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OWA DONISIS Interim Workshop CARBON

TRUST

Raise awareness, build confidence, and accelerate the adoption of advanced seismic
design methods for monopile supported offshore wind turbines.

Time 45D

08:30 — 09:00
09:00 - 09:30
09:30 - 10:30

10:30 — 10:45

10:45 - 12:30

12:30 - 13:30

13:30 - 15:30

15:30 — 15:45

15:45-17:15

Registration
Opening Remarks

Setting the Scene: Why DONISIS Is Needed and Current Practice

Coffee break

DONISIS Technical Work: Project Overview & Applicability
Centrifuge test results and numerical modelling

Lunch break

Panel Session 1: Certification Roundtable
Translating DONISIS Research into Standards & Guidance

Coffee break

Panel Session 2: Bridging The Gap Between Industry & Academia
Current Gaps, Industry Needs & Future Direction
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OWA DONISIS INTERIM WORKSHOP

Carbon Trust

Christina Starost
Associate, Offshore Renewables
Carbon Trust




Our mission is to accelerate the move to a decarbonised future careon =N

OFFZHORE WIND

TRUST i
offices supporting

clients across 5
continents

400+

experts and consultants

20

years of experience in .
sustainability consultancy E - ) [

Team (UK, Netherlands, Mexico

Carbon Trust’s Offshore Wind
and Singapore)




Focus Industries

Offshore Wind - Fixed
Offshore Wind - Floating
Offshore Energy Integration
Maritime Decarbonisation
Marine Energy

Hydrogen
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Collaboration

We are global leading experts in
delivering large scale RD&D and
collaboration programmes, with a
track record of delivering real cost
reductions.

o Programme Design & Set up

Programme Management

o Stakeholder Mapping &
Engagement

o Capacity Building and
Knowledge Management

o

Research & Insight

Over a decade of experience
delivering market insights

to international organisations to
aid in their market & industry
knowledge, analysis and feed
into strategic expansion plans.

Market Insight

o Policy, Technology, Strategy &
Innovation Review

o Energy Systems & Future

Energy Analysis

Environmental & Social Analysis

LCOE Modelling for Innovation

o Infrastructure and Logistical

Reviews

[¢]
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Strategic Advice

We provide strategic policy and
market support, cost reduction
and economic development, and
deliver insights into technology
and industry progress to help
understand market gaps and
evaluate solutions.

o Innovation Needs Assessment

Technology Guidance

o Policy Design &
Recommendations

o Supply Chain Enablement

o Skills & Workforce Development
Site Selection, Auction and
Subsidy Support

o Scenario Planning

(0]



Carbon Trust’s Programmes

h

The Offshore Wind Accelerator (OWA) —

Carbon Trust’s flagship collaborative RD&D programme for
bottom-fixed offshore wind.

The Offshore Renewables JIP (ORJIP)

Offshore Renewables JIP aims to reduce consenting and
environmental risks for offshore projects.

The Floating Wind JIP (FLW JIP)

The Floating Wind JIP Overcomes challenges and advance
opportunities for commercial scale floating wind

The Integrator

The Integrator is designed to examine the interplay
between offshore wind, existing infrastructure, and other
technologies to highlight opportunities for innovation
investment.

Sustainability JIP (SUS JIP)

The Sustainability JIP mission is to decarbonise future
fixed and floating offshore wind farms, to support the

transition to a net-zero OSW industry. -
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Carbon Trust’s Large-Scale Joint Industry Projects (JIPs)

[ N\

ome projects “spin out” of our
core programmes, because:

. Require larger investments.

*  Only a subset of programme
partners may be interested.

«  They involve external
partners and/or public
funding.

The programme partners (and
third parties) can join these at
their discretion. We therefore

refer to them as “Discretionary

Projects”.

e Carbon Trust has set up and
run 25 DPs.

¢ Total budget: >£43million

& Public funding: >£11 miIIion/
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Asscssment of single sided welds
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Future of Atay Cable Testing

Hi-VAS Phase 2
Highvaoltage
stems

HI-VAS Phage 3
Highvaliage
amay systems

INCENTIVE

Innavative Contrel and
Energy Storage for Ancillary
Senices in Oftshore Wing

SIFBLADE
Black start demonstration

Blueprint
Constraint reduction on
vlectricity networks

Offshore Wind Resources
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Scaling offshore wind in seismic markets

Rapid growth is concentrated in earthquake-prone regions, creating new design and

cost challenges

Market ambition

Offshore wind design
approaches are rooted in
North Sea conditions, not
seismic loading

Limited guidance and
experience in seismic design
for monopile foundations

o J\

C#?UESDTN DFW

Implications for
projects

« Japan scaling rapidly: 30—
45 GW by 2040, with
offshore wind expansion
accelerating across APAC
Pacific coast markets

Seismic exposure in
earthquake-prone
regions

I

High uncertainty leads to
conservative designs (heavier/more
complex foundations)

Drives higher cost, risk, and potential
delays

Can undermine project viability in
new markets



Offshore wind development in APAC

Challenges for developers

Seismic uncertainty is driving conservative
and costly foundation design.

Lack of proven methods for monopiles in
seismic and liquefiable soil conditions
increases project risk.

Excessive conservatism can undermine
project viability in new offshore wind
markets.

Collaboration is essential to tackle complex
uncertainties, reduce risk, and accelerate cost-
effective innovation to meet ambitions offshore
wind targets.

e
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Why DONISIS matters CARBON | = ™

. . . . . . . i TRUST
Unlocking offshore wind development in seismic active regions Unlocking value e
seismic regions with resilient,

durable and cost-effective \ —

offshore wind turbines. /‘\

Supports expansion into

N\

De-risking design

Better understanding of seismic
soil-monopile behaviour reduces
uncertainty and improves design
confidence.

Optimising cost & efficiency

Minimises overdesign, steel use
and damage risk through
advanced analysis and testing. \
-l

ps

Enabling industry adoption

Delivers best practice, design
guidance and alignment with
certification and standards.

11
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PTOjECt timeline CARBON

OFFIHTRE WIND

TRUST S————
_________________________ \
Set-up phase Project kick-off Half-way point Project end

» Consortium set-up and » Successfully secured funding  Interim workshop with + Final summary report and

stakeholder engagement from Dutch NOW presentation of initial findings design guidelines to be
+ Identifying public funding * Kick-off with 19 parties » Collating feedback from published

sources » Research activities start at TU industry and academia to * Close-out workshop in Delft,
» Development of technical scope Delft and ETHZ Zurich further calibrate guidelines Netherlands

technical reviewers and follow-on work, e.g., floating-

|
|
|
|
1
|
|
|
|
|
1
|
|
+ Identifying independent I + Starting discussions around
|
|
certification bodies I specific case
|
|
|
|
|
1
|
|
|
|

2026
INTERNATIONAL PUBLIC & PRIVATE CERTIFICATION TIMEFRAME:
COLLABORATION FUNDING BODIES GROUP 5 years

Engagement with
certification bodies to

-y
= & MN¥O increase the acceptance
e and support the

E dissemination of results
- Industry )

= match funding leading to a @ ‘.FE['_, Tangible intermediate

—— project value of over €2m == Yo results in 2.0 years




Offshore Engineering
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Evangelos Kementzetzidis
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The Netherlands
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Delft University of Technology
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since 1842
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Civil Engineering and Geosciences
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A Leading University in Engineering
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Facts and Figures

Faculties

Students

Employees

Professors

PhD researchers

8

~ 26,500

~7,500

~1,400

~2,300

19

DONISIS Workshop | Yokohama, Japan



From W1ndm1 1s to Offshore Wind

BEDHFELRDA

Enabled by Dutch leadership in hydraulic, geotechnical and offshore engineering
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A mature industry—academia ecosystem
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Part of the Universities &

Dutch Offshore research institutes
Industry
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Research on Offshore Monoplles
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Why DONISIS?
7€' DONISISH D A ?

* Offshore wind is expanding into seismically active regions.

* Countries such as Japan, Taiwan, South Korea and Vietnam combine major offshore wind potential with significant
earthquake hazard.

* Inthe APAC region, monopiles are attractive foundation solutions, but their use requires reliable assessment of seismic
soil-structure interaction (SSl).

© FERAREE, MEFBOFRGHBALLRLTVET,
BAR, 8L, BEH, NN FLGEDEATE, REGELERART U vILEGWMIENYT — FARFELTULE
.a—
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*E_FLﬂsﬁﬁ (SS') %L:*EI‘ = n:Hﬁj_é — & h\T_J-k_Cj_o
— ":: G T Based on the 4C Offshore database...
> 2 g - g . $‘M" _. EEEEEEEEEEEEEEE e : = o
%f % -2 (_V._"'::::_\:.?“. e ‘t:jf ;‘r‘ i - = L \k
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- - ima, Japan 23
Global Earthquake Model Foundation (2023). GEM Global Seismic Hazard
Map, version 2023.1. https://doi.org/10.5281/zenodo.8409534



https://doi.org/10.5281/zenodo.8409534

Adapting Offshore Wind Technology to APAC
F EERE A D T 2 7 K FHIEA DE

From North Sea Wind—Wave Design to APAC Seismic Loading

LBOR - FREREHNST OFATFEMBOMBEREA

Monopile design requirements:

W

i Targeted lateral stiffness
yar * Control of foundation—OWT tilt within acceptable limits

Current offshore wind design philosophies are strongly rooted in North Sea experience where — wind
wave loading dominate.

So, how does one design monopiles to withstand earthquakes? This is DONISIS.

:—m:wn-t'- £/ /f*{)lx%ﬁ%[i\ l&l‘F’éfﬁT:"?’J: 5 (\an-l-—é-;h'é
« MEITKFERIMEDHESR
Resiie CHBREERAZ—EVDEMEHREERNICZ S &

RADFLENFZABRT, XBTORRICECEINTHEY., ZCTREIMAGAE - K
RICKDBR LFEEBIHAGRAA R FARHAEBEXE L TS,

TlE, MERICLDECBIMEZHERL., EFELQUKRAEREH C=HIZ, £/ /30 LIEF
EDFSITHRFTREN?

ZhhHDONISISTH B,

Figure from Bhattacharya et al. (2021)

24
DONISIS Workshop | Yokohama, Japan



Setting the Scene:

Why DONISIS Is Needed and Current Practice

Ranea Rafanan
Foundation Engineer
EDF Power Solutions Japan K.K

Dr. Cheng-Hsien Chung
Director

Marine Industrial Department, Ship and
Ocean Industries R&D Centre Taiwan

pmip—
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CARBQN
TRUST

Yiorgos Perikleous
Principal Geotechnical Engineer
DNV

Dr. Federico Pisano

Manager, Energy Transition & Emerging
Markets

NGI
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Setting the Scene:
Current Practice and
Why DONISIS is Needed

Ma. Ranea Rafanan (Raffy)
Foundation Engineer

2026 June 4th
Minato Mirai Yokohama, Japan




EDF Group : world’s leading producer of low-carbon electricity

EDF Group in 2025

8 f

197 000 41 M
Employees worldwide Customers
worldwide

%

5
(2,
95% 26.5 g CO2/kWh
Production free Carbon
from CO, footprint
emissions

: build a net zero energy future with electricity and innovative solutions and services, to help save the planet and

uewe szlabions

Gas - Others (fuel, coal)

Renewable
energies

515 TWh
Electricity generated

by
EDF Group

Nuclear

Nuclear : 80%, Renewable energies : 15%,
Gas : 4.5%, Others (fuel, coal) : 0.5%

drive wellbeing and economic development

KEDF power solutions:

Hadea g eassr




EDF power solutions Offshore Wind Project portfolio ( 25GW+)

A large and diversified pipeline worldwide

58 MW -Biyth 2 432 MW -nnc 500 MW - utsira Nora
égasir;‘gzgzg LA Jacket Foundahonos : Floating ]

-l cop: 2025 = COD : 2030+

1500 MW = Gwynt Glass

Floating
COD : 2035 (/L
ralnX

325 MW - Thornton Bank

Foundations : GBS/Jacket
COD : 2009-13

700 MW - princess E.

Gravity Base Structure

5 5 Foundations : Fixed
In Operation since 2017 COD 2032 I I
2800 MW - princess E. nain
:igdso MW - Codling Foundations : Fixed
COD : 2031 I —e COD 2033+ I I 400+ MW - confidential
I (-} Fixed ,.
2000 MW - Emeraia & ws 300 MW - oongta v
Floating g 1000 MW - poland ] Foundations : Monopie
USA COD : 2034-36 I o f\g'éagg"n"gsyéﬁ';ﬁﬂch 1400 MW - secanorse
Atlantic Shore projects -stopped S — | | 200 MW Fixed 'U"ﬂ'
Partnership with Repsol %% = Dongtai V COD 2034 ave
P P 1000 MW = Germany Foundations : Monopile =
Early Dev Foundations : Fixed COD : 2021 [+
Partnership discussions
(4]
1800 MW - penmark e
F i : Fixed
COD 2032+ ! 440 MW  wei Lan Hai Changhua
Foundations : Fixed
o
480 MW - saint-Nazaire | | 448 MW - calvados
Monopile Monopile - i i Miaoli
e I oL I I 180 MW ng Lan Hai Miaoli
Floating demonstration project
Auction not yet launch
497 MW — Fécamp 2500 MW -Rround s
Gravity Base Structure ™ Fixed & Floating 1000 MW - wei Lan Hai Miaoli
BRAZIL COD: 2024 COD : 2033+ Fixed & Floating
Early Dev. Auction not yet launch
H . - 250 MW — wediterrane
W Operational: 2,361 MW 25 MW — poL | il
Tension Leg Platform EICO)TJM%OSZ I I
COD: 2025 5
. 2000 MW Bunbury
@ In construction: 448 MW Fied
600 MW = Dunkerque

Exclusive Feasibility Licenca °

[0 Lease and/or PPA secured: 5,748 MW Con 0% | l__
] Development: 16 GW+

1050 MW - m-Normandie 1
. CoB e e | I_
& TeDF
v
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Why DONISIS is Needed?

Seismicity in APAC and Americas is different from Europe

> The offshore wind industry is expanding from Europe to new geographies in APAC and Americas

whe Hesnr WL ik
eI}

i
Fhe

[T T e

Figure 2. Europe Seismic Hazard Map

. s s _" ; : '\ = Thisregion consists of:
' : : 90 % of Global Earthquakes
75 % of World’s volcanoes

1
*_', ~ CDF
st szl atians Figure 1. Global Seismic Hazard Map 30



Why DONISIS is Needed?

Seismic design of Monopiles must evolve with monopile-specific frameworks

Early Monopile seismic design methods are primarily adapted from: ,,/;w”’ Merits of monopile-
@ Building standards - /,/ . 32?5;‘;{{2{‘;3“;;”273?
© Bridge piles Al 5
@ Port piles o '

© Small-diameter offshore oil & gas piles

M wn L]
Covansd bl dmtarar il

Figure 3. Displacement — load curve of pile on clay (L/D=5.2)

/ Key areas of uncertainty: \

*  Monopile-soil system’s dynamic response to high-frequency transient dynamic loading
+ Complex soil layering effects

* Pore water pressure build-up

* Liquefaction

* Soil non-linearity

»  Soil damping contributions

Current researches are looking at 1D modelling that can reproduce detailed response in 3D finite-element without losing
significant accuracy.

w5zl

*,;‘;"EDF \ DONISIS is not meant to be a “revolutionary” change to seismic design of Monopiles, rather an “evolutionary” one. / ‘
* 31




Why DONISIS is Needed from Developer’s perspective?

Uncertainty = Bankability impact

Uncertainty matters because it drives more conservative design choices.
In practice, uncertainty can translate to:

» Higher safety factors and heavier foundations

 Fabrication, storage, transport, and installation constraints

» Higher project cost therefore higher LCoE and weaker bankability

ﬁ?ough scenario: \

* 450MW project, 15MW class, 30 units =__

» Foundation accounts for 30% of CAPEX ' '
* 10% of foundation weight is set as uncertainty buffer. It is equivalent to 100-150 ton of

NN/

steel per MP-TP set.

For the uncertainty buffer alone , il
A3% Total project CAPEX (Total Delta: €38 Million EUR / ¥7 Billion JPY)

Due to extra tons of steel, upgrading vessel assumption, extra charter days for
reduced MP-TP set/trip due to deck limits etc.

Hypothetical figures
only If no vessel available in Japan,

procuring vessel abroad
(cabotage / reflagging risk)

Q
X

> To minimize conservatism, unique methods for each project can be developed.
o = Extra development cost, Schedule impact, and Certification risk !
“TeDF

et sz lationrs 32



EDF R&D and seismic analysis

EDF R&D has historically a lot of experience in seismic analysis, in particular in traditional power
plants, nuclear power plants, and dams

Assessment of seismic relative
displacements between
structures by considering soil-
structure interaction of the whole
nuclear site

FEM model of arch
dam, foundation and
reservoir for seismic
studies.

CODE aster is an open-source finite-element software developed by EDF.

4 === e 0

EDF R&D’s in-kind Contribution to DONISIS N

| i

* The in-kind contribution focuses on modelling and }F& i b
benchmarking the ETH Zurich centrifuge tests. — N Yy A%
+ EDF is involved in the review, independent model %“33’;‘3 m| |,m, » NI i
validation, and contribution to specification of + — IBRE Lol
centrifuge test. GREGEQ a5y T o
tool for . oy .
DONISIS o | .
t‘-\-epr Engineering §e€orv1d Mode shépe

et szl model eigenmode diagram 33
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SECTION TALK

OWA DONISIS
Interim Workshop

Typhoon and Seismic
Documentation Review for
Offshore Wind Projects in Taiwan

Cheng-Hsien Chung

Director, Marine Industrial Department
Ship and Ocean Industries R&D Center (SOIC) Taiwan s

Yokohama, Japan | 2026
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/ CURRENT STATUS

5gi(\)/V Total Installed Capacity Newly Installed Capacity
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/ CONTENT
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/ FRAMEWORK

Current Seismic Design Framework in Taiwan

Taiwan extends its general seismic design practice into offshore wind through national standards, project certification and
government review.

Documents PC review for government

e Energy Administration m\BSM ETEEY Oflrf;'g:l;gtai'::(,;g:;{)0|ogy&

Review Team

Working guidelines Working guidelines for m
S of the inspection v —1]|| the execution of project Certificate body
i work completion X—1||| certification — L Committees . O
for the electrical v — LLLd\ )

il industry | =0e
. . BS) . e - . .
Completion Application == Project Certification Review Meeting
Technical 5 .
meeting tege meeting
Commercial || ——
developer PC The third certification body DNV m

Government-commissioned PC review overview
OWA DONISIS Interim Workshop



How the government review is organized

Review sequence

Technical Review
Working group +

technical reviewers issue

comments

Four review modules

Design Basis
Site condition, design
criteria, typhoon /
seismic basis
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Stage Deliberation

BSMI convenes stage
meeting and confirms
response direction

Design
Structural, geotechnical,
electrical and system-
level evidence

Final Deliberation

Summary report and
final review proposal

Manufacturing
Conformity and quality
evidence for major
components

/ BSMI REVIEW MECHANISM

Reviewers / participants
« BSMI and government
representatives

» Working groups

« External experts and
professors

« Certification bodies

« Developers and design
consultants

Transportation &

Installation .
Marine operation,

method statements and
installation records



/ BSMI REVIEW MECHANISM -continue

Government-Commissioned Project Certification Review Service

The review covers four modules: Design Basis, Design, Manufacturing, and Transport & Installation, applied to
WTG & FOU, Cable, and Offshore OSS. Some modules require certification body involvement; The required
documents according to “Working Guidelines For The Execution Of Project Certification”

GrE On or before 2021.12.31 2022.01.01-2025.12.31

connected

year WTG & FOU Cable

Design Basis .
Design

[
Manufacturing O
(0

Transport &
Installation

)

O OO

Offshore
0SS

o)
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WTG & FOU

Cable

)

o
O
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Offshore
0SS

o)

Wind farm / cluster

Formosa 1

Taipower Phase 1

Formosa 2

Greater Changhua 1 & 2a

Changfang & Xidao

Yunlin / Zhong Neng

Completed / operating wind farms

Public status

Completed / operating

Completed/ operating

Completed / operating

Completed/ operating

Operating /
commercial stage

Operating or staged
progress

@ Project certification of the module must be conducted by an accredited certification body.

Note

Demonstration-phase reference

Public-sector demonstration case

Zone-development project case

Large commercial-scale case

Large commercial-scale case

Large commercial-scale case

Project certification of the module is not mandatory by a certification body; however, related documents must still be

submitted and reviewed by the government review team.
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/ DESIGN CONSIDERATIONS

Offshore Wind Support Structures and Seismic Design
Seismic Design Requirement

« Scope
— Rotor-Nacelle Assembly (RNA)
— Support structure: tower, substructure and foundation

« Performance Objectives

— EQ1: return period of 475 years EQ1 & EQ2: according to

« RNA: allowable damage :
« Support structure: almost elasticity Appendix H of CNS 15176-1

— EQ2: return period of 95 years
« Foundation:
— Allowable permanent deformation
— Inclination angle of foundation shall meet the performance
requirements of SLS.

« Analysis Essentials
— ULS: stress and strength of structural components, bearing capacity of
foundation piles
— SLS: permanent deformation of foundation

OWA DONISIS Interim Workshop



/ DOCUMENT REVIEW CASE THEMES -continue

Common Seismic Issues during Technical Review

Typical review focus for typhoon / seismic and site-condition related documents

Chl_ebck whether CdPT Ioéat\'ons,depfth, cone parameters, N
These issues usually require e e rang ormat are constent
the developer to demonstrate
traceability =~ between  site

investigation, design basis,

Confirm the return period, input motions, soil profile,
nonlinear soil parameters and liquefaction assessment;
identify the maximum liquefaction depth used for design.

Review intent ‘ CPT execution vs. CNS 15176-1 | e PSHA / SRA and liquefaction depth

numerical analysis, and
certification evidence. Shear velocity of bedrock ‘ Maximum seabed level change
Review the engineering bedrock definition, Vs profile and Assess seabed mobility, sand-wave migration, scour and
] ] ] Vs30 assumption. Sensitivity checks may be needed when gos_mlblegx ostaret._Thedresult should tt>e reflected in cable
The key review questlon is reference depth or bedrocK stiffness is Uncertain. urial and foundation design assumptions.
whether local Taiwan

conditions are properly
reflected in the design and not

only referenced as generic |° Corrosion protection strategy

standard compliance.

Clarify coating durability, cathodic protection design life, inspection plan, and microbial corrosion (MIC)
consideration for long-term offshore exposure.

Focus: consistency + traceability

Suggested review comment: request clear acceptance criteria, supporting references,
and consistency among design documents. The identified issues should also be
continuously monitored and followed up during the operation and maintenance phase.
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/ CONCLUSION

Conclusion and Feedback

Current review system and suggested improvements for typhoon / seismic design evidence

Conclusion

Taiwan has established a project certification review framework for offshore wind development, and the
review process has been applied to multiple offshore wind farm projects. Through these accumulated
project cases, the regulatory and technical review practices for typhoon and seismic design have become
more structured and experience-based.

Feedback / Suggested Improvements

Clarify review interfaces

Define clearer links among Energy
Administration, BSMI, certification
bodies and developers at each
permitting milestone.

OWA DONISIS Interim Workshop

Strengthen criteria

Provide more explicit acceptance
criteria for PSHA / SRA, liquefaction
depth, bedrock velocity, seabed
change and typhoon assumptions.

Link to O&M follow-up

Carry critical typhoon / seismic
assumptions into O&M plans,
monitoring, post-event inspection
and periodic reassessment.



/ CONTENT

Seismic Source Characteristic Ground Motion Characteristic
« Seismicity Assessment (Earthquake Catalog) + Ground Motion Prediction Equations
- Geological Investigation: Identification of (GMPEs)

Ground Motion Database

Hanging Wall Effect

Near-Fault Effect

Regional Ground Motion Characteristics

Earthquake Recurrence Model
« Maximum Magnitude (Mmax)

Earthquake &
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Hazard SeiSmic Source
« Controlling Earthquake Scenarios (Magnitude and Distance)

ground motion
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Site Response Analysis spectru
 Soil Profiles and Geotechnical Parameters at Each Wind Turbing = s '
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- Reference Rock Input Ground Motion Time Histories (Consistent with
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Content

Introduction

The ACE 1&2 JIPs

Key takeaways for Donisis JIP
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The & CE Joint Industry Project

Challenge:

Agree on industry approach how wind turbine structures should be designed for
Cyclones and Earthquakes

48 DNV ©




Why a JIP?

Designers Developers and . Certification
Authorities .
Manufacturers owners bodies

Minimize cost, warranty and liability risk

Optimize for seismic and typhoon conditions at an early stage

Balance between safety and cost

Understand safety level and the risk associated

49 DNV ©
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Key takeaways for Donisis JIP
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Design Principles

Wind Turbines

Following IEC 61400 and DNV standards
475-yr return period

ULS check, reduced material safety factor for steel support
structures allowed

Reduction of ULS return period possible for RNA

ALS check should only be performed in case of increased safety
demand

95-y SLS check for geotechnical aspects

Substations

53

Follow ISO 19901-2 and ISO 19902 process

L1 structure, ALE typically around 3,000-yr

ELE typically at 300-yr if Cr=2.8

Cr = 2.8 represents a ductile jacket with X-braces
ULS check at ELE level; nonlinear check at ALE level

DNV ©

Response spectrum method
» Allowed for onshore WTG
* As stated in IEC 61400-1

» Low damping when compared to ordinary onshore structures, this should
be adjusted according to IEC 61400-1 process

Time history method
» Offshore WTG and WTG foundations must use time history method
» As required in IEC 61400-3-1
A minimum of 4 sets of earthquakes should be used

» Preferably 7 sets of earthquakes are used to cover seismic variability

DNV



ISmic design

IN SeisSmic

Modelling approaches

———————

substructure
.-

Apply interface loads to

T -
Smeme------

&

- ——————— -

Integrated analysis
Superelement method

- ————————

o
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WP1 Damping — How can it be modelled

a. Linear b. Non-Linear
4. Linearised Super-
element with
Rayleigh damping

2. Nonlinear 3. Spring & Dashpot
Hysteretic springs

DNV



Framework for including soil damping in WTG seismic design

Simplified
Damping

Procedure

YES Detailed

NO

YES

End

56 DNV ©

Start

Physical Model

3D Computational

+ supporting lab Model
tests (Benchmark)
i v

Consistent

Project-
specific soil
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Computational
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v

Model
Simplification

v

Seismic Loads
Evaluation
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v
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Framework for including soil damping in WTG seismic design
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Outline

An enabling research environment

A research journey on monopiles

The MIDAS framework

Towards DONISIS and future challenges

DONISIS interim workshop
Yokohama, 04-06-2026



An enabling research environment

Cross-faculty research capabilities

* Faculty of Aerospace Engineering
* Faculty of Mechanical, Maritime and Materials Engineering

* Faculty of Civil Engineering and Geosciences

= structural analysis & design

= material behaviour & testing

il

S A0

TU

= soils & foundations
= hydraulics & coastal engineering
= strong links to offshore industry

= software development

DONISIS interim workshop 61
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An enabling research environment

The GROW consortium (Growth through Research, development & demonstration in Offshore Wind)
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An enabling research environment

A Dutch R&D portfolio on offshore wind foundations
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A research journey on monopiles

Evolution of (mono)pile engineering across offshore energy markets/regions
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A research journey on monopiles

3D analysis of monopile tilt using the SANISAND-MS model

lateral cyclic permanent tilt, 6

loading !

- ) densification and shear

strain accumulation
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A research journey on monopiles

3D analysis of monopile tilt using the SANISAND-MS model sample response to triaxial loading
&t bt LT TR £
7200 I
memory-enhanced bounding surface plasticity E-an :
:
Emary surtace Yield surface (YS) T
Bounding surfaca a &
determines onset of irreversible strains .
0 D26 05 L1 1
Bounding surface (BS) Asial slrein o, (3]
3D FE monopile response simulation
encloses admissible stress states g 19_ '
Wield surface 6
Memory surface (MS) T
M3 =
fa defines virgin loading (deletion of fabric memory) z2
Liu et al. (2019) g2
% = 0.1 04

0.2 03
Pile head rotation []
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A research journey on monopiles

3D analysis of monopile tilt using the SANISAND-MS model

memory-enhanced bounding surface plasticity
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A research journey on monopiles

Application of SANISAND-MS 3D FE modelling to PISA field tests in Dunkirk
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A research journey on monopiles

Improving efficiency and applicability: 1D cyclic modelling with CPT-based calibration
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A research journey on monopiles

Improving efficiency and applicability: 1D cyclic modelling with CPT-based calibration
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The MIDAS framework P pp———

grow RWE @ BEARE fimi
MIDAS E Funan LT

VTR LL

i collaboration with NI’:' E—

DGl

Addressing gaps about monopile cyclic analysis/design in sand

centrifuge testing 3D FE analysis

e d S—
soil tesz:‘/;g

cyclic soil reaction
modelling

courtesy of Per Sparrevik (NGI) Develop and calibrate a 1D cyclic soil reaction model for monopiles
in sand building on advanced numerical & physical modelling
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The MIDAS framework

Project activities (2020-2024)

* WP1: centrifuge tests at TU Delft & Deltares
+ WP2: 3D FE studies using SANISAND-MS

«  WP3: formulation, calibration, & validation of
MIDAS cyclic soil reaction model

* WP4: towards Technology Qualification
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The MIDAS framework

Project activities (2020-2024)

WP1: centrifuge tests at TU Delft & Deltares
WP2: 3D FE studies using SANISAND-MS

WP3: formulation, calibration, & validation of
MIDAS cyclic soil reaction model

WP4: towards Technology Qualification

Che 1 Dwmmmniy

= calibration vs soil element & centrifuge tests
= parametric studies using Plaxis 3D
= informing formulation of cyclic soil reaction model
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The MIDAS framework

Project activities (2020-2024)

* WP1: centrifuge tests at TU Delft & Deltares
+ WP2: 3D FE studies using SANISAND-MS

 WP3: formulation, calibration, & validation of
MIDAS cyclic soil reaction model

* WP4: towards Technology Qualification
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EMDORSEMENT OF QUALIFICATION PLAN e

This I= to state:
I aezopdance with the oncete o0 & 22, Al T ¢ o2 ol CusiToaion dzn i 1o

Monopile Improved Design through Advance cyclic Soil modelling
{MIDAS) project

memory-enhanced bounding surface plasticity
with multiple soil reaction components
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The MIDAS framework

SCPT-based calibration + comparison to VIBRO field tests
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The MIDAS framework

Current and upcoming publications

WP1

+  Peccin da Silva, A., Wang, H., Zwaan, R., Askarinejad, A., & Pisano, F. (2026). Cyclic lateral behaviour of monopiles in very dense sand: a centrifuge study on pile geometry and
loading sequence effects. International Journal of Physical Modelling in Geotechnics (Special Issue), Accepted for publication. + database (Deltares centrifuge tests)

Wang, H. (2026). (2026). Physical modelling of monopiles in sand: A generalized scaling law and long-term cyclic response. International Journal of Physical Modelling in
Geotechnics (Special Issue — Bright Spark Lecture), Under review.

+  Wang, H., Askarinejad, A., & Pisano, F. (2026). A centrifuge dataset on a cyclically loaded monopile in sand. In preparation. + database (TU Delft centrifuge tests)

WP2

*  Liu, H.,, Konstadinou, M., Wang, H., Jostad, H. P., & Pisano, F. (2026). 3D FE cyclic modelling of monopiles in sand using SANISAND-MS: Calibration and validation from soil
element to pile-interaction scale. Soil Dynamics and Earthquake Engineering, 204, 110177.

*  Flessati, L., Habib, F., Wu, K. W., Liu, H., & Pisano, F. (2026). Conceptualising the lateral response of monopiles in sand to monotonic and cyclic loading: A SANISAND-MS 3D
FE investigation. Computers and Geotechnics, 195, 108069.

WP3

«  Pisano, F., Kementzetzidis, E., Wang, H., Marino, M., Wu, K.-W., Habib, F., & Peccin da Silva, A. (2026). An SCPT-based monotonic soil reaction model for monopiles in sand:
calibration with centrifuge tests and assessment against field data. ASCE Journal of Geotechnical and Geoenvironmental Engineering, Accepted for publication.

+  Kementzetzidis et al. (2027). MIDAS cyclic method paper — In preparation.
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The MIDAS framework

A sneak peek at the closing act... (Dunkirk PISA test simulation — DM2 pile)

3D FE SANISAND-MS simulation
using in-situ + laboratory data

in-situ data + centrifuge-calibrated
MIDAS 1D model parameters
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Towards DONISIS and future challenges

Main achievements and limitations

* Joint efforts of industry and academia to advance cyclic monopile design M DAS

nnnnnnnnnnnnnn

* New experimental datasets, cyclic pile load tests at different scales

* Enhancement of cyclic modelling capabilities and their validation
* Development of industry-oriented model calibration approaches

* MIDAS limited to sandy soils under low-frequency/quasi-static cyclin S |=
y q yiq yCling DDN lSI ”ﬁ'-"""l'h|vi"¢"'

* Ongoing research for monopiles in clay and seismic loading conditions \ j
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DONISIS Overview and Applicability

Centrifuge test results and numerical modelling

Dr. Vagelis Kementzetzidis
Assistant Professor
TU Delft

Dr. Liam Alexander Jones

Staff of Professorship for Geotechnical
Engineering

ETH Zurich

pmip—
e ——,

CARBQN
TRUST

Iman Moghadam
PhD Researcher, Geotechnical Engineer
TU Delft

Stavros Panagoulias
PhD Researcher, TU Delft

Senior Geotechnical Engineer, Siemens
Energy



Engineering of

Monopile-Supported Offshore Wind Turbines
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The offshore monopile
EERDE/ A1

the success of monopiles:

simple fabrication and robust design

Smith, A., Stehly, T., & Musial, W. (2015). Source: Sif Group
2014-2015 Offshore wind technologies market report.
National Renewable Energy Lab.
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Monopile engineering challenges
T/ NAINVIELEDRE

* Driveability » Safety

 Noise » New Technologies

shallow waters — monopile
EEEICBTEE/ ML

85
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Monopile engineering challenges

T/ /NNMILVIELED

+ Cyclic loading + Diverse soil conditions

+ Earthquakes « Design optimisation

shallow waters — monopile
EEEICBTEE/ ML

RRiEE

o
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o

Operation
EFEERE
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Monopile engineering challenges

T/ NANVITFELEDRE

+ Feasibility + Environmental concerns

« Technology/method « Operational protocols (\5@\\3 @’i@’
A

2"

Operation
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shallow waters — monopile
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Knowledge, Tool Transfer and Continuity Across Projects
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The DONISIS project
DONISIS (¥U > viE<T [HRE] ) 7Ry =z b

Pro;ect goals

ooz FrOBE

* Understand the seismic response of offshore wind turbines, including P
pore pressure effects '

BRILZECFELR NI —ECOMBELEZERT S

* Develop design guidelines for OWTs and monopile foundations in seismic
regions

HEMIBIZESTEELERNZI—EVEXUVE/ /N IILEBRDRE 58t

TRET D

* Establish engineering models for reliable seismic soil-foundation—-OWT

simulations Figure from Bhattacharya et al. (2021)
EHEMEOSVERFOMBE-EREFRNI—E VERBERTOHD
TEETILEEET S
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The DONISIS project
DONISIS (XU viET [IRE] ) 7B 7 b

a—

DONISIS, 4,

Project Steering Committee * Universities & research institutes
Resaarch Group Industry Partnors » Offshore wind developers
* Energy companies
* Engineering and modelling specialists

ij .I'l =

‘ 2 ‘-
TUDelft g’!?.[':l_:lm 1 Benlley — gff,

L

NGl @™V § Orsted RWE ﬁ T=PCO « Offshore contractors
ETH ziirich SIEMENS Gansa | EFFITTN * OEMs
* Geotechnical consultants and international
experts

|mmndmn“h“m| Review Panel * Certification bodies
R - EX - FAREHD
N—rF—IZXZoN=-FTOPI bk
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The DONISIS project

DONISIS (¥ Y vET [RE)] ) 7AYo k

(" WP2- Physical modelling 77,
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Project Technical Coordination: TU Delft

WP1: Cyclic sand constitutive modelling
Led by TU Delft & Durham University
with support: NGI, PLAXIS, ITRP

WP2: Seismic centrifuge testing
Led by ETHz
with support: TU Delft, SGRE, @rsted, EDFR, Industry Partners, ITRP, CBG

WP3: 3D FE modelling
Led by TU Delft
with support: ETHz, NTNU, Durham University, SGRE, Plaxis, ITRP

WP4: 1D FE modelling

Led by TU Delft

with support: NTNU, NGI, SGRE, Geotechnical Consultant, Carbon Trust, ITRP,
CBG, Industry Partners

DONISIS Workshop | Yokohama, Japan



The DONISIS project

DONISIS (¥ Y vET [RE)] ) 7AYo k

Monotonic + cyclic loading Site Response Analysis
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Stavros Panagoulias
What follows? (PhD studont)

TU Delft

CDNDEOAR

* Mr Stavros Panagoulias will present the novel DONISIS prototype dynamic scaling method

Stavros Panagouliaskk : DONISISIZEITAF L WNT O 2 A4 TR —1) V0 FXIZDLT
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What follows? e fam Jones
ZDEOAR

* Mr Stavros Panagoulias will present the novel DONISIS prototype dynamic scaling method
Stavros Panagouliaskk : DONISISIZEITAF L WNT O 2 A4 TR —1) V0 FXIZDLT
* Dr Liam Jones will discuss the design and execution of the geocentrifuge experiments conducted at ETH Zirich

Liam Jonest& T : ETH Zirich CEfE SN - EZ D EREEBRDERET L EHIZ DT

e t-glnr::'lm?l

W= - PHpsiza modelirg

P

Courtesy of ETH Zurich



Iman Moghadam
What fO].].OWS? @ T(ShDD;;ttudent)
-> P4 o
CDEOAR

* Mr Stavros Panagoulias will present the novel DONISIS prototype dynamic scaling method

Stavros Panagouliaskk : DONISISIZEITAF L WNT O 2 A4 TR —1) V0 FXIZDLT

* Dr Liam Jones will discuss the design and execution of the geocentrifuge experiments conducted at ETH Zirich

Liam Jonest# L : ETH Zirich TR S =@ DR RERDERET EEMEIC DT

*  Mr Iman Moghadam will present the role of constitutive modelling in the analysis of seismic soil-structure interaction problems

Iman Moghadam X : #hERFD & EWARE/ERBEDOREITIZHE (T 5BRETILVIEDEZRBIZDINT

I W= - PHpsiza modelirg B
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;;.., L Stavros Panagoulias
What follows? (eoD s
-> P4 o
CDEOAR

* Mr Stavros Panagoulias will present the novel DONISIS prototype dynamic scaling method

Stavros Panagouliaskk : DONISISIZEITAF L WNT O 2 A4 TR —1) V0 FXIZDLT

* Dr Liam Jones will discuss the design and execution of the geocentrifuge experiments conducted at ETH Zirich
Liam Jonest# X : ETH Zurich TEIE SN RZIMERIEERDERET L EMICDINT

*  Mr Iman Moghadam will present the role of constitutive modelling in the analysis of seismic soil-structure interaction problems
Iman Moghadam X : #hERFD & EWARE/ERBEDOREITIZHE (T 5BRETILVIEDEZRBIZDINT

* Mr Stavros Panagoulias will present the 3D FE and 1D FE modelling activities within DONISIS
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Presentation outline
HREME

* Why seismic centrifuge testing is needed for offshore wind turbines

FERAREREICE T OB OMERRBROLEN

* Selected prototype: key dynamic and foundation characteristics
XETO M4 T TELGEMRHES S UERRE
* Dynamic scaling methodology for centrifuge model design

ﬁ’b*ﬁﬁ: RETD T.&)@Ej]ﬂ’]*ﬁﬂ?l%:‘/i

* Performance of the optimised downscaled model
o1k e R R 0 14 a1



Seismic centrifuge testing considerations for OWTs

= Full-scale seismic testing of OWTs is impossible - only monitoring of built structures.

= Centrifuge testing provides a controlled test environment to study seismic soil-structure
interaction.

= Seismic centrifuge testing requires dynamic similitude between the complex prototype
OWT structure and the centrifuge test model — not trivial.

Courtesy of ETH Zurich



Seismic centrifuge testing considerations for OWTs

Prototype Downscaled
Model
Representative of a multi- The downscaled model
MW offshore wind turbine must satisfy the
with a realistic support- geometrical constraints

structure design. imposed by the centrifuge
environment.

courtesy of
SGRE | SG
14-236 DD

~ | :
T
Liab, ’ prototype in
Brande,
- Denmarl k / \
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The 14MW Siemens Gamesa 14-236 DD prototype

Prototype

Representative of a multi-
MW offshore wind turbine
with a realistic support-
structure design.

courtesy of
SGRE | SG
14-236 DD

prototype in

Brande,

|| -y

Selected offshore wind turbine generator:
Siemens Gamesa 14-236 DD

Estimated natural frequencies
(fore-aft, side-side range):

f, ~0.15 Hz

f,~0.8 — 0.9 Hz
fs~1.5-1.7 Hz
f,~2.8 - 3.0 Hz

Main support structure & offshore site properties:

« Water depth: ~30 m

« Sand-dominated site

* Hub height (above mudline): ~170 m

* Monopile diameter: 9.0 m

* Monopile embedment: 29.0 m

« Length-to-diameter ratio (L/D): 3.2 106



Dynamic complexity of OWT motion under seismic shaking

= Under earthquake loading multiple modes may be mobilised which influence foundation

loading and as a result soil reaction and pore-pressure response.

= An indicative numerical study with the Kobe JMA (1995) motion highlights the role of
higher bending modes in the coupled system response of the selected prototype.

— mudlne {rranoplls;
- top mass

2

.1 il _
B — rmass E I 'I i 'IIH L /| a _ .
}M l'}M‘uﬂ;J,-.r.rw.wFw-
Do T
% -10- U
il £, 10 g i 13 an 15
Ll

Z1s i
1o IE
Las Y /i
—s i 1 Dk & ; M l |i‘
— e : i e

Panagoulias et al.
(under review)

Note
f, denotes the nh
natural frequency



DONISIS introduces a novel dynamic scaling approach

= OWT centrifuge models often use simplified

single-degree-of-freedom (SDOF model) protatips
representations tuned only to the prototype’s ®
first natural frequency.
[l SDH3F
= DONISIS proposes a dynamic scaling mudel el

framework that preserves the prototype’s
multimodal behaviour within centrifuge
constraints (Panagoulias et al., under review).

= The optimised “DONISIS model” preserves
key dynamic characteristics of the
prototype, including natural frequencies and
bending mode shapes.

= Dynamic similitude is achieved through
geometry optimisation and auxiliary masses
along the superstructure.

i line:

Panagoulias et al.
(under review)



Improved fidelity under seismic loading

= The optimised DONISIS model reproduces the prototype response more accurately than
the SDOF simplification.

= Improved agreement is observed for key response indicators: displacement,
acceleration, rotation and monopile bending moments.

= An indicative numerical study using the Kobe JMA (1995) motion highlights the improved
fidelity of the optimised DONISIS model.

Note
f, denotes the n'" natural frequency

I Prototype E f
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Panagoulias et al. (under review)



Experimental evidence for higher-mode effects

= The optimised DONISIS model was manufactured and tested at 100g at the ETH Zurich

Geotechnical Centrifuge Centre.

= A first glimpse of experimental evidence on the importance of higher modes - to be

presented next by Dr. Liam Jones (ETH Zurich).

acceleration

acceleration
amplitude

Y

Note
T, denotes the nh
natural period



Physical validation of the multimodal OWT seismic response

= The experiment was designed to reproduce the coupled soil-monopile—superstructure
response of the prototype under seismic loading.

= By preserving the prototype’s multimodal characteristics, the test setup enables physically
consistent investigation of:

= structural response
= foundation loading
= pore-pressure buildup

= The centrifuge test data provide a controlled benchmark for developing and validating
seismic soil reaction models for monopile-supported OWTs.



Pqints for discussion
T4 XDy IEH

= How important is it to capture higher-mode effects in experimental and numerical studies of
seismic OWT response?

FERNEBRFEOHMRICEICEHT 2EEBRH - HEMHAEICENT, SRE—-—FODEEZR
AHEFEDREREEETL & 5%

= Do optimised multimodal centrifuge models provide a valuable benchmark for calibrating and
validating soil reaction models?

BEEIEEINETILFE—FILEDER L BRAETILOXY) ITL—3 VB KURKREE
DI=ODERLGAVFI—H EHBTL 9#



. Chair of Geotechnical
E'HZUfICh Engineering

DONISIS
WP2 Centrifuge Modelling

Dr. Liam Jones, Eva Brunschweiler,
loannis Anastasopoulos
ETH Geotechnical Centrifuge Centre



Outline

1.  DONISIS Project (WP2)
»  Problem Statement
»  Objectives
»  Description of tests

2.  Progress and results
»  Approximate order of execution
»  Technical Challenges
» Initial Results
»  Outlook

ETHzirich Geotechnical Centrifuge Centre 09/06/2026 115



. Chair of Geotechnical
E'HZUfICh Engineering

1. DONISIS WP2

Problem Statement, Objectives




DONISIS Project — Key Objectives

Monopile Supported OWTs in Seismic Environments

ETH:ziirich

Geotechnical Centrifuge Centre

What Happens During Earthquake Loading?

System Response:

What is the role of higher modes?
Seismic Soil Structure Interaction?

Pore Pressures:

Liquefaction?
Permanent Deformation?

How to Design?

Reliable Design Tools needs  Rigorous benchmark Data
That’s us!

Reduced scale modelling of large OWT subject to seismic loading

09/06/2026
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DONISIS Project — Key Challenges

Prototype Reduced Scale Centrifuge

1:100 @ 1009 (practical
limit)
Still Big!

T

(Panagoulias et al. 2026...)

G |;;;'“ E Additional Downscaling req.

ETHzirich Geotechnical Centrifuge Centre 09/06/2026 118



DONISIS Project — Key Challenges

What Role does structural response play? What is the effect of pore pressure buildup?

How to Produce the correct structural response? How to monitor and reproduce pore pressure

* Downscaling Method buildup?
* Realisation of complex geometry » [solate EPWP effects
. - — * Develop tools

Mo 2

1D Model 3D FEM 3D Metal Print
ETH:urich
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Outline of tests

3 Unique Setups

Monotonic/Forced Excitation Site Response Analysis
MONO/CYC SRA
-

_______ '______‘_______Y
L LU
e

i &

[ i

'| _.
: D
————————— T
Shaking

Unique to this project: multi-setup test for same model structure

ETHzirich Geotechnical Centrifuge Centre

Dynamic System Response

DSR

=l v
=gt %
T
-
¢
|
",
\{“ u
I. [
Shaking

09/06/2026
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Outline of tests

3 Unique Setups

Monotonic/Forced Excitation Site Response Analysis
MONO/CYC SRA

----- e et
i
:}3 )]l
o 3. 20 — i & .‘:l':l.-D:?.
Typical Design Workflow: Shaking

Pushover
(Seismic Hazard)

ETH:ziirich

Geotechnical Centrifuge Centre

> Site Response —

Dynamic System Response

DSR
F
o
[l
||
-H-
| |
Dt ______ .
i-; 10 s,

SSSI: Combination of interactions
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Boundary Conditions

Soil Drainage
Pl 0 PTIEMD T . High Permeablllty Tests
B oo mmm=me=eo. ioaoooo o A Lo « Saturated
= - * Behaves as soil
10 . L2 ___tom « Correct stresses
B + Very — limited liquefaction
z(m} 20 A -
v Y
LP - Low Permeability Tests
H | — *  Saturated with Viscous Fluid.
— SR « “Correct” permeability.
* Correct stresses
D - Dense MD Medium Dense « Scaled dissipation— significant liquefaction potential
Low excess pore (Laye red)
pressures Limited Liquefaction
Hostun HN31 — Clean Sand, Very well documented, Easy Availability in EU
E"HZUI‘/Ch Geotechnical Centrifuge Centre



Boundary Conditions

Excitation/Load
Earthquakes Artificial Signals

- Time Histary Responss Epectrim
o Ll_.1_-.r.'!-,_bu|_uﬂ | ' ' ' '

F-Sweeps

E L . 1 —r— ' b'.lf- _.-"...""\ - - , - =T FFT Rugpzss Spacirm (5%)

E =il i 1 CC _ e i ol - m ' Ty n

A1 n nz W 1 it W L“IFII I
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C e nez

Cine
-

o _1..-',ﬁbl4ﬂhwm-.-- ----- — -:‘l __ _H""""':"- \"._____ E Steady—State Response

.
EHE n ne i rr? A !

[EES ST TR TS

Wavelets

g
=]
-
=

. Ormsby_time_signal_v3.txt p 10 _FFT

oz n 0z o 10! n? ! [
A T e : { - :
) - - ] _ 05 Tk
. i, i 1 & =il
D . o
5

S
-
fu

AT i

]
3
L

e n [E i 1o - 1!

- PR e — 45 sl F 3 4
iz o 0z N 1w 0’ e Time {a) Frequency (Hz)
tisi ~ial

Shock response Impulse Response

iy
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e
o
| ]
|
|
1
o
o
|
b
-
o
o
o
o
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2. Progress and
Experiments

What has been done, in approximate
chronological order.




Realisation of Model Superstructure

—

Concept

LYY [ ng 1
vl
Mg 2
Fbrlu el £
lames == —emee
&BANLT —_—

Simple 1-D Beam Model

ETH:ziirich

Geotechnical Centrifuge Centre

Mechanical Design

Detailed Design

ODB: Pushover_l.odb Abaqus/Standard 2023 Thu Feb 06 11:46:41 W. Ey
z

Step: FrequencyExtraction

Hode 6: Value = 1.40115E+06 Freq = 188.39  (cycles/time)
Jrimary var: U, Hagnitude

x formed Var: U Deformation Scale Factor: +1.000e-02

Check Still Behaves Correctly
Check Stability

09/06/2026
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Realisation of Model Superstructure

Printing + Assembly Instrumentation Installation

5

ETHzirich Geotechnical Centrifuge Centre 09/06/2026 127



Quick Note — Scaling

Everything from this point is in Model Scale!

Quick Rule:

Accelleration

Time

Freq.

Displacement

Pressure

Force

ETH:ziirich

Model
19

1s

1Hz

1mm

1Bar

1kN

Geotechnical Centrifuge Centre

+100

x100

+100

x100

x1

X10k

Proto.

0.01g

100s

0.01Hz

10cm

1Bar

0.1MN

-0.2 20

0O 01 chGhimi | | R
-0.1 10} .‘ ]
| ]
u(g) 0 0 poursbernd NA l{ W‘Hﬂh 1"*””"&
-0.1-10} ‘ :
0220 0.2 0 0.2
=20 -20
t(s)
1100
Se(g) 0.5 %]
L _I."\..'I "\'I I'l.
—" T
o M L i
1074 10 10 107
0.01 0.1 1 10
T(s)
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Model Creation

Create proposed density in multiple setups, identically

Problem! -+ Very Different Boundary effects
+ Try to eliminate effects of pile presence

MONO
Round-box

ETHzirich Geotechnical Centrifuge Centre

DSR/SRA
Laminar-box

09/06/2026




Monotonic Testing

Modified Superstructure
* Same Mass
» Completely Rigid

£, LVDT & « No friction

.

o Laser 1

Force

me- Laser2

. Laser3

1 ul
E ]

—r hudline

— PPT1

PPT 2

ETHzirich Geotechnical Centrifuge Centre
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Monotonic Testing

Modified Superstructure
* Same Mass
» Completely Rigid

i + No friction

=

Force

LVDT &

o Laser 1

me- Laser2

. Laser3

1 ul
E ]

T F Mudline

_ PPT1 5
Q0000 COPOTQD
_ PPT2 mHNHH
W oD OB OO
Co0COOCDOG OO
2 8 6 6 38 8 6 6 9 6 6
‘b ovocoocbod Do

ETHzirich Geotechnical Centrifuge Centre 09/06/2026




Monotonic Testing

©
]
©
c
&
»
w

Modified Superstructure

* Same Mass

» Completely Rigid
* No friction

Laser 1

me- Laser2

. Laser 3

3
L

hudline

20 Qe0COQ
62068

868000608008
20 Q0 COOQOOODB
e 0808 d0a0ed

I

©® oo booeo o

v oodod

o

PPT 1
— PPT2

132

09/06/2026
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Monotonic Testing

I LVDT &

/ Actuator

Force

Modified Superstructure

* Same Mass
» Completely Rigid
* No friction

o Laser 1

ETH:ziirich

Geotechnical Centrifuge Centre

1 T T T T T T T T T T ! T
MOND O 0 Fushever . ) 1
aid FRIHU_I D2 _Sushuem T ' h
o4 _,..--"f ]
DT
"I Test2 e

272 o\

. N
;o5 o —. |

0z L~ Test1

[} L& o 15 I 03h [ e} ok [EE3
wDig

Identical Pushover results in 2 models:

Test 1: Load — Unload — Reload

Test 2: Load to pile failure — Unload

Backbone ULS

09/06/2026
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Site Response

Define Site Response

High-Permeability (SRA_D_XX)

LY &
i -— - ] i ) n I '
. [ i || -, Bl e
I =
- —

------ 7
- & el i '_"r LisER B &
- i da e S
-7 JLagER BOX B

R T Y R PN

t s o
‘*+ s lLagER BOE A
H- R
w el 3 =
R "‘"‘E:: ;I A5FRRBOX R
- -
toew [ | Rt - - — - ——— ST .2
= L ~k LAl _1_I;
I ! s P
B ~ |
. i . o
* ¥
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J

LI - - - - - -

200D ODODOBFDODDOIDCE

Model Creation

Saturation/Instrumentation

Very Dense sensor scheme

et

\

= - -
. .
y
‘.9 2
A® A®
A Ay

AW

ETH:ziirich

2 fals}

-500

100 400

PPT: Pore Pressure Transducer
PEA: Piezo-Electric Accelerometer

Geotechnical Centrifuge Centre
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Model Creation

Saturation/Instrumentation

1. Saturation for high g-level

Saturation Test

Waler Surface [mm)]

0 "
o
Laser (5=99.8%) _'_,a/‘
01 7’
il
B e
; ey
,;\*f# 7
23 e, <
s
04
/A
¥ How much air
05

02 -0Z5 02 -0.45 -0 -0.05 0

Vessel Pressure [Bar]

(Jones et al. ICPMG-2026)

.. New Saturation Chamber
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Mounting and Testing
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Data Processing

1
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1
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Identify Site Periods !
1
Response Spectrum at depths (d) ,,’
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Data Processing

Diepeh [remi]

Identify Site Periods ,"
Response Spectrum at depths (d) ,,’
Ratio of response spectrums: ,"
Spectral Ratio i
A PEA LVDT_FF "'
® PPT i lU ! !
T ]
A : = '
s F Y FT ] :
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SRA

Tirne History Spectral Ratio
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Low Amplitude
Freq Response clear; matches expectations

Much more non-linear: need to develop

special tools:

f (Hz)

WSST Scalogram

300

250

200

150

100

50

— e ———— - —

A
-
e T

e = = =~

———

N

0.25

0.2

0.15
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e

0.05

-0.05 0
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SRA

Pore Pressures
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Dynamic System Response

Overview

1. Very complex structure

2. Very high Instrumentation

Monopile
A
4—17’5.. - A A
7
& o000 A
mwdine * 3 4
.......... 3 S Fe AR5
’ ’
¥ — 4
3 ¥
’ ’
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'3 v
A ¢
& s
Iy v
’ ’
’ Y
’ ¢’
H ‘
g =
p Y
' ‘
’ ¢
LA ’
- v
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’ v
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7
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d »
N >
Shaking
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Superstructure
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Dynamic System Response

Overview

1. Very complex structure

2. Very high Instrumentation

O Strain Gauges (x48)

&

Monopile

4"
v

T

om
a

o

‘00 0O 00000000

A

ETHzirich Geotechnical Centrifuge Centre

Shaking

v

Superstructure
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Dynamic System Response

Overview

1. Very complex structure

2. Very high Instrumentation

Monopile

-

O Strain Gauges (x48)

Accelerometers
PEA
MEM

o >

00" 0 0000000000

»
»

A

Shaking

ETHzirich Geotechnical Centrifuge Centre

Superstructure
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Dynamic System Response

Overview

1. Very complex structure

2. Very high Instrumentation

Monopile
O sStrain Gauges (x48) ¥ 3
Accelerometers s 3eh 8‘
A PEA 7 ﬁ-{]
W vMEM §
. Pore Pressure Transducers (PPT) 8 g
o By
o o
6 o

A
v

Shaking

ETHzirich Geotechnical Centrifuge Centre

Superstructure
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Dynamic System Response

Overview

1. Very complex structure

2. Very high Instrumentation

O Strain Gauges (x48)

Accelerometers

PEA
MEM

éom

ETH:ziirich

Pore Pressure Transducers (PPT)

Displacement Transducers (Laser)

Geotechnical Centrifuge Centre

A

v

Shaking

(A=Y

Superstructure
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Dynamic System Response

In-Flight Handling

Problem

* Don’t Lose Superstructure
+ Don't interfere with dynamic response!

Solution

» Set acceptable limit on rotation and
displacement
* Build in redundancy

ETHzirich Geotechnical Centrifuge Centre 09/06/2026 147



Dynamic System Response

_-~- Structure

—’—
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Some initial Results __-- :
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Dynamic System Response

Some initial Results

We asked:
What role does the modal response play?
How Important is it?

Sum of modes 1 2 and 3:

D 01 JMA Surf m1 — ACC_C_TOP: original vs. narrowband sum
e S

50
Qrgqinal 4
Sum of 3 bands
\
u(g)
Pl IRV AN K S N Ve T ST R S0 S CY) Y Ca CO |
21 22 23 24 25

t(s)

ETHzirich Geotechnical Centrifuge Centre

Modal Contributions

0.5

Time History
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Dynamic System Response Modal Contributions

Some initial Results
Time History

We asked: 05— _
What role does the modal response play?
How [mpor[ant is it? w1 (9) b "“’"x-r';'q'~|!'._.’r'-.""r'"'-"""" "'ﬂ""”"""”"”"""'""":
Only considering modes 2 and 3: ol
r 23 3 T T |
D 01 JMA Surf m1 — ACC_C_TOP: original vs. narrowband sum |
o i TR L 'l Onginal 3 1
{ Sum of 2 lv'.'ldf:J_. (OF) (g) 0 “"I'Jl lIHII‘|||l1|I!|"""""
] A0k |
-23 3 1 1 |I‘
-4 3.5 3 2.5
G(g) . ———
" < 20t
ws(g) ° B
o - L A d - A o A - A 2 L L 2 -23 [ 1 1 1 i
2.1 22 23 24 25 \. s as a3 a2z
t(s) t{s)

Contribution of higher modes dominates response!
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Outlook

Very complex and comprehensive set of tests:

* Unique combination of

» Multiple Setups with single prototype
(MONO -SRA -DSR)

» Direct comparison with/without EPWP
» Very detailed instrumentation

* Technical Achievements

» Proper full dynamic scaling — structure and
soil.

» Realistic input motions with large structures.

ETHzirich Geotechnical Centrifuge Centre

Production Test

MONO_D 01
MONO_D 02
MONO_M_01
CcYC_D_01
SRA_D_01
SRA_D_02
DSR_D_01
DSR_D_02
SRA D_LP 01
SRA D _LP 02
DSR_D_LP_01
_Here!__v._DSR_D LP_02
SRA _MD_LP_01
SRA_MD_LP_02
DSR_MD_LP_01
DSR_D_SP_LP 01

ssalboid

8ousnbag 1s9|

Proof Test
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Who Am |?

Iman Moghadam

Education
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* M.Sc. - Tarbiat Modares University

¢ PhD Researcher - TU Delft (2024-present) TU Delf‘t

Research Focus
¢ Constitutive modelling
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Role of Constitutive Models in Geotechnical Engineering

v FE Analysis
Geometry
* Boundary conditions

v Constitutive Model

* Hydromechanical
behaviour

* Pore pressure build-up

* Sand liquefaction

Field Test (Dunkirk site) 3D FE model

Complex geotechnical problems can be accurately simulated and interpreted through
the combination of advanced constitutive soil models and finite element analysis



Role of Constitutive Models in Geotechnical Engineering

Ross A. McAdam et al. 2020 F. Pisano et al. 2024 K. Perezetal. 2023

Monotonic monopile Drained ratcheting and Cyclic undrained
capacity and stiffness cyclic stiffness seismic response



Role of Constitutive Models in Geotechnical Engineering

v

v

FE Analysis
Monotonic monopile analysis
Constitutive model: Bounding surface plasticity model

Outcome

3D FE analyses validated by/the Dunkink field test
measurements and enabled the development of the monotonic
monopile analysis PISA method

250

OM4: 0= DFEZ M, LD = 525 |-
Monotonic response Fiad data
- = = 30FZ
200 eennn a0 FE
ki =
£ 150
~ ? )
I~ £ 100
Sl b
< i 50
|I;|'I;'. 3 1 T T T
o 0 20 40 &) 30 00
v'\‘__ Grounc-leval dispiscement, vz mm
Constitutive Model 3D FE model David M. Taborda et al.

2020



Role of Constitutive Models in Geotechnical Engineering

v' FE Analysis

* Cyclic ratcheting analysis
* Constitutive model: SANISAND-MS

v' Outcome
3D FE cyclic analysis results validated
against Dunkink field test measurements
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Advanced Constitutive Models in Centrifuge Simulations

v' FE Analysis v' Outcome
* SANISAND-MSfin coupled FE analysis * Good agreement with centrifuge measurements
* Undrained cyclic loading and liquefaction * Reproduces pore pressure build-up and liquefaction
triggering 5
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The DONISIS challenge: Seismic OWT response in sandy soils

off-shore

Key monopile design challenges for seismic conditions: <>

v' Foundation capacity & stiffness degradation during earthquake
v' Dynamic response amplification (both soil column and structure)

v’ Possibly excessive foundation tilt

Waves /V\/V\/\/_> AAAAAAAA] LLAAAA
<>

Earthquake )

Torsten Wichtmann, 2005



The DONISIS challenge: Seismic OWT response in sandy soils

During a seismic event, foundation soil may undergo:

* Variable amplitude, 1&2 - way cyclic loading Wind/\/\/\/_>
* Under undrained or partially drained hydraulic conditions

The constitutive model should be able to reproduce: off-shore
* Drained-undrained soil behaviour <>
* Cyclic stiffness !
* Pore pressure buildup

* Complex loading input

* Energy dissipation - hysteresis

e
TR

Waves /\/\/\[\/\/_> AAAAAAAA] LLAAAA
<>

Earthquake )

Torsten Wichtmann, 2005



The DONISIS challenge: Seismic OWT response in sandy soils

AN\

Can one constitutive model reliably capture all these

off-shore
response features (and with one set of parameters)?

>

Need for robust constitutive models and calibration
procedures across realistic loading conditions

s
TR T
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Torsten Wichtmann, 2005



Sand, Different Loading Conditions, Different Responses

Symmetric stress-controlled loading l Non-zero shear stress stress-controlled loading
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PhD Research Framework

Identify limitations of state of the art
cyclic sand Constitutive Models

—

I Develop Enhanced Constitutive Model :—>

SANISAND family
(SANISAND, MS, MSu, MSf)

Loading paths
Drainage conditions
Cyclic response

' Calibration & Validation +—» Laboratory tests

Reliable prediction of sandy soil behaviour under
realistic seismic loading




Identified Limitation: Undrained Cyclic Loading

Assessment of constitutive model performance in capturing liquefaction, cyclic mobility,
ratcheting and stiffness degradation.

Non-zero shear stress stress- controlled loading
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Identified Limitation: Drained Cyclic Loading

Evaluation of volumetric response during unloading-reloading cycles
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Identified Limitation: Drained Cyclic Loading

Memory Surface Evolution during Drained Cyclic Loading
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Towards an Enhanced Constitutive Model

Based on the identified limitations: el s T
I Develop Enhanced Constitutive Model !
v" Improve memory effects during dilative deformation phases D
v Enhance prediction under anisotropic stress conditions (q # 0) :_ _Ir:wp;le_n;e_n;a;i(;n_ir: PLAXIS |
o o |
v' Span drained, partially drained and undrained conditions @
________________ .
| . . . .
Calibration & Validation 1
v Plaxis implementation and validation - - p

Goal: A constitutive model capable of reproducing realistic
seismic sand behaviour across a wide range of loading
conditions




Conclusion

1. Advanced constitutive models play a key role in seismic FE analyses and centrifuge data
simulations.
2. Existing models can successfully reproduce specific loading conditions.
3. Important limitations remain with regard to:
v Cyclic loading aroud anisotropic stress states
v Cyclic dilatancy under (relatively) large cyclic stress amplitudes
v' Response to irregular/random cyclic load histories with varying drainage conditions

4. Anenhanced constitutive modelis being developed within DONISIS to address these limitations.
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Presentation outline
HREME

* Motivation: the role of 3D FE in seismic OWT design
B FLRNDRERBOMERRETCH T H3RTFEDKE]

* Numerical strategy: PLAXIS 3D and advanced constitutive modelling
HIEARATELRS - PLAXIS3BDEEELEBRETIL

* Preliminary results: soil response and centrifuge-test simulation

FPlefEMmER BRELEDRERBEOVI2L—Ya Yy

* Next steps: validation, calibration and simplified engineering models
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DONISIS work packages overview
The CO.PH.FE.E. modelling approach

--------------------------------------------
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3D FE modelling: from centrifuge tests to predictive insight

= PLAXIS 3D is used within DONISIS to model the centrifuge
experiments performed at ETH Zurich.

= The 3D FE models support the experimental campaign by:
= informing test design through preliminary desk studies;

= reproducing the coupled soil-monopile—superstructure
response observed in the centrifuge tests;

= supporting interpretation of structural response,
foundation loading and pore-pressure evolution;

= enabling parametric studies beyond the tested configurations.


https://www.seequent.com/products-solutions/plaxis-3d/
https://www.seequent.com/products-solutions/plaxis-3d/
https://www.seequent.com/products-solutions/plaxis-3d/
https://www.seequent.com/products-solutions/plaxis-3d/
https://www.seequent.com/products-solutions/plaxis-3d/

SANISAND: current capability and WP1 developments

Bounding surface =—

= Advanced constitutive modelling is used to capture key sand Critical state surface —
behaviour under seismic loading, including stiffness degradation ﬁi.';ﬂ:ﬁ:'cff —
and pore-pressure generation. Memory surface —

= The current modelling strategy uses SANISAND-MS, developed
by Liu et al. (2019, 2020) and implemented in PLAXIS 3D
(Pisano et al., 2024).

= The existing formulation is considered suitable for the high-
permeability DONISIS tests, where excess pore-water
pressures remain relatively low.

= DONISIS WP1 will further develop SANISAND-type models for
seismic monopile—soil interaction problems.

= The enhanced formulation aims to improve the representation of
partially drained response, where pore pressure effects
become more prominent.

Pisano et al. (2024)



SANISAND-MS calibration for Hostun sand

= Hostun sand is a well-characterised soil material, with extensive experimental data
available from ETH Zurich and the wider literature.

= The SANISAND-MS model is calibrated against available laboratory test data for Hostun
sand.

= The calibration includes comparison with various drained and undrained lab tests to
assess the stress—strain response.

= Indicative results from drained triaxial tests show
that SANISAND-MS captures the measured laboratory T e T
response with good accuracy, particularly the evolution | [/ ~ 7
of deviatoric stress (q) with axial strain (g,). e

|“
&3
#
E &
Bz Tos

AmAG S
fa

SANENED
ELEnEa%
¥

i:

PLEELS &1




Validation against high-permeability centrifuge tests

= The calibrated SANISAND-MS model is used to simulate the first DONISIS centrifuge
tests at ETH Zurich under high-permeability conditions.

= Comparisons with experimental data show reasonably good agreement under both
monotonic and cyclic pile-head loading.
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Soil-only model: domain and boundary-condition checks

= The influence of domain geometry and dynamic boundary conditions (BC) is assessed
using a soil-only model.

= The objective is to ensure that the numerical domain can reproduce a realistic free-field soil
response before introducing the monopile and superstructure.

= A uniform horizontal excitation is applied at the base of the model in the x-direction.

3D 2D (plain strain) 1D
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Frequency-response of the soil-only model

= A small-amplitude Ormsby wavelet is applied at the base of the 3D FE soil-only model in
the time domain.

= The wavelet provides approximately uniform excitation over a selected frequency band
(0.1 — 6.0 Hz), enabling identification of the soil deposit’'s resonance frequencies.
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Next steps 1in DONISIS 3D FE numerical modelling

= Validate the 3D FE models against the centrifuge test data.

Employ the “DONISIS WP1 constitutive model” to simulate the low-permeability tests,
where pore-pressure build-up and liquefaction effects are more pronounced.

= Establish a calibration workflow:
experimental data - 3D FE models = 1D FE engineering models.

4

Seismic soil
reaction
miodel




Pqints for discussion
T4 ANy raviIBH

= Do you consider 3D FE modelling essential
for the seismic design of offshore wind
turbine foundations?

= Should it be used in concept design,
detailed design, or mainly for validation of
simplified models?

= What are the key practical barriers?

= constitutive model formulations and
calibration;

= computational cost;

= translation from 3D FE results to 1D
engineering models;

= validation against experimental data;
= other?
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Presentation outline
HREME

* Motivation and role of 1D engineering models
IRTIFEETILOERE & ZE

* Towards the DONISIS soil reaction model
DONISISHhfiE R HETILIZCH [T T

* Preliminary results and next steps
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DONISIS work packages overview
The CO.PH.FE.E. modelling approach

--------------------------------------------
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1D Engineering design models are essential to offshore wind

= The offshore wind industry relies heavily on
“1D” engineering design models - fast,
robust design iterations.

= An offshore wind farm typically includes a large
number of wind turbines, each assessed
across multiple soil conditions, load cases and
design updates - efficient
calculations across many design iterations.

= Support structure design often involves a
split scope between foundation designers
and OEMs - clear exchange of
“soil reaction inputs” and “structural response
outputs”.
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Why seismic 1D soil reaction models need further
development

= Existing seismic soil reaction models were mainly developed for conventional slender piles,
typically employed in pile groups.

Monopile-supported OWTs exhibit fundamentally different soil—structure interaction behaviour.

= Several monopile-specific soil reaction models exist, but most have been developed and validated
for slow quasi-static or cyclic loading, representative of wind- and wave-dominated conditions.

Key seismic response mechanisms remain insufficiently represented in existing models, including:
= rate effects

= cyclic degradation

= pore-pressure build-up

Practical adoption is limited by:

= complex calibration and parameter selection;

lack of standardised data-exchange formats between foundation designers and OEMs.

DONISIS Workshop | Yokohama, Japan 188



Assessing the two-step seismic design framework

Seismic foundation design commonly relies on a two-step design framework
(Boulanger, 1999):
site response analysis - soil-monopile-superstructure interaction analysis.

DONISIS evaluates this framework through centrifuge experiments (\WP2) and advanced
3D FE modelling (WP1 & WP3).

The objective is to assess if simplified engineering workflows remain valid for seismic
monopile design and propose alternative methods/solutions if not.
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Step 1: linear(ised) soil reaction models

= For low seismic demand and moderate soil non-linearity, linearised soil reaction models
may provide an efficient and defensible engineering approximation.

= DONISIS investigates the conditions under which such simplified models can reproduce
the key features of soil-monopile-superstructure interaction.

= Preliminary comparisons with the high-permeability centrifuge test series show promising
agreement and help define the applicability range of linear soil reaction models.
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Step 2: non-linear seismic modelling framework

= Builds on the existing (S)CPT-based nonlinear soil reaction elements developed within the
GDP and MIDAS projects (Kementzetzidis et al., 2022; Pisano et al., 2026)

= The framework is extended within DONISIS to include seismic-related mechanisms such as
pore-pressure and dynamic effects.

= Model parameters are linked to (S)CPT data via the cone resistance q..
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Validation against high-permeability centrifuge tests

The 1D soil reaction model is used to simulate the first DONISIS centrifuge tests at ETH
Zurich under high-permeability conditions.

= Comparisons with experimental data show good agreement under both monotonic and

cyclic pile-head loading.
monotonic loading with un/re-loading cycles
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Next steps in DONISIS 1D engineering modelling

= Develop non-linear soil reaction elements supported by a practical calibration
framework.

= Improve the representation of key seismic monopile—soil interaction mechanisms:
= dynamic loading effects;
= cyclic degradation;
= soil damping;
= pore-pressure build-up.
= Use evidence from:
= DONISIS centrifuge experiments (WP2);
= 3D FE numerical simulations (WP1, WP3).
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Pqints for discussion
T4 AHhvrg VIEH

= Would an (S)CPT-based soil reaction model be

attractive for the seismic design practice?

= Do you believe that a conventional

formulation is sufficient, or is a multi-spring
framework needed to capture seismic monopile
response?

= What are the key design uncertainties in relation

to seismic soil-structure interaction?
= soil non-linearity;
= soil damping;
pore-pressure build-up and liquefaction;

= translation from 3D FE results to 1D engineering
models;

= validation against centrifuge and field data;
= other?

= How would a practical data-exchange format

Iblc(at\g/een foundation designers and OEMs look
ike”
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Translating DONISIS Research into Standards and Guidance

Yiorgos Perikleus
Principal Geotechnical Engineer
DNV

Moderator: Noel Boylan
Managing Director, Perth
\\[e]

Ignacio Romero-Sanz Yu-Wei Hwang

Global Technical Lead, Wind Assistant Professor

Bureau Veritas NTU

Gerry Murph

y : y 'y Ayumu Naito

Associate Director, Japan Country : )

Manager Foundation Design Manager
RWE

Wood Thilsted
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DNV'’s impact in Offshore wind

No. 1 80%

We are the leading 80% of certified
certification body in offshore wind farm
the wind industry for utilized our project
type and project certification services t
certification manage risks

25+ 20

We have worked in We have 20 research
more than 25 projects RElleRlslalo)Z1ilo]aNel{o) [0 &
requiring seismic running ensuring

design analysis today’s standards are
ready for tomorrow’s

challenges 'w.
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DNV



What About Seismic Design?

ACE 1 - (2019-2021 #CE 2 - (2023-2025

DNV-GL DNV

DA TIALIW LU M AU & M A b G b s PR
WENE RAEMI [ATH) - LI INEUNTAY PROIRET I8

Final Report Seismic
Workstream

I PNTATTUE Col PREAE PR P AATHOI XIS AR AN
FARNG JALC 3) « JODNT INZUSTRY POOICCY I019)

Final Report

A0 Saesclnec b pareiare

M fasecived )P Paroiare

DNV

— Update

ONV

P

RECONMENDED PIACT CE RECONNMENDED PIACT CE

TR FATD Sanyvd N QON TR FAtYn et N

Salsmic daclgn of wind powar plants Salsmic dacslgn of wind powar plants

201 DNV © 28 MAY 2026
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DNV-RP-0585 Update
Japan related content e Update

Seiamic design of wind power plants

» No existing content specific for Japan
» Update 1: additional Annex for Japanese topics

» Update 2: Within the new Annex, permit simplified models for
support structure design (incl. tower)

Bladzs Lumced mass

WITh neTa

» Update 3: Within the new Annex, encourages CONT model
(full aeroelastic) to be adopted wherever feasible

Tiw i

+ Update 4: Within the new Annex, respect current Japanese L sowson

local practice (code-based 1D horizontal seismic excitation) ot o et o g

202 DNVO® 28 MAY 2026
DNV



iIsmic Design?

What About Se

~
¢

Integrated analysis
Superelement methad

EEE
AN
&7 .v.ﬁ.n..r.ﬁ..ll}..?...l.l.-l..

I

28 MAY 2026
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BUREAU VERITAS
RENEWABLES-
WIND CERTIFICATION

BUREAU
VERITAS




BUREAU VERITAS: UNIQUE REACH, UNIQUE SCOPE

UNRIVALLED GLOBAL PRESENCE AND SERVICE

£ 140+

Countries

£5 85,000+

Employees

EXPERTISE

INDEPENDENCE

IMPARTIALITY

INTEGRITY

PORTFOLIO

EUROPE

7,900

NORTH employees
AMERICA

18,800

employees

34,000

employees

7,100

SOUTH
AMERICA employees p—
& MIDDLE

EAST

TESTING, INSPECTION, CERTIFICATION & TECHNICAL SERVICES

TV
(s
o 12
5 >
a A

1828

ASIA
PACIFIC

Dedicated
Offshore Wind
Team in Japan
coordinated
with EU hubs



HOW CAN BUREAU VERITAS ASSIST?

Services Portfolio

B\

CERTIFICATION &
CLASSIFICATION °

Prototype, component,
product, project, approval in
principle, cybersecurity,
management system...

SEPARATED TEAMS / ENTITIES

BUREAU
VERITAS IN
WHOLE
LIFECYCLE OF
WIND ENERGY

il

SITE & DEVELOPMENT ®

Feasibility studies, resource
assessment, energy yield,
mesoscale modelling,
environmental studies,
geotechnical studies, grid
connection, cybersecurity,
permitting...

&

ASSETS

INDEPENDENT
ENGINEERING

&

Due Diligence, lender services,
independent engineering, M&A...

BUREAU
VERITAS

SUPPLY CHAIN

Shop Inspections, HSE &
QA/QC Inspections, FAT
Supervision, Expediting, T&I
Inspections, Supply Chain
Assessment.

ASSET OPERATION &
MANAGEMENT

Inspection, performance
analysis, asset integrity, power
curve measurements, RCAs,
end-of-warranty due diligence,
OCM, lifetime extension,
repowering, cybersecurity...

OWNERS ENGINEERING &
CONSTRUCTION MANAGEMENT

Engineering, Procurement (supply
chain different services) and
Construction coordination (PRL
technician, Preventive resource, HSE
coordination...)

RENEWABLS 206



WIND CERTIFICATION
BUREAU VERITAS LICENSES TO OPERATE

— 30+ PROJECT CERTIFICATION
ACCREDITATIONS & APPROVALS (WTG, FIXED / FLOATING FOU,
o cofruc SUBSTATION, CABLES, including
= |[SO/IEC 17065 accreditation:

Germany, UK, France, Belgium,
Netherlands, Poland, USA, S. Korea,

%
@ Japan...)

= Component, Type & Project Certification (IEC/EN 61400-22)
» |ECRE approved:

= Component & Type Certification (OD-501)

= Project Certification (OD-502) " 20+ FLOATING CONCEPTS
= Approval from national regulatory entities, some examples: . grilzi-gll::%roglgr:e(ézFtir;i);/:tli;)nn o
* Germany - Bundesamt fir Seeschiffahrt und Hydrogaphie (BSH) Floaters and Moorings)
« USA - BOEM: 30 CFR Part 585 (®
« Denmark - Danish Energy Agency, BEK nr 648 & 1047 af 2023 ey 50+ COMPONENT & TYPE
+ Japan - Japan Accreditation Board, JIS Q 17065:2012 and METI approval CERTIFICATION (onshore /
= offshore)

Bureau Veritas Certification France is accredited by the COFRAC for certification of wind turbines, wind turbine components, and

wind farm projects under ISO/IEC 17065 — accreditation certificate 5-0051 — exact scope available on COFRAC website St 12
///////// rnfrar fr


http://www.cofrac.fr/

WIND CERTIFICATION
BUREAU VERITAS

CHALLENGES/OPPORTUNITIES DURING OW CERTIFICATION UNDER
SEISMIC

| Seismic characterization as part of Site Conditions Assessment

| Requirements about how seismic action is represented (e.g. site spectra inputs,
directionality, damping assumptions) and how it couples to support structure

| Combination rules of existing DLCs with seismic conditions

| Soil-Structure Interaction

Slide /208
.



From High-Fidelity Modeling to Design Guidance: GpAsigay
Installatlon and decommissioning of OWT foundations ey

Yu-Wei Hwang, Ph.D.
Assistant Professor, NTU

Email: yuweihwang@ntu.edu.tw

Academic Background:
*Assistant Professor, NTU, 2024-present
*Assistant Professor, NYCU, 2022-2024
*Ph. D., CU Boulder, 2018-2021

Specialties:
Data-driven
Engineering
Performance design of geosystem
Physical and numerical modelling
Striicttire-Soil-Striictiire Interaction

Geotechnical

1. Large deformation simulation for offshore wind turbine foundation

» Simulate foundation installation and decommission.

Yy
D y Yer
—_— when= < —
2y 5 (3) pD
DPu D ini
Y _ Yer
> 29
1 whenD )

2 critical normalized displacement, solved by incrementally

stepping % until pﬂfirst =1
u

D=l iD= -1l I.':I
E I N R i T e T L L T R T I | 1 I G e L

[EERTE A ]
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H] ' Lo ] [ 1
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Ace. ()

Ace. (2) Ace. (2) Ace. (g)

Ace. (2)

From High-Fidelity Modeling to Design Guidance: Seismic
and Liquefaction Performance of Offshore Wind Foundations

2. Evaluation of seismic performance of OWT monopile foundation on liquefiable soils

+ OpenSeesMP

System performance under NP motion

4 6 8 10 12 1416 0 8
Time (sec)

16
Time (sec)

System

Type (A): EQ

,’_5_-,'1 f—ii-*#

Blucicnel Tarwen Lniveraiiy

e (B): EQ+Env. Load . .

performance under P motion

Loading type (A) =+sses Loading type (B)
- P (a) stress path response (b) stress-strain response
« PDMYO03 soil model 4 o
Soil parameter calibration 20 20
5 5 .
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From High-Fidelity Modeling to Design Guidance: Seismic

Kotor & Bacelle mass

.".5_'..1 i3 tljalﬂ "f’
and Liquefaction Performance of Offshore Wind Foundations P
3. Evaluation of seismic performance of OWT tripod bucket foundations/anchor on liquefiable soils "%'“’*
* OpenSeesMP System performance under NP&P motion Anchor foundation
+ PDMYO03 soil model PP Lo z -
Tripod bucket foundation  w————— %K\ )
N —m—— B -

+—— Ealhyuak.:

DUNLA R e NP meean 0 NG nadd e Pinceas

A B

Pull out test for anchor



SEISMIC DESIGN IN JAPAN —
CONSULTANTS PERSPECTIVE

| B ".l
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W\ITRODUCTION

Gerry Murphy
Wood Thilsted
Japan Country
Manager

@ Dria NGNS

O rRE AITICNOES ON STAGE

Strictly Private and 214
Confidential

e lale DONISIS - Offshore Wind Accelerator (OWA) workshop —
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|TA\PANESE SEISMIC DESIGN: A DESIGN CONSULTANTS PERSPECTIVE

Loads Analysis Approach

» Seismic loads must be derived at every WTG position

» 1D, 2D & 3D approaches are accepted

» 1D:JSCE F&G springs/dashpots — fast but generally very

high loads

» 2D/3D:Thin Layer methods is standard approach to

derive non-linear springs for more challenging

positions

» 3DFEA: Present in recent publications but no fully

certified projects at this time

» De-coupled Loads Analysis approach:

_k"'\.
l:_},\
4
-~
[T1
1]
[EERERE
1

Woan
WT | THLSTED

Overall Approach & Requirements

v

Industry practice is for local specialists to carry
out the seismic load analysis and subcontract the
wind/wave design to international consultants

Overall approach

» No single consistent approach outlined in
guidance documents

» Typically carried out using a combination of
various software for SRA, derivation of soil springs
and SSSI modelling

» Several approaches often required for comparison

Local software and constitutive models
recommended in guidance - but in practice are
required — example: I-Y for non-linear spring

Inputs

» Inputs motions based on fixed motions with
regional coefficient

» Seismic motions based on regulations for tall
buildings — very different behaviour than WTGs

Strictly Private and 215
Confidential



ESSONS LEARNED FROM ADOPTION OF PISA IN JAPAN

Getting new or international approaches takes
time in Japan - lessons from PISA

>

Certification perceived as a key project delivery
risk

» Drives the post-auction to AfC schedule

» Not a predictable or transparent process

» What is certifiable > what is efficient

PISA benefitted from across industry consensus
& there was no established Japanese
approaches

Updates to design guidance

» No update to the 2020 guidance
documentation to clar|§ if PISA can be adopted
or requirements around verification etc.

» Limited industry input or clear mechanisms for
innovation.

» Numerical values or approaches stipulated in
domestic standards must be adopted
regardless of whether they are intended for
offshore wind power generation facilities.

Early adoption fear

Recently PISA has been adopted in practice &
several R2 projects very advanced in
certification process

[italals]
THILSTED

Consensus
building

Localisation

Precedence
is key

- Identify key local

stakeholders

- Build relationships and trust

site conditions

constitutive models for
3DFEA?

local requirements?

- Need to benchmark against

Japanese approaches (JSCE,
TLM, SoilPlus etc.)

- Local publications to build

awareness ahead of adoption
on projects

Strictly Private and
Confidential

- Examine impact of local

- Demonstration that approach
is appropriate for Japanese

- How can framework capture

216



Gerry Murphy

Japan Country Manager

gmu@woodthilsted.com

WOOD |
THILSTED DONISIS "'J\"ll'

Strictly Private and Confidential 4t June 2026




Ayumu NAITO
Foundation Design Manager, RWE

Design and engineering of offshore wind foundation from early development to detailed design for
various Japan and APAC projects.

Lead foundation engineer for Murakami Tainai Offshore Wind project
Managing overall design process of ILA and seismic analysis.

Involved in DNV ACE 1&2 JIP

Vast experience of Japanese seismic design practice and windfarm certification.

2020-present RWE Renewables Japan
Engineering of offshore wind turbine foundation and various activities of project development, bid,
supply.

2013-2020 Kajima corporation
Design and engineering of energy, coastal and various temporary structures
Detailed design of the first commercial scale offshore wind project in Japan

Professional Engineer Japan (Civil Engineering, Soil and Foundation)
Concrete Engineer Japan
MSc Civil Engineering, Univ. of Tokyo

RWE 04.06.2026



Unpredictable Seismic region Controlled
winding path

Non-seismic region linear path

Survival to find buildable o .
Optimization of design

design space

* Tower stiffness and geometry: Limited room for site specific geometry change, weight limit
and bolt-flange size limitation due to Japanese building code

e Two tracks approach: Track 1 by WTG OEM tool and Track 2 by FOU designer
- Either model has limitation of modelling. Concent
- Which load to take? . ILA1

FEED
e Building code based regulation and practice:

Safety level of residential building N

Limitation of bolt, flange and steel plate size M design sequence
Maximum load, no averaging and iteration?

Maximum load envelop of all WTG positions

Certification
 Difficult to predict and control load level through load iteration process F N e ——"
- Small damping : Load is a kind of lottery parameters and
- Maximum envelop : unable to confirm until complete all positions IS el
- This is nightmare for desigh management
Established soil spring and damping evaluation
RIE oo => methodology (not too much computational effort)
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Bridging The Gap Between Industry & Academia GLRLER
Current Gaps, Industry Needs & Future Direction

Moderator: Prof Phil Watson

Professor, Director of ARC ITRH - TIDE
Research Hub

Prof Susumu lai
Professor
Kyoto University/FLIP Consortium

University of Western Australia

Dr. Shambhu Sharma

Technical Expert & Site Characterisation
Lead, Perth

NGl

Prof Jin-Hun Hwang
Professor
National Central University — Taiwan

Hugo Portugal Dr. Martin Bjerre Nielsen

Technical Director
Wood Thilsted

Senior Engineer
Ramboll
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Case histories for validation
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North American

Eurasian Plate
1927
1825
1943

Pacific Plate
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B Prof., Civil Engineering Dept., National Central University (NCU),
Taiwan. (2003~)

B Chairperson, Earth Science and Geotechnical Engineering, National
Center for research on Earthquake Engineering (NCREE). (2016~)

B Expertise: Soil liquefaction, Piled foundation.

B Relevant experiences on OWF

B Member, Oftfshore Wind Farm Design & Construction Review Committee,
Bureau of Energy, MOEA, Taiwan (2020~)

B Technical Review Member, BSMI/MOEA OWF Design & Investigation
Guideline in Taiwan. (2021~)

B Plan and establish the new OWF geotechnical laboratory including large shaking
table and laminar box in South NCREE. (2021~2024)

B Researches on the following subjects:

B Centrifuge modelling and numerical analysis on the seismic behavior of OWT
supported by mono-pile in liquefiable soil deposits.

B Model test and numerical simulation on the cyclic degradation behavior of pile.
B Size effect on the lateral bearing behavior of mono-pile.

B numerical simulation on the vertical bearing behavior of mono-pile due to soil plug.

B Soil liquefaction induced by sea wave.
B In-situ pile load test for the design of Taiwan’s First Demonstration SMW OWT.

JIN HUNG HWANG




Shambhu Sharma

Technical Expert &
Site characterisation Lead

NGI Perth, Australia

3 o —- NORTH WEST !_.HSI.F OlL & GAS

¥ Academic Background L. s l
MEng: Asian Institute Technology, Thailand 25, B 38
PhD: Centre for Offshore Foundation Systems (COFS) UWA,

Australia

@ Geotechnical Research & Consulting Experience

25+ Years of Experience
Global Offshore Project: Australia, Japan, Taiwan, and across Europe, SE
Asia, US, Middle East
Core expertise
Site investigation & geotechnical characterisation
Advanced in situ & laboratory testing
Soil interpretation & parameterisation for design
Offshore foundations: piles, anchors, pipelines
Specialist Areas of expertise
Carbonate sediments
Problematic materials and ground conditions
Cyclic loading & soil degradation

Micrograph of Carbonate sediments Laboratory testing at NGIP
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Relevance to DONISIS Workshop . n i e
Key Perspective: Site Characterisation > Reliable Foundation Design 3 - - p :"':' ’"‘_’"." s
= ok el o i M. ot 025,05 1,25
I = PR—— I = 2 X W TN AL 74 10000 15%
Key Challenges ; . 204
o Ground variability and data gap T [ e - " s
o Sample/data quality and their representativeness et e’ a : e
. .. . . pe . Testing methods 0.2
o Risk of data misinterpretation or over-simplification
o Limits in transferring knowledge across soils and regions e 01
NG S
Reducing uncertainty o a2 os o8 o8 1
. . . LT
o Betterinterpretation (not just more data) o x
WGl Contour dispram

o Understanding soil behavior ac, Iaa)

o Holistic data interpretation while preserving local features — . . .

o Develop site-specific, soil behavior-based parameters o =3 " “'_"'_'_""'_"

o Consistent testing and calibration with field (model) observations , I+

o Data Integration (geotechnical, geophysical and geology) Samplos i . —— i
Cyclic & seismic loading effects e =3 -

o Strength & stiffness degradation

o Accumulated deformation

o Methods:
= Advanced Testing (DSS, Triaxial, Resonant column) .
= Empirical Methods (S-N curves, NGI contour diagrams)
= Constitutive modelling !

Design Integration =1 _—
. . Stress versus strain controlled 1 o, W &S m
o Translate data - reliable design parameters Centrifuge Testing Numerical Modelling cyclic tests '-tE —52&':' n|
WO
o Bridge gap between soil behavior & design assumptions ml— - "'
Reliable foundation design starts with high-quality site characterisation and modelling realistic soil N ‘ -3 I

behavior



DONISIS workshop
04/06/2026

Yokohama, Japan

Slides from Ramboll
Panel participant: Hugo Portugal
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Hugo Portugal

Senior geotechnical engineer

Key responsibilities in Ramboll

Offshore wind monopile and jacket pile
foundation design

Development of geotechnical earthquake
engineering design methodologies.

Representative of the seismic workgroup

Educational background

a Civil engineer
0 Peru, Netherlands, United Kingdom

About myself

» Peruvian
» Based in Hamburg, Germany
> With Ramboll since 2020

Ramboll




Ramboll’s experience
Over the past 8+ years

Dedicated Seismic Expert Workgroup
Participation in the ACE-JIP 1

< 10+ projects executed in Asia
Seismic hazard (in-house)
Geotechnical design (in-house)
Structural design (in-house)

International and local experience with
certification processes - Relationships
established.

Japan
Taiwan
South Korea

Ramboll




Ramboll’s experience
What we want to share

K/
0’0

Key performance findings in our
designs

< Limitations in state-of-the-art
modelling in practice

<+ The risk and consequences of
conservatism stacking

Certification considerations

/7
0.0

Ramboll




Martin Bjerre
Nielsen

Technical Direc

18+ years bridging academia and industrial
offshore wind foundation design — with a focus
on integrated loads analysis for monopiles and

jackets incl. seismic.

PhD

Structural Eng
L, o012

Background

Acadermnic: PhD, Ass. Professor in Structural Engineering at DTU {2010-2015) — structural mechanics
& chynamics, multibody dynamics, numerical methods and wind turbine modeling,

Industrial Experience: Werking with offshore wind since 2007 at 15C, Rambell and Weood Thilsted,
Research projects and JIPs; Industrial PhD supervisor (ICEWIND, TU Delft collaboration); Supervisor

for numerous PhD, M5c or B3c projects; Close link with universities external examiner for 20+ thesas.

Seismie Analysis — Methods, Tools and Projects

v Integrated loads analysis: Industry expert on ILA for bottom-fixed structures using baoth fully
integrated and sequential approaches (superelements)

" Seismic modeling: Seismic superalemeants (COMPDYN2019) for monopiles and jackets, depth-varying
seismic loads [SRA-coupled), and generation of artificial accelerograms.

v Software development: MORPHELUS (WT), ROSA [Ramboll), Interface automation and various stand-
alone tools for fraquancy,time domain analysis of earthquakes

Industrial Experience — Detailed Designs

16 Monopile detailed designs 7 lacket detailed designs
- f ) .

Dopgger Bank /\(B/C - Vineyard Wind 1. East Anglia Changfang & Xidao, Th1-2 {seismic, TW) - Maoray East -
1M/2/3 - Thor - BC Wind - Mermaid & Sea star - SPIC . N ; ~

o ) ) East Anglia 1 - Seagreen - Nissum Bredning Vind -
Binhai South H3 - Hebei Laoting - Deutche Bucht - Aberdaen Bay - Borkum Riffgrund 7
Harns Rey 3
Early phase in Japan: Ishikari, Yarmagata Yuza + more.
Roles ronge frem key seismic specialist ond (LA lead to technicol disapliine lead

—
L —
WooDn Current Gaps, Industry Meeds & Future Direction
WT | THILSTED ke v CARBOM




» 2nd JAPAN Workshop on Geotechnics for
Offshore Wind

5 June 2026
Yokohama, Japan

« Offshore Wind Forum APAC Summit
Key Challenges in the Japanese Market: Structural
Design and Insurance Considerations

1- 2 July 2026
Tokyo Midtown Yaesu Conference

RWE sovevsoms TZPC0 v

s @ P N » ERTTT
TUDelft ETHzirich ®NTNU NG| Wowhm Ty Haentey _— wWer, @i € o, Orsted EEEE




Registration open for Inter-Farm Wake Webinar in Japan
held jointly by CT / WINC

Date / time 19th June, 2026 15:00-17:30 (JST)

Session 2
Programme e
Session 3 Financial Risk, Commercial and Legal Impact and Policy Implications

Session 4 Panel Session: Next Steps and Priorities for Japan

_|
®
o
>
>
o
o
o
>3
o
<
o
Q
@
>
Q@
>
o
§s.
-
o
o
o
>
®
»

Registration required. Register from link below:
FLREPDFEBCHIBDAA-T7—LIDI1IDFZE | Eventbrite

How to attend



https://www.eventbrite.co.uk/e/1989979700854?aff=oddtdtcreator&_gl=1*1jjkcw5*_up*MQ..*_ga*MTQ2NjQwNTA1MS4xNzc5MjY0Nzgx*_ga_TQVES5V6SH*czE3NzkyNjQ3ODAkbzEkZzAkdDE3NzkyNjQ3ODAkajYwJGwwJGgw
https://www.eventbrite.co.uk/e/1989979700854?aff=oddtdtcreator&_gl=1*1jjkcw5*_up*MQ..*_ga*MTQ2NjQwNTA1MS4xNzc5MjY0Nzgx*_ga_TQVES5V6SH*czE3NzkyNjQ3ODAkbzEkZzAkdDE3NzkyNjQ3ODAkajYwJGwwJGgw
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