
ULS environmental loads (wave slamming, wind, currents, tidal effec

ALS loads (vessel/ice impact, ts unaswijs miceffects)

Transportatiomnd installation loads
Transientsnatchloads in cable systems

Marine growth

Mooring connection failure

Seabed anchor failure

FLS environmental loadgave, wind, currents)
Stress concentration around geometric discontinuity
Turbine induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes

BExtreme loads for all causes listed under high cycle fatigue that may
plastic response

Transportation and installatidmads
Vortex induced vibrations
Corrosion

Scouring

Marine activity

Sudden change in temperature

3: Definitely

3: Definitely

2: Likely

1: Possibly
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3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

6.x, 7., 9.x, 10.x

9.1,9.2,93
10.3, 10.6

9.4

1.6

10.3, 10.6

10.1, 10.4

11,15,23,9.2

6.4, 7.3

11,15,23 92

8.4

1.6, 6. 7.X 9.x, 10.X

1.6, 6. 7.X 9.x, 10.x

8.% 9.x

2. 5. 9.x 10.x

2. 5. 9.x, 10.x

10.3, 10.6

10.2, 10.5

1.x 2. 3. 4% 5X
6. 7.X, 9.x, 10.X

9.1,9.2,93
10.3, 10.6

8.X

2.% 5% 9.x 10.x

1.6

10.2, 10.5

10.1, 10.4

11,15,23,9.2

6.4, 7.3

11,15,23,92

11,15,23,92

8.4

31,41,42,92

8.x

10.1, 10.4

1.6, 6.x, 7.%, 9.x, 10.x

1.6, 6. 7.x, 9.x, 10.X

8. 9.X

2.% 5.%,9.x, 10.x
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Failure Location Schematic of Selected Failure Modes Possible Structural Failure Modes Gowverning Failure Mode? Relevant DLCs
. : . . 1x 2.X 3. 4.% 5X
- - ULS environmentalloads (wave slamming, wind, currents, ¢iffiedts)

Rubber Tube Strength and Fatigue Failure 6.x 7.x 9.x 10.x
Pressure ALS loads (vessel/ice impact, tsunasijs miceffects, seabed instability 91%) 3?'?.’0963
bulge e

Turbine - .
Strength 3: Definitely 2: Component Failure
Damaged/fatigued Transportation and installation loads 8.x
rubber tube
Pole
Base Sea bed
Base Sea bed
. 1x 2.X 3. 4.% 5X
Failuredue to large bulge pressure 6x 7X 9x 10X
Transientsnatchloads in cable systems 2% 5% 9.x 10.x
Mooring connection failure 10.2, 10.5
Survivability mode failure 6.2, 7.2
FLS environmental loads (wave, wind, currents) 11,15,23,92
. . Stress concentration around geometric dis continuity e . . 6.4, 7.3
Fatigue- high cycle PTO induced excitation 3: Definitely 2: Component Failure 11,15 23 92
Mooring load induced excitation 11,15, 2.3,9.2
Corrosion 1.6, 6.X, 7.% 9. 10.x
Scouring 1.6, 6.x, 7.%, 9.x, 10.X
Material Loss Marine activity 1: Possibly 2: Component Failure 8.x 9.x
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Interface between dissimilar materials
Sudden change temperature
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2. 5. 9.x, 10.x

2.x 5. 9.x 10.x
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Interface between dissimilar materials
Sudden change in temperature
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Al.5 Attenuator
ULS environmentdbads (wave slamming, oblique waves/wind, curre 1x 2% 3. 4.% 5x
Strength Failure tidal effects) 6. 7% 9x 10.x
ALS loads (vessel/ice impact, ts unasaijs miceffects) 91%):? 210963
Locked hinge Transportation anthstallation loads 8.x
Transientsnatchloads in cable systems 2% 5. 9. 10.x
f Float Strength Joint seizure leading to machine parking 3: Definitel 3: Machine FEalil BB an
Hinge Connection ) [ Mooring e I - Machine Faiure Ty T2
. ] § N . - . L 6.1, 6.2, 6.3
Hinge Connection ({_ﬁ__ — Material andSectiordis continuity at composite joints 71,72
| Marinegrowth 1.6
I_\__I [ Base PTO/ controller failure 21,22 23
Float Sea bed Mooring connection failure 10.2, 10.5
P . Seabed anchor failure 10.1, 10.4
) g Mooring Strength Failure (plan view) FLS environment loads (wave, wind, currents) 11,1523,9.2
— — Stress concentration around geometric dis continuity 6.4, 7.3
( ] ) . Fatigue- high cycle PTO induced excitation 3: Definitely 3: Machine Failure 1.1,15,23,9.2
Iil / Hinge experiences Mooring load induced excitation 11,15, 23,92
[ Base twisting force Any other excitation of global resonance modes 8.4
Sea bed | ./‘ | Extreme loads for all causes listed under high cycle fatigue that may 31 41 42 9.2
LG Fatigue- low cycle plastic response 1: Possibly 3: Machine Failure oo e
Transportation and installation loads 8.x
//)bli‘lue Float Corrosion 1.6, 6% 7.% 9.% 10.X
wave Scouring 1.6, 6.x, 7.x, 9.x, 10.X
Material Loss Marine activity 2: Likely 3: Machine Failure 8., 9.x
Interface between dissimilar materials 2 5. 9.x 10.x
Sudden change in temperature 2% 5% 9. 10.x
ULS environmental loads (wave slamming, oblique waves/wind, cur 1x 2.x 3. 4. 5.x
tidal effects) 6.x, 7.% 9. 10.x
ALS loads (vessel/ice impact, tsunaseijs miceffects) <L B B
10.3, 10.6
Transportation and installation loads 8.x
- - Joint sei leading t hi i 6.1, 6.2, 6.3
Mooring connection Strength Failure Strength S s LR e L 3: Definitely 2: Component Failure 71,72
- Material andSectiordis continuity at composite joints o, B2 B0
— Vessel/lce 71,72
; Marine growth 1.6
4 s (_Waxe PTO/ controller failure 21,22,23
Mooring ‘;4‘ wind Mooring connection failure 10.2, 10.5
\ f N \ f Seabed anchor failure 10.1, 10.4
J k connection ) k FLS environment loads (wave, wind, currents) 11, 15,23, 9.2
r - ( i w Fatigue- high cycle gfl[gsizgsggznet:itgz;:ouyebmetrlc 2 CouNiy 3: Definitely 2: Component Failure 11, i45 72?3 92
Iﬁl Base IJ'__I |:’| Rase Any other excitation of global _resonance mgdes . 8.4
Sea bed Extreme loads forall causes listed under high cycle fatigue thatmay 31 41 42 9.2
Sea bed Fatigue- low cycle plasticresponse 1: Possibly 2: Component Failure o
Transportation and installation loads 8.x
Corrosion 1.6, 6.x, 7.x, 9.x 10.
Scouring 1.6, 6. 7.% 9.% 10.X
Material Loss Marine activity 2: Likely 2: Component Failure 8.% 9.x

2. 5. 9.x 10.x

2.% 5.x 9.x, 10.x
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Failure Location Schematic of Selected Failure Modes Possible Structural Failure Modes Governing Failure Mode? Relevant DLCs
- ULS environmental loads (wave slamming, oblique waves/wind, cur 1x 2.x 3. 4. 5.x
Strength Failure tidal effects) 6.% 7.% 9x 10.x
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Material Loss
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Material Loss
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ALS loads (vessel/ice impact, tsunaseijs miceffects)

Transportation and installation loads
Transientsnatch loads in cable systems

Joint seizure leading to machine parking <L Dy

Material andSectiordis continuity at composite joints

Marine growth

PTO/ controller failure

Seabed anchor failure

FLS environment loads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonannedes

Extreme loads for all causes listed under high cycle fatigue thatmay
plastic response

Transportation and installation loads
Vortex inducedibrations

Corrosion

Scouring

Marine activity 2: Likely
Interface between dissimilar materials

Sudden change in temperature

ULS environmental loads (wave slamming, oblique waves/wind, cur
tidal effects)

3: Definitely

1: Possibly

ALS loads (vessel/ice impact, tsunasrijs miceffects, seabed instability

Transportation and installation loads

Incorrect assessment of mechanical properties of soil

Marine growth

Buoyancy systemfailure

Mooring connection failure

Seabed anchor failure

FLS environmentalloads (wave, wind, currents)
Stressconcentration around geometric discontinuity

PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes

Extreme load$or all causes listed under high cycle fatigue thatmay le
plastic response

Transportation and installation loads

Vortex induced vibrations

Corrosion

Scouring

Marine activity 2: Likely
Interface between dissimilar materials

Sudden change in temperature

3: Definitely

3: Definitely

2: Likely
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3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

91,92, 93
10.3, 10.6

8.X

2. 5. 9.x 10.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,22,23

10.1, 104

11,15,23,92

6.4, 7.3

11,15,23,92

1.1,15,23,92

8.4

31,41,42,92

8.X

10.1, 104

1.6, 6.x, 7.x, 9.x, 10.x

1.6, 6.%, 7. 9.x, 10.X

8.X, 9.x

2.x, 5.x, 9.x, 10.x

2% 5. 9.x 10.x

1.x 2. 3.% 4.x 5.X
6.x, 7.%, 9.x, 10.x

91,92, 93
10.3, 10.6

8.X

9.4

1.6

10.x

10.2, 10.5

10.1, 10.4

11,15,23,92

6.4, 7.3

11,15,23,92

11,15,23,92

8.4

31,41,42,92

8.x

10.1, 10.4

1.6, 6.x, 7.x, 9.x, 10.X

1.6, 6.x, 7.x 9.x 10.

8.x, 9.X

2.% 5. 9.x 10.x

2.% 5% 9. 10.x
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Al.6 Submerged Pressure Differential
Schematic of Selected Failure Modes Possible Structural Failure Modes Governing Failure Mode?

A: Base connection

I ——Float
| Shaft+PTO
tether
PTO
A
Base
Sea bed

Strength and Fatigue Failure

A,
*
s

e

Wave/
wind
Strength

Sea bed

Material Loss

Fatigue- high cycle

Fatigue- low cycle

(©

cour )
Corrosion Material Loss

Sea bed
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ULS environmental loads (wagé&amming, wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunami, seisemic effects)

Transportation and installation loads
Transientsnatchloadsin cable systems

Joint seizure leading to machine parking 3: Definitely
Material andSectiordis continuity at composite joints
Marine growth
PTOl/controller failure
Mooring connection failure
Seabed anchor failure
FLS environment loads (wave, wind, currents)
Stressconcentration around geometric dis continuity
PTO induced excitation 3: Definitely
Mooring load induced excitation
Any other excitation of globalresonance modes
Extreme load$or all causes listed under high cycle fatigue that may leac
plastic response .
Transportation and installation loads - PeEslily
Vortex induced vibrations
Corrosion
Scouring
Marine activity 2: Likely
Interface between dissimilar materials
Sudden change in temperature
ULS environmental loads (wave slamming, wind, currents, tidal effects,
ALS loads (vessel/ice impact, tsunami, seisemic effects)
Transportation and installation loads
Joint seizure leading to machine parking .
3: Definitely
Material andSectiordis continuity at composite joints
Marine growth
PTO/ controller failure
Mooring connection failure
Seabed anchor failure
FLS environment loads (wave, wind, currents)
Stress concentration around geometiscontinuity
PTO induced excitation 3: Definitely
Mooring load induced excitation
Any other excitation of globalresonance modes
BExtreme loads for all causes listed urtdgh cycle fatigue thatmay lead tc
plastic response .
Transportation and installation loads s Pl
Vortex induced vibrations
Corrosion
Scouring
Marine activity 2: Likely

Interface between dis similar materials
Sudden change in temperature
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3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

1.x 2.x 3. 4% 5X
6.x 7.X 9.x, 10.x

9.1,9.2, 93
10.3, 10.6

8.X

2.x, 5.x 9.x, 10.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,2223

10.2, 10.5

10.1, 10.4

1.1,15,23,9.2

6.4, 7.3

1.1,15,23,9.2

11,15,23,9.2

8.4

31,41,42,92

8.X

10.1, 10.4

1.6, 6., 7.x, 9.x, 10.x

1.6, 6., 7.x, 9.x, 10.x

8. 9.x

2.%, 5.x 9.x, 10.x

2. 5. 9.x 10.x

1.x 2. 3. 4.x 5Xx
6.x, 7.%, 9.x, 10.x

9.1, 9.2, 93
10.3, 10.6

8.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,22,23

10.2, 10.5

10.1, 10.4

1.1,15,23,92

6.4, 7.3

11,15,23,92

11,15,23,9.2

84

31,41,42,92

8.x

10.1, 10.4

1.6,6.% 7.x 9.x, 10.X

1.6, 6., 7., 9.x, 10.x

8. 9.x

2. 5. 9.x 10.x

2.x, 5. 9.x, 10.x




C: PTO to float connection

I ——Float
____ Shaft+PTO
tether
PTO
Base
Sea bed
Base
I ——Float
___ Shaft+PTO
tether
PTO —
Base
Sea bed
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ULS environmentalloads (wave slamming, wind, currents, tidal effects]

ALS loads (vessel/ice impact, tsunami, seisemic effects)

Transportation and installation loads
Transientsnatchloads in cable systems

Joint seizure leading toachine parking

Material andSectiordis continuity at composite joints

Marine growth

PTO/ controller failure

Mooring connection failure

Seabed anchéailure

Survivability mode failure

FLS environment loads (wave, wind, currents)
Stress concentration around geometric dis continuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes
Extreme loads for all causes listed under high cycle fatigue thaéayo
plastic response

Transportation and installation loads

Vortex induced vibrations

Corrosion

Scouring

Marine activity

Interface between dissimilar materials

Sudden change in temperature

ULS environmentalloads (wave slamming, wind, curreialal effects)

ALS loads (vessel/ice impact, tsunami, seisemic effects, seabedinstak

Transportation and installation loads

Incorrect assessment of mechanical properties of soil
Marine growth

Ballast failure

Mooring connection failure

Seabed anchor failure

FLS environmental loads (waweind, currents)
Stress concentration around geometric dis continuity
PTO induced excitation

Mooring load induced excitation

Any otherexcitation of global resonance modes
Corrosion

Scouring

Marine activity

Interface between dis similar materials

Sudden change in temperature

Seabed anchor failure

Ballast failure
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3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Definitely

1: Possibly

2: Likely

2: Likely

2: Component Failure

2: Component Failure

2: Component Failure

2: Component Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

3: Machine Failure

1x 2. 3. 4% 5X
6.x, 7., 9.x, 10.x

91,92, 93
10.3, 10.6

8.X

2. 5. 9.x 10.x

6.1, 6.2, 6.3
71,72

6.1, 6.2, 6.3
71,72

1.6

21,22,23

10.2, 10.5

10.1, 10.4

6.2,7.2

1.1,15,23,9.2

6.4, 7.3

1.1,15,23,9.2

1.1,15,23,92

8.4

31,41,42,92

8.X

10.1, 10.4

1.6, 6. 7.% 9.x, 10.x

1.6, 6.x, 7.%, 9.x, 10.x

8.X 9.x

2., 5. 9.x, 10.x

2. 5. 9.x 10.x

1.x 2. 3. 4.x 5x
6.x, 7.x, 9.x, 10.x

9.1, 9.2, 93
10.3, 10.6

8.x

9.4

1.6

10.3, 10.6

10.2, 10.5

10.1, 10.4

11,15,23,9.2

6.4, 7.3

11,15,23,92

11,15,23,9.2

8.4

1.6, 6. 7.X, 9.x, 10.X

1.6, 6., 7.x, 9.x, 10.x

8.X, 9.x

2.% 5.% 9.x,10.x

2.% 5. 9.x, 10.x

10.2, 10.5

10.3, 10.6
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ULS environmentalloads (wave slamming, wind, currents, tidal effects]

ALS loads (vessel/icenpact, tsunami, seisemic effects)

Transportation and installation loads
Transientsnatchloads in cable systems

Marine growth

PTO/ controller failure

Mooringconnection failure

Seabed anchor failure

FLS environmental loads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooring loadinduced excitation

Any other excitation of global resonance modes
Extreme loads for all causes listed under high cycle fatlyatenay lead to
plastic response

Transportation and installation loads

Vortex induced vibrations

Corrosion

Scouring

Marine activity

Sudden change in temperature

ULS environmental loads (wave slamming, wind, currents, tidal effects)

ALS loads (vessel/ice impact, tsunami, seisemic effects)

Transportation and installation loads
Transientsnatchloads in cable systems
Marinegrowth

PTO/ controller failure

Mooring connection failure

Seabed anchor failure

FLS environmental loads (wave, wind, currents)
Stress concentration around geometric discontinuity
PTO induced excitation

Mooring load induced excitation

Any other excitation of global resonance modes
Corrosion

Scouring

Marine activity

Sudden change in temperature
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3: Definitely

3: Definitely

1: Possibly

2: Likely

3: Definitely

3: Definitely

2: Likely

: Component Failure

: Component Failure

: Component Failure

: Component Failure

: Component Failure

: Component Failure

: Component Failure

1x 2. 3. 4% 5X
6.x 7.x, 9.x, 10.x

91,92, 93
10.3, 10.6

8.X

2. 5. 9.x 10.x

1.6

21,22,23

10.2, 10.5

10.1, 10.4

11,15,23,92

6.4, 7.3

11,15,23,9.2

1.1,15,23,92

8.4

31,41,42,92

8.X

10.1, 10.4

1.6, 6.% 7. 9.X10.x

1.6, 6.x 7.% 9.x 10.x

8. 9.X

2.x 5. 9.x 10.x

1.x 2% 3.% 4. 5X
6. 7.X, 9.x, 10.X

9.1,9.2, 93
10.3, 10.6

8.X

2% 5x 9. 10.x

1.6

21,22,23

10.2, 10.5

10.1, 10.4

11,1523, 9.2

6.4,7.3

1.1,15,23,92

11,15,23,92

8.4

1.6, 6., 7.x, 9.x, 10.x

1.6, 6. 7.X 9.x, 10.X

8.X 9.x

2. 5. 9.x, 10.x
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Al.7 Overtopping

Failure Location Schematic of Selected Failure Modes Possible S'\/tlglé‘(::ral e Gowerning Failure Mode? Relevant DLCs

ULS environmentalloads (wave slamming, wind, currents, tidal effects) o0 Ziahng A S

R - 6.x 7.% 9.x 10.x
esServoir - . T 9.1,9.2,93
Strength Failure Strength ALS loads (vessel/ice impact, tsunaseijs mieffects) 3: Definitely 2 MEEhTiE e 10.3, 10.6
Transportation and installation loads 8.X
Reservoir Marine growth 1.6
; Turbine failure 2.1,22,23
FLS environment loads (wave, wind, currents) 1.1,15,23,92
Fatigue- high cycle Stress concentration around geometric discontinuity 1: Possibly 3: Machine Failure 6.4, 7.3
Turbine induced excitation 11,15,23,92
Corrosion 1.6, 6.x, 7.%, 9.x, 10.X
Scouring 1.6, 6. 7.% 9.% 10.x
Failed turbine, Material Loss Marine activity 1: Possibly 3: Machine Failure 8.x 9.X
seized/ misaligned Interface between dissimilar materials 2 5.x 9.x 10.x
Sudden change in temperature 2. 5.x 9.x 10.x
. Buoyancysystemfailure i . . . 10.3, 10.6
Stability Mooring connection failure 2: Likely 3: Machine Failure 102, 105
ULS environmentalloads (wave slamming/slapping/snatching, oblique w 1x 2.x 3. 4.x 5.x
wind, currents, tidal effects) 6.% 7.% 9.x 10.x
Ramp ) , oy — o L e ) ; 9.1,92 93
Strength/ Stability Failure Strength ALS loads (vessel/ice impact, tsunaseijs miceffects) 3: Definitely 2: Component Failure 103, 10.6
Transportation and installation loads 8.X
Reservoir Marine g.rowth . 1.6
Lo ::Slannmng FLS environment !oadsvave,wmd, cu.rrer?ts) o 1.1, 15, 23,92
Rammp / > - ‘ waves’ Fatigue- high cycle igfbsi:ec;r&zeg;axgt;g;nd geometric discontinuity 1: Possibly 2: Component Failure 11, 6145’ 723‘,;, 92
. Any other excitation of global resonance modes 8.4
Vessellee Corrosion 1.6, 6. 7., 9.x, 10.x
Scouring 1.6, 6.x, 7.% 9.x 10.X
Material Loss Marine activity 1: Possibly 2: Component Failure 8. 9.X
. Interface between dissimilar materials 2.X, 5% 9.x 10.x
Turbine Sudden change in temperature 2.%, 5% 9.x, 10.x
- Buoyancy systemfailure L ) . . 10.3, 10.6
Stability Mooring connection failure 2: Likely 3: Machine Failure 102, 105
ULS environmentalloads (wave slamming, oblique waves/wind, current 1x 2% 3. 4.% 5x
effects) 6.%, 7.% 9.x 10.X
Strength ALS loads (vessellice impact, tsunaswijs miceffects, seabed instability) 3: Definitely 2: Component Failure 91%)‘?? 21’0963
Reflector - Transportation and installation loads 8.x
S‘rl‘ength Failure Mooring connection failure 10.2, 10.5
Reflector ] ‘ FLS environmental loads (wave, wind, currents) 11, 15,23,92
4 <\< Turbine Oblique i . Stress concentration around geometric dis continuity e . ; 6.4, 7.3
/ LT Fatigue- high cycle Turbine induced excitation 3: Definitely 2: Component Failure 11 15 23,92
1 ' Mooring loadinduced excitation 11,15,23,92
Up to ~ L Eigrsetgerelgggrs‘sfgrall causes listed under high cycle fatigue thatmay lea 31,41, 42, 92
390m Rt Fatigue- low cycle Transportation anidstallation loads 2: Likely 2: Component Failure 8.x
1 N | ) ~ Vortex ?nduced vibrations 10.1, 104
/ Slammifig Corrosion 1.6, 6.x 7. 9.x 10.x
. waves Scouring 1.6, 6. 7.x, 9.x 10.x
v Reservoir Material Loss Marine activity 1: Possibly 2: Component Failure 8., 9.
Interface between dissimilematerials 2 5. 9.x 10.x
Sudden change in temperature 2% 5. 9. 10.x
Stability 3%%{;‘;?:::;;;::;;&8 3: Definitely 2: Component Failure 182‘ igg
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