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Offshore Wind Overview

Offshore Wind Industry The Telegraph HOME = NEWS  SPOR
Business

Economy Companies Opinion Openeconomy Markets Alex Telegraph Connect

« Offshore wind power costs have dramatically
dropped over last few years =£150/MWh (2015)
to = £58/MWh (2017) #& - Business

Cut-throat competition is
 Exciting time for engineers within offshore slashing offshore wind costs to
renewable industry unthinkable levels
AMBROSE EVANS-PRITCHARD plaver &
+ Foundation design optimisation significant S S——_ |
component of price CAPEX reduction o

Radi¢

PR

Windpower

»

HOME ARTICLES RESOURCES WEBINARS PODCASTS SUPPLIERS LEADERSH

UK offshore wind reaches price parity with fossil fuels

September 15, 2017 Michelle Froese : 0 Comments

Three new wind farms are to be built in the UK as offshore wind prices reach their lowest levels ever. This f
research published by Lloyd’s Reqister in February 2017, revealing that the majority of industry experts we
confident that renewable energy was reaching cost parity.

In the latest Contracts for Difference (CfD)
round, DONG Enerqy, Innoqy, and EDPR have

been awarded licenses to build new wind
farms in the UK- and the cost of offshore
wind has fallen by 50% since 2015.

042 /)—F
Wind farm developers submit bids to build * ‘
new wind farms and the Government awards
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Challenge
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= Larger areas = potential of soil variability at turbine locations
= Different engineering considerations
= Significant pressure to reduce cost

Overcome challenges - fully informed ground model coupled with innovative
analysis design methods
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Offshore Wind Site
Characterisation and
Ground Model
Development




Marine Windfarm Life Cycle

Risk based
approach

Feasibility Study

Typical 6 months, including dat
interpretation and foundation

Desktop Study Preliminary Site selection

Project Identification (Creation of Ground Model) Characterisation

Typical 3-6 months to evaluate Typical 1-2 Years, including Metocean,
geological, UXO, environmental and Environmental, Geotechnical and
geotechnical constraints at the site  Geophysical Survey

Definition of Appropriate Technical Specification

Detailed Geotechnical &
Geophysical Investigation for
Cable Route and Foundation

Data Interpretation &
Upgrade Ground Model

Detailed Engineering

Typical 6 months Typical 3 months Typical 4-6 months

6 www.fugro.com



Integrated Ground Model

Geophysical
Data

Geotechnical
Data

Public Data
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From Ground Model to
Design




Foundation Constraints
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Geotechnical Design Process

I Important that all stages performed together I

‘ 'Analyse

" Calibrate

" Profile

Cone Resistance, g, [MPa] Undrained Shear Strength, s, [kPa]
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o T Yl YT R S ol —3 L N \
o e
J | S ol o i
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&t el
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0 - _ . 30 Uur —%.Q
T A il - 6 o8
> { . Al E]
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= em—— — = 3
— . L 4 . =
— Y s o, -
0 _— 10 = = Pile head rotation
= - requirements < 25 degrees
— T — LegB? . S
& ; e - n samples Lag -
Required pile enbedment length [m]

+ Site Investigation Advanced Analysis

+ Laboratory Testing
* Ground Model Development

e Calibrate Suitable Models

www.fugro.com
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Geotechnical
Modelling and Design




Geotechnical Modelling and Design

Important Note on Geotechnical Modelling!

Computers and Geotechnics 93 (2018) 269-279 0.50m AHD
Contents lists available at ScienceDirect CLAYEY E
. SILTY SAND =)
Computers and Geotechnics
WL -0.50m AHD < | vy £
=) A S = £
X . : A, ]
journal homepage: www.elsevier.com/locate/compgeo 9 S A, b
-1.00m AHD A.00m AW o
ESTUARINE AR ST
Research Paper CLAY
Insights from a shallow foundation load-settlement prediction exercise CrossMark
~300mm _| [ 1800 mm ol | ~300mm
].P. Doherty **, S. Gourvenec®, EM. Gaone”
2400 mm

*School of Givil, Environmental and Mining Engineering The University of Western Australia, 35 Stirling Hwy, Crawley, WA 6009, Australia -
" Centre for Offshore Foundation Systems and the ARC Centre of Excellence for Geotechnical Science and Engineering, The University of Western Australia, Crawley, WA, Australia
Fig. 4. Foundation geometry.

» 50 participants in recent shallow foundation prediction event
(23 were from industry practitioners, 16 from academics and s00
11 from undergraduate students)

-é) measure;i Q“l = 505 kN

average of
predicted
values

« All participants in prediction event given the same site
investigation data (high quality lab test and in situ data
provided);

| measured
value

* No correlation between calculation method/model used and
accuracy of prediction 100

predicted capcaity (kIN)

« Highlight importance of engineering judgement 00 0 20 30 40 50
#
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Offshore Wind Foundation Design

Jackets Gravity Base Foundations Monopiles

www.fugro.com



Constitutive Modelling for FEA

» Finite Element Analysis (FEA) typically utilised for
offshore wind turbine foundation design 'FEA |

« Constitutive model is a pivotal part of any FEA

calculation p
Displacements Forces
Strains Stresses

_____ -_— ==

' | Constitutive Model |

What is a constitutive model?

The constitutive model is a mathematical representation of the mechanical
behaviour of the soil and is fundamental part of FEA of a geotechnical
problem.

15 www.fugro.com



Constitutive Modelling for FEA

The complexity of real soil behaviour

The in situ behaviour of real soil is very complex and governed by many factors such as:
« Soil type;

« Stress history;

« Depositional environment. (Ao} = [DP]{Ae)

e o

[D°P] = [D7]

5o} {5}

1 (8Fy"
A:——{—} Ak

Aldk

Given the complexity of real soil, a single all-encompassing
constitutive model is not feasible.

Hence there is a need to highlight the salient features of the soill %1
behaviour depending on the geotechnical problem and soil type

16 www.fugro.com



Constitutive Modelling for FEA

= GoogleScholar  constitutive model soil n
Articles Page 2 of about?69,000 results |0.06 sec)

Any time ciration] A constitutive model for soil under monotonic and cyclic loading

Since 2018 R Nova, DM Wood - Seoil mechanics-transient and cyclic loading, 1982 - Wiley, New York

Since 2017 Yr DY Cited by 91 Related articles

Since 2014

Yield criterion and elasto-plastic damage constitutive model for frozen sandy
Custom range. .

soil

Y Lai, L Jin, X Chang - Intemational Jaurnal of Plasticity, 2009 - Elsevier
Sort by relevance Abstract A series of triaxial compression tests was carried out on a frozen sandy soil under
Sort by date confining pressures of 0-18 MPa at- 6° C. The experimental results indicate that, the

strength of frozen sandy seil increases versus the increase in the confining pressures when

v% DY Cited by 88 Related articles  All 5 versions 99
+| include patents
7/ include citations ~ Evaluation of a constitutive model for overconsolidated clays
AJ Whittle - Geotechnigue, 1993 - icevirtuallibrary com
_289-313. = Prev. Next = Evaluation of a constitutive model for overconsolidated clays ... This Paper
evaluates the performance of a generalized effective stress soil model for predicting the
rate-independent behaviour of K" normally to moderately overconsolidated clays ...

v¢ P9 Cited by 149 Related articles  All 4 versions 99

Create alert

The hardening soil model: formulation and verification

I Schanz, PA Vermeer, PG Bonnier - Beyond 2000 in ..., 1999 - books.google.com

. 2 CONSTITUTIVE EQUATIONS FOR STANDARD DRAINED TRIAXIAL TEST A basic idea
for the formulation of the Hardening-Soil model is the hyperbaolic relationship be- tween the
vertical strainf 1, and the deviatoric stress, q, in primary triaxial loading .

¥¢ DY Cited by 673 Related articles  All 5 versions

17 www.fugro.com



Constitutive Modelling for FEA

Majority of models
published in this zone

Indusltry Acadlemia?

“Philosopher Models”

“Simplistic Models” “Engineer Models”

FEA Speed
Predictive

FEA Capability
Robustness

Model

Calibration

18 www.fugro.com



Constitutive Modelling for FEA

Majority of models
published in this zone

Acadlemia?

Constitutive Model Complexity

“Philosopher Models”

0 Laboratory/ In Situ Data Available 100

implistic Models™

“Engineer Models”

www.fugro.com



Constitutive Modelling for FEA

Implementation of Model

* Rigorous robust implementation of a bespoke constitutive model within
commercial FEA packages is not a trivial task;

* Need to develop rigorous stress point algorithms (e.g. Sloan et al. 2001);

Constitutive Model
Source Code

UDSM
Wrapper
Code

UMAT
Wrapper
Code

20 www.fugro.com



FEA of Suction
Bucket in Sand

Example

21 www.fugro.com



Suction Bucket under Tension Loading FEA

Multi-pod Suction Bucket Design

* Push-pull mechanism;

« Tension loading design considerations very important;
 How much tension capacity can be mobilised in sand?

\ - Wind

_mni Vi)

Reaction

]

Thieken et al. (2014)

22 www.fugro.com



Suction Bucket under Tension Loading FEA

FEA and Development of Bespoke Consitutive Model Example

Scope of work: Investigate the bearing behaviour of a suction bucket foundation under tensile
load and consider potential for upward ratcheting under cyclic loading.

A

Important notes for constitutive model selection:

« Dense slightly silty fine SAND soil profile;

« soil is strongly dilatational during shearing;

« under storm loading rates the soil likely to behave
undrained to partially-drained;

» effect of dilatancy manifesting as negative excess
pore pressures pivotal

Soll particles  —~—___ | During rapid loading the tendency for
Pore pressure volumetric expansion is resisted by
invoids | suctions generated due to the

o =0 —ul incompressible nature of water which

o = total stress tensor results in a significant increase in the

U = pore pressure effective stress and in turn the mobilised
I = unit matrix strength.

23 www.fugro.com



Suction Bucket under Tension Loading FEA

FEA and Development of Bespoke Consitutive Model Example

Scope of work: Investigate the bearing behaviour of a suction bucket foundation under tensile
load and consider potential for upward ratcheting under cyclic loading.

A

Important notes for constitutive model selection:

« Dense slightly silty fine SAND soil profile;

« soil is strongly dilatational during shearing;

« under storm loading rates the soil likely to behave
undrained to partially-drained;

» effect of dilatancy manifesting as negative excess
pore pressures pivotal

Therefore:

* Soil model used for analysis must capture a representative dilatational response!
* No built-in existing models could capture this behaviour.

 Must develop and implement bespoke model to perform reasonable analysis.

24 www.fugro.com



-l"umm
Suction Bucket under Tension Loading FEA

Typical models within commercial FEA packages considered for dense sand not suitable

for problem in question:

2000

Z
/
* Mohr Coloumb model (Plaxis &Abaqus)x Not suitable a"
1500 - & a
a 6\6‘ ﬁ-%
« Hardening Soil (HS) or HSsmall models S8 G
(Plaxis & Abaqus) Not suitable ¥ 2 W
g \@\0" i\‘;@" \ﬁww,ediﬁ“’
- A\ W g‘l
« Modified Capped Drucker Prager Model 7 ﬁsﬁ"& mﬁnﬁes‘en
(Abaqus) . 500 1
Not suitable Hsamall i = 0°
0 T
0 5 10 15
Ea(%l

Although some offer reasonable prediction in drained element test conditions the
prediction in undrained conditions is very poor for undrained conditions.

25 www.fugro.com
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Suction Bucket under Tension Loading FEA

Yield Surface

Elastic Law « Wedge Type Pressure

« Non-linear stiffness as a power dependent Surface (Sheng
function of current stress etal. 2000)

- Utilises Houlsby et al. (2005) * Can be approximated to
hyperelastic formulation Mohr Coulomb Model

* No Hardening or Softening
* Could use other surface

Po\™ 00y
Dij = Pa (_) [(“k - 7 ) + k(1—n)d;;6y
Pa Pa

1
+2g(6406; — 3 Sklgij]l

Model Components

Plastic Potential Function
+ Stress and state dependent plastic potential function

. \(©
that could be added to any similar model (e.g. ) \\\!_c“a\\'\ed
standard MC model) artiaiy . {oNS
criticd era\%ed con
un

1 = Fugro Reference:
G = JA - (p’w —p’) +qY Whyte, S. et al. (2017). Practical Constitutive

P e Model for Dense Sand...SUT OSIG

26 www.fugro.com



-l"umm
Suction Bucket under Tension Loading FEA

Model Calibration

Versatile stress-dilatancy relationship fit to data:
Stress and state dependent
p' ., from CSL 5

2500

Results in family of state dependent plastic
potential surfaces

500

* Bespoke model developed and lab testing
programme tailored to calibrate model 0

p' (kPa)

1 10 100 1000
0.900

10000

—ve
0.850 ==

i
]
T T T T

0.800 ==z

T
]

—

&
N

0.750 o ';"“-n
0.700 ~5
\g?

O 0650 “h dq
0.600

0.550

Lab Data “ : Moo

0.500 '

T T T T T T T T TFT T T

0.450 S

0.400
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Suction Bucket under cyclic loading

Suction Bucket in Dense Sand FEA Example

* Monotonic capacity significantly
increases under rapid loading due
to negative excess pore pressures 50000 -

wls -7
rD“E'E'-i‘@T .
HF : : 40000 - +ve = Tension ce! EB*L-CE“H - m/®
«  Permeability and dilational ! ost oot BT
parameters most pivotal for 30000 - et Gontrolied. 123 ™
predicted response e e T T
—— 20000 - L - - Displacement Controlled, 5.0 mm/s
= B/ A i
 Realistic load history data very g wooe | 7 | | | | |
. — ~ @ Approximate Drained Tension Capacity from Design Codes
Important 2 S
E .:]2 0.04 0.06 0.08 0.1
« Cavitation cut-off within FEA ko
important for design analysis
-30000 -

Displacement (m)
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Monopile Design
Monotonic to Cyclic
3D to 1D Models

29 www.fugro.com



Dynamic and Cyclic p-y Curves for Monopile Design

Monopile Foundation

www.lorc.e-kvator.com

Monopile Design

* Monopiles being utilised significantly beyond what

was thought possible in terms of turbine size and
water depth

* Using design methods typically employed for the

foundations of jacket structures may not be
appropriate

* New methods recently proposed (e.g PISA Method)

30 Future Offshore Foundations Conference, Brussels, November 8 to 9, 2017 www.fugro.com



Monopile Foundation Design

1D PISA Method Model (Byrne et al. 2017) L
* Distributed load curve — distributed load p and lateral
displacement v

* Distributed moment curve — distributed moment m and
section rotation ©

T = =
Distdbuted load
* Base shear curves — base shear force S and lateral pz.v)
displacement v
Distributed moment
. m(z, 8)
* Base moment curve — base moment M and base rotation 6

1..._5. DOF Timoshenko

. beam element
Short Pile—Clay (L=20m, D =10 m)

18 == L:-""""'"""-J Base shear

& +basemomen_ti1_[)_M¢_1dgl --------------- S{vatbm}
= 14 ==  _ _e--=""" s o Rotation, & Alf—
%12- T o777 7777 Lhase shear| i _..._-—-_..._ﬁ i The vertical shear stress T U E,:g;nm“;t
T W s R e e g & varles around the base
g 1:_ , - ~— plli'rﬂlr.lll:l'u::
g 64 API/DNV 1 | ] I l l l a-"/”m moment, m.
) ) h""‘--—-i.—-—-"""

2

i L J

T T T
0 0.5 1 1.5 2 —
Ground Displacement (m)
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Monopile Design Process

Proposed methods from PISA to determine soil reaction curves (Byrne et al. 2017)

Rule Based Method

Numerical-based Method

SOI| classification Basic strength and stiffness
parameters from Sl
pil Lookup table af parameters
lle geometry for given soil classification

Lateral response
prediction

Feasibility/Prelim Concept Design Stage

Detailed strength and
stiffness parameters from Sl
Y
Sail constitutive model
calibration and FE analysis

A

Soil reaction extraction Array geometry
and parameterisation
@
Lateral resporse
prediction

Detailed Concept Design

Similar to codified approach DNV (2014)
PISA includes additional reaction curves

Approach of developing site specific
reaction curves also presented by many
authors before PISA (e.g. Erbrich (2014))

32 Information on this slide is confidential and shall not be communicated without Fugro’s permission
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Monopile Design Process

Monopile Design Process

1. Extract high quality soil
samples

|

4. 3D Finite element analysis

;ﬁsﬁéﬁ; .
éﬁ:?g%& o
F il
B
Shie B
§w: §55%571§WW
. .

S
2N

ST

4
L
</

s
b

LN

A

2. Extensive testing of material

3. Calibrate suitable
constitutive model

T T
ol A
z
L 4
7. T H,12 “Triaxial compression
-fl Gr
Vi 4
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, Triaxial extension
7 (2
372 303

Octahedral shear

Deviatoric plane .
stress-strain

{40} = [D°"]{Ae) )
e

5] 05} 4

[D*F] = [D*] -

!

Normalized distribat ed laod p/fa’ 0

5. Extract reaction curves and
normalise for 1D moqel

* I
25
Ms
20 o I = == Hs
S e T zl — v
15 Al
L Distributed
1 ;’ —z/D=0.23 "—.I laberai load
— ——z/p=2.08 P
5 ——z/b=4E3 AT
 pmmsr E——
0 LY mimwy
a 50 100 150 200 —
Normalized displacement vG/Do’ ——— F—
torce Fatv) | mament
— v
L

|

1 @Fy7
A[ak}

6. Optimise Pile lengths across
site using 1D model and
normalised reaction Curves

4

) © km
Figure 1 (a) Required foundation depth calculated from a regular point mesh, (b) optimised point mesh with contours of the main
geological horizons inwhich the monopiles are founded and (c) final depth map of the combined results

33

www.fugro.com




Monopile Design Process

Monopile Design Process

1. Extract high quality soil
samples

LA
VAV
B g o X

P
EFAVEA)

A
L

Sh
<SS

Agg

4. 3D Finite element analysis

3. Calibrate suitable
constitutive model

T

e

Deviatoric plane

{ag} = [D*P]{Ac}

1 (8F Tﬂ.k
- A{ak}

T
ol A
z
L 4
f L H,/2 “Triaxial compression
fl Gr
Vi 4
Triaxial extension
T,
5o

[D**] = [D*] -

Octahedral shear
stress-strain

e o

5] 05} 4

Normalized distr ibut ed laod pja’ D

5. Extract reaction curves and
normalise for 1D moqel

* I
25
Mg
0 i -- Ha
e e e z| |—=v
P R
lj ’
L Distributed
1 ;’ —z/D=0.23 "—.I laberai load
— ——z/D=208 — gz
5 ——z/D=a.83 A C
 pmmsr Y ——
0 LY mimwy
a 50 100 150 200 —
Normalized displacement vG/Do’ ——— F—
torce Fatv) | mament
—l e
L

!

6. Optimise Pile lengths across
site using 1D model and
normalised reaction Curves

- Required Foundation
N Depth
—c—y - I
3 ._.-r... . .y Ms0i-a20m
p T [ 38.1-40.0m
Ron %o
Ba Jak ‘-" [] 36.1-38.0m
| . [ 34.1-36.0m
g F R I 32.1-340m
pree s @FNLL s

11111

(a) (b)

Required foundation depth calculated from a regular point mesh, (b) optimised point mesh with contours of the main

Figure 1: (@) lar
geological horizons inwhich the monopiles are founded and (c) final depth map of the combined results
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Monopile Design

Monopile Monotonic — Reaction Curve Extraction

OC CLAY

35 www.fugro.com



Constitutive Model Selection

Modelling OC Clay with 3D FEA

« Effective Stress Model vs Total Stress Model

Multi-surface total stress model

B-SCLAY1S model
(Sivasithamparam & Karstunen 2012)

= —HVY-MCE, n=0.8
«e HV-MCE, n=0.6
= «HV-MCC, n=0.4
--Standard MCC

pe o’ NGI ADP model (Grimstad et al. 2012)
HV-MCC (After. Tsiampousi et al. (2013))

36 www.fugro.com



Total Stress Model Development

Multi-surface Total Stress Model

12

« Some instances total stress model more appropriate e.g.
monopile under short term loading in predominately clay
profile;

« Calibration very easy and allows for exact match of stress 5;”-6
strain backbone curve from lab data;

0.4

« If small strain stiffness of significant importance for
modelling can have more surfaces in small strain range to
give more resolution; °

« Stress history captured within model;

g1

» Implemented using distributed
element approach T~

Normalised Shear Maodulus, GIG, [-]

gz O]

=#={Calibrated Model Response

eq (%)

0.

0.6

0.4

0.2

0.0

—=— Calibrated Model Response

———— Small Strain Design Resporse Gran/Grman [

- — — —Smiall Strain Design Resporse Gsac/Gmax [-]

0.000a1

0.0001 Lo om
Deviatoric Strain, =q [%]

37
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GROD
Total Stress Model Development
New Model Development
New Undrained M-Surf ACE model
Whyte et al. (2018) — In preparation

Multi-surface VM model
Houlsby (1999)

12
1
0.8
w
@
~ 0.6
S
o
0.4 0.4 / —e—Calibrated Model ClUc Respars
== (alibrated Model Response
== alibrated Model ClUe Responze
0.2 0.2
1
.
0 0
0 £ i0 is 20 0 5 10 15 20
eq (%)
£q (%)
www.fugro.com
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Total Stress Model Calibration

Testing Required For Calibration:

= Resonant column data used to define stiffness to 0.01%
= Bender Element test to define Gmax

=  Triaxial with local strain gauges data used to blend the derived trend for
0.01% >y <0.1%

= Direct simple shear data and triaxial data used at y > 0.1%

ORC data

1.00 4
£ 0SS data

& CAUdata

0.80 A
OTrendto 0.1%

0.40 -

i 1
020 g~ B
“ 1+(L)
Yref
0.00
000001 00001 0001 0.01

T[]
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Total Stress Model Calibration

Monotonic Calibration

Collection of triaxial compression tests from several
samples from same OC Clay geological unit at several

different North Sea Sites

q (kPa)

13 Z0

1z 14 15

£ql%)

www.fugro.com
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Total Stress Model Calibration

Monotonic Calibration

=  Normalisation of backbone curve

1.2

0.z |

£ql%)

41 www.fugro.com



Total Stress Model Calibration

Monotonic Calibration

=  Normalisation of backbone curve

12

Normalised calibrated triaxial
compression back bone curve

(10

; Eq':']

42 www.fugro.com



Total Stress Model Calibration

Monotonic Calibration

= Normalisation of backbone curve Triaxial extension and compression

0.3

0.7

Triaxial Extension

120 140

43
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Site Characterisation — 3D FEA

Site Profile — Cowden (PISA Site)
« Glacial till clay (assumed similar back bone curve)

Gmax (MPa)
0 100 200 300

Undrained Shear Strength (kPa)

4 TAC - historic daid 4
HSV (PISA)
el v = b
E TXC 38mm (PISA) E
= z
g . TXC 100mm (PISA g .
TXC 100mm (GEO)
10 Simulated 10
12 12
Sand Layer o1 e
14 14 - -

After. Byrne et al. (2017)
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Comparison to PISA Cowden Pile Tests:

Comparison to Pile Load Test

450
400
350
300
250

L/D=3 Pile Load Test

o
r

SR
o
B 7

RVA)

R

EAVAVAVAEN

T N ]
WAVl P
AT P b e e ma

i o B e

Very good agreement between predicted response from 3D
3D FEA

FEA and Pile Load tests;
Run time less than 3 hours (approx. 20,000 elements);

NI
%ﬂu,ﬁﬂwwmh g

e

100

20

Lateral Ground Displacement (m)
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Monopile Design Process

Extraction of site specific reaction curves

=S

i

5]

]

wn

Hormalized distributed laod pfa’ 0
&

f ol

a 50 100 150 200
Normalized displacement w3 /Do’

1000’s of calculations across
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Monopile Design Sand Discussion

Monopile Monotonic — Reaction Curve Extraction

DENSE SAND
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Monopile Design Sand Discussion

. - - . AvA & =

Comparison with pile load tests from 3D FEA: é%%%ﬁ&é Eose- S
e R
« User-defined soil model implemented and ‘ﬁ,‘m%é;:% =

" SR s
utilised for FEA gg%ﬁgﬁé : @%3‘&%4%
. . i z 'v&!!ﬂ% = L Yy

» Comparison to pile load tests shows good «%ﬁm : SRS W

S
5
I
N/
A

agreement

Medium Diameter Pile

Large Diameter Pile

=
= . =
=] — rﬂ
— =
s - %
ﬁ — - - 3
= - -
o - [
B - =
= - [=]
£ | =
" [ =
B Pile Load Test 2 £
£ ’ - = Pile Load Test - 1
. = == A Prediction e
@ / £ -
o @ FEA Prediction
o
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Monopile Design Sand Discussion

Lateral Loading of a large diameter monopile in Dense Sand...Drained or
Undrained?

Current design methods (i.e. API) assume lateral response in sand is fully drained;

For slender piles indeed this is most probably the case;

Most model & centrifuge testing on monopiles in sand have been under drained
conditions;

However, for large diameter | || |7 o] *'i I'h_.H“le"'{;l:tﬁ‘;
monopiles this is unlikely to be 02 ; il
the case under storm loading
conditions - 06

$

3 04

02 - Cv=0.3m%s - D=38.0m
****** Cv=05m%s - D=1.0m t
0 : : '

0.00 0.00 0.00 0.01 100 100.00 100
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Monopile Design Sand Discussion

Implications for design:

« Monopile design in very dense sand designer can potentially allow for
additional mobilised capacity in peak storm loading conditions

« However, it may be non-conservative to design for drained conditions in
medium dense or lower sands.

Undrained Test Response
Drained Test Response

g Very Dense Sand

’

”

g

Vv

/

N\

Medium Dense Sand

Vv

p!
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Monopile Cyclic Loading

Monopile Cyclic — Reaction Curve Extraction
1D Modelling Approach
pCyCOS Algorithm (Fugro In-House Software)

Fugro References:
Erbrich, C. et al. (2010). Axial and Lateral Pile Design...ISFOG

Peralta, P., Ballard, J.C., Rattley, M., & Erbrich C. (2017).
Dynamic and Cyclic Pile-Soil Response Curves for Monopile
Design, SUT OSIG
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Advanced Soil Response Characterisation

1) Perform cyclic laboratory testing of soil

Shear Stress, txy (kPa)

20 4

(T |
~5 L -30;
Cyclic Simple Shear | o
.. —nsaa Rl -40 -30 -20 -10 0 10 20 30 40
Shear Strain, y (%)
2) Interpret and derive cyclic stress-strain curves
0-9‘- T T T T T T T T T
S-N Plots 08 ) Fitting Trendlines ST e
(for various cyclic strains) 0_75\ e .
o | Lab Test Data Q Ensgre sufficient numbgr of
2P\ o cyclic tests for every soil type
2 o4 %\\\ w7 = 15% (= cyclic strength) (sand, clay, silt, chalk)
O T N\ NG .
S IO | O Ensure correct cyclic test
02 ] 1] * performance and interpretation,
o1l v=5% | y=10% in line with design methodology
g A1 1
1 10 100 1,000 10,000
Number of Cycles
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Cyclic Stress Ratio /S, [-]

Advanced Soil Response Characterisation

lllustration of Soil Cyclic Model

Strainyz0_1% b — N e R E s s E— - ———N=100

Soil Strength Parameter S /o’ ,

<— Weaker soil (looser) —+— Stronger soil (denser) —>|

Based on Fugro database of soil cyclic strength and
stiffness for SAND and CLAY, 1-WAY and 2-WAY

cyclic loading

Interpolation function gives soil strength and strain for
any given CSR, number of cycles, and soil density for
sand or consistency for clay

Fugro Soil Cyclic Database

North Sea CLAY (2-way cyclic loading)

T
CSR = %=a-exp b-—

u 0 10

+c¢c<1.0

a, b, and ¢ — empirical parameters, function of N and
Yeye (CYClic strain)

North Sea SAND (2-way cyclic loading)

C

e + B

u
=A- p
S 0 10

CSR =

A, B, and C — empirical parameters, function of N and
Yeye (CYcCliC strain)
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Dynamic and Cyclic p-y Curves for Monopile Design

1) Implement cyclic stress-strain curves in Finite Element 2) Extract envelope p-y curves (load-controlled)
model e ,
| | : ! Nl
e 2
2500 Y A P
: N 40
— 2000 _._-—Jf'— 3 /
— / ! : ! Ny = 30 S | eeessslscesscsedancanaan
21500 1 7 AR SR
% 1000 I R ® 20 et SAND, s,/o -
o _ ! ! I [ |
Q 500 | SANDl i S N 10 / N=1 —
0 T T e eeeeses N=3
0 10 20 30 40 50 e mom 0 | |
, 0 0.2 04 0.6 0.8 1
s,/6", [-] yD[]
50
500 — 40 /..
400 1N — //"'""“““" """
- o7 - —-——— - - -
= 300 SN CLAY I /'_ S I A I
v 200 \= \g_ 20 7 =1
.~ 1 0 1t | ECcrErtttrsE .- Wyttt e || | eeesees N=3
o 100 0 - e e o \=8
0 ! CLAY, s/0’x=5 | = = N=50
0 1 2 3 4 5 o ] | | =+ =N=1000
' 0 0.2 0.4 0.6 0.8 1
S/GVO[] y/D[_]
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Monopile Cyclic Loading

Y% .
4\M pCyCOS Algorithm (Fugro In-House Software)
777777'1 — \ Simple Shear N>1
p/c've [ p/c’ve
N=1 N=1
e , N=2 |:> ; ; N=2
Sr Prp------ . N=3 Prf------ e N=3
Ml , N=4 , N=4
_I 1
Po2s=025py [ [f/_ ____ J:_ . i
' 2 P-y curve for first cycle ' R '
+—> -
P-y curve for second cycle
D=7m (from envelope p-y @N=1) y y
350
> Full non-linear soil and pile S Fugro Cyclic \
response from very small elastic T 250 4——N——
displacements to large cyclic =3 . \
g n £ API Cyclic
displacements X Z 200 N
n
_ - & = = Fugro pCyCOS - BE - Neg=1
> Design optimisation due to £ 180 ——Fugro pCyCOS - BE - Neg=3
higher pile-soil stiffness in = ——API, Cyclic - BE phi profile
particular for operational load case w00 - » X .
at small pile head displacements - - -
( p p ) yhead/D [%]

Comparison of Pile Head Load-Displacement Stiffness
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Dynamic and Cyclic p-y Curves for Monopile Design

Comparison with Standard Method for Silica Sands and Clays

Range of y for operational loads %m
(For frequency analysis and fatigue limit state) N at u ral Freq uen Cy =
Range of y for design cyclic storm loads H
A (For ultimate and serviceability limit states) An alys IS
. ‘//h'/ . . - El
E N Higher stiffness k for small-
=3 S strains leads to lower El and )
a Fugro site-specific cyclic p-y curve - based on
G G,., and measured soil cyclic parameters lower use of steel f
g 1 v
S AP cyclic p-y curve:- does not consider soil G,
“a" may be conservativg due to input parameters
o) I
E Higher small-strain stiffness k due to soil G, N f — 1 1
;}3) Fugro site-specifc p-y curves n 2 T LS L2
& | 3El  k
> A
Pile Displacement, y [m] \
) \
U L S an d S L S é \ Fugro site-specific cyclic p-y curve
g g S \ API cyclic p-y curve
Lower cyclic displacements from Fugro p-y §§ N (f/
curves (calibrated from cyclic lab testing) lead to B B Ny Lengt -
. . y reduction
lower required pile length and_lower use of steel e P = -
a Pile head rotation —
requirements < 25 degrees
>

Required pile embedment length [m]
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Monopile Cyclic Loading

3D Cyclic Modelling Approach
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Undrained M-Surf ACE Model Simple Cyclic Example

New Constitutive Model Development (Undrained M-Surf ACE )
Semi-empirical cyclic degradation extension to model:

Memory surface tracked as state variable to define if cyclic loading and
degradation occurring;

New approach implemented which results in higher weighting of strain
being added to single “broken spring” component during cyclic loading
as a function of the accumulated plastic deviatoric strain (similar
approach to lwan & Cifuentes, (1986).

q (kPa)

=200 A

Result of new model cyclic / 300
degradation model from Axial Strain (-)
cyclic triaxial simulation
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Undrained M-Surf ACE Model Simple Cyclic Example

Undrained M-Surf ACE Model Simple Cyclic Example

* Model implemented in Plaxis

and Abaqus; Degradation
Index
« State variable at each stress
point in mesh with store cyclic
degradation index;
« Rate effects being added to
model

Number of cycles = 3 Number of cycles = 20
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Extrusion of an Initial
Deformed Pile
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Pile Extrusion

Problem Definition

Goodwyn A Valhall IP Platform How do we solve
(1992) (2004) this problem?

BASIL model
Developed for assessing
extrusion of thin walled
skirts in soil

Something very similar
happened.....

from Alm, et al., 2004

2

from Barbour & Erbrich, 1994 from Barbour & Erbrich, 1995
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Pile Extrusion

BASIL Model
A ‘brush’ of ‘hairs’ radiating
from pile centre line

Pile ‘penetrates’ to first row of
‘hairs’

Intersection of skirt tip with
‘hairs’ defines spring origin

Pile ‘penetrates’ to next row of
‘hairs’
« Springs from first row are

loaded if any radial
displacement

* Pile deflects as required
Intersection of skirt tip with next

row of ‘hairs’
Andsoon.....
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Pile Extrusion

Soil Modelling

BASIL Spring
16,000 . . . .
— — Cylindrical cavity expansion
. 14,000 +— . —
Stress-strain curves FE Analyses — BASIL spring- Ramberg Osgood Model
|
12,000 1 nitial stiffness, Kmax D —

2.00 : ° //
< / =T
1.60 % 10,000 — :
o / :

2 12019 g 8,000 — Unload-reload stiffness;
: []
080 a / d Kmax Do
& 6,000 4 :
0.40 ~ Su/S'vo = 0.25 f X
0.00 4,000 ,
Shear Strain, g :
2,000 :
0

0 005 01 0.15 0.2 0.25
Displacement, y/Dg

63 www.fugro.com



Pile Extrusion

Example Analysis

Interlayered silt — with well cemented calcarenite layer

Pile Tip Radius (m)
0.5 0.7 0.9 11 13 15 1.7 19

0 \
5 ;
Silt
10
15—t e —————
13 7 Well cemented calcarenite
0.000e ,\20 ————————————————— B N e A A N S
E ;
Max: +0.000e+00 s X
Elem: PART-1-1.1 '
Node: 1 =25 T
© ) .
o Silt / : \
Max: +0.000e+000 % 1
a 30 / ; \
35 / : \
40 / !
45 Initial external radius A
50 | _ | _ | 1
| — Minor axis — Major axis
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Pile Extrusion

Not just an ‘extreme’ : a B e Clearance all round BHA
Goodwyn A or Valhall

collapse to worry o

about..... g Remember:

Tight tolerances + small imperfections +
the ‘wrong sort of soil’

What about this MAY MEAN TROUBLE!
Not much wrong with this pile? -

" YOU HAVE BEEN WARNED.....

" [N Hm... seems a bit stuck now!
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GEOSPATIAL
ANALYSIS FOR
OFFSHORE
GEOTECHNICAL

DESIGN
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GIS Spatial Foundation Mapping

GIS-based geotechnical analysis tools to produce a foundation map for an OWF

Any geotechnical analysis could be performed using this approach

Allows for holistic design approach

Potentially couple with other OWF spatial drivers (e.g. wake turbulence models and cable
connection least cost maps) to allow for most economic layout

GIS-hosted Ground Model Required Pile Length Map

41 3 418000

415000 418000 m.ou III'MO

1
-
]
"
=
-
-
n
&
6165000
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GIS Least Cost Routing — Geo-Cost Maps

Component Geo-Cost Maps

Component Geocost Component Geocost Composite Geocost
Map 1 Map 2 Map
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GIS Least Cost Routing — Least Cost Routing

Least Cost Routing

» Classical routing optimisation methods
produce many small radius deviations

« Traditionally significant post-
processing required

* Fugro developed proprietary least cost
routing method with curvature
constrained incorporated

* Problem is solved efficiently by
distributing the computing load on
parallel processors, as well graphical
processing units

=== Rmin = 250

=== Rmin = 500

=== Rmin = 1000

== Rmin = 2000

"{. == Rmin = 4000

=== Rmin = 8000

& == (Classical LCR
Pipeline Routing Example
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Development
of Cloud
Based

Applications
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Web Based Calculation Tools (Web Apps): Overview

What is the Cloud?

Somewhere at the other end of your internet connection — a place where you can
access apps and services, and where your data can be stored securely. The cloud is a
big deal for three reasons:
* No effort on your part to maintain or manage it.
» You can access cloud-based applications and services from anywhere — all you
need is a device with an Internet connection.
» It's effectively infinite in size, so you don't need to worry about it running out of
capacity and scales on demand so you only pay for what you use.

Victorian Racing Club Provision for peak
N e e I 1T
2 Scale on demand 1l
% 2 Melgzurne\‘ Need big Using Iotg of little 1l
58 P machine, hardly machines i
= used Wasted $$
= i
il
Jan Dec
Microsoft
amazon o @ @ rackspace

webservices™

the open cloud company

Google Compute Engine
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Web Based Calculation Tools (Web Apps): Overview

Every day, AWS adds enough new server capacity to support all of Amazon’s
global infrastructure when it was a $7B retailer

,I i
= .l amazon
Amazon History * webservices™
Amazon.com
Launched
Online Bookstore Amazon
Publishing Amazon Web AmazonArt
Services (AWS)
Launched
Jeff Bezos Amazon
Incorporated Kindle Games
the Company Launches

I I [,

1994 1995 006 2007 2012 2013
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Web Based Calculation Tools (Web Apps): Overview

Description

* Running Fugro in-house foundation analysis software in the

cloud via a user-friendly web-based interface.

Benefits

* Quicker. Improve analysis speed (in some cases, reduced
from hours to seconds) and accuracy by accessing virtually
unlimited computing power using scalable numbers of
cloud servers. Reduces man-hour requirements for design
calculations and allows better optimisation of foundation
designs — unlocks ability to perform statistical analyses.

« Consistent. Standardises software version and ensures

analysis consistency.

« Easily accessed. Can access the App from anywhere in

the world.
* Secure. Secures intellectual property and data.

-F-'G'!u THE UNIVERSITY OF
%N WESTERN
%ame? AUSTRALIA

amazon

web services™

A - R S T N -

final pore pressures (kPa)

Quantifying consolidation strength
gains under a shallow foundation

1
1Ty

Calculating resulting foundation capacity
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Web Based Calculation Tools (Web Apps): Overview
-l"unnn

« This will allow a range of design options
to be explored, resulting in optimised o o o o
foundation solutions. i - i i

« Combining with scaling capability of
cloud based computing allows for large
volumes of foundation design
calculations to be conducted

No. Name Function
1 CVCOS Assessment of lateral response of piles in uncemented soils subject to undrained monotonic and/or cyclic
LYy loading.
Assessment of lateral response of piles in cemented soils subject to undrained monotonic and/or cyclic
2 CHIPPER -
loading.
3 BearCon Assessment of bearing capacity of shallow (skirted) foundation under combined loading (monotonic and
cyclic).
4 CYCLOPS Assgssment of axial response of piles in uncemented soils subject to undrained monotonic and/or cyclic
loading.
5 SpudCone Assessment of spudcan penetration based on CPT data.
6 AGSPANC Assessment of caisson foundation capacity.
(under development)
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Summary

« Significant need bespoke analysis methods
developed on individual projects

* Integrated Geotechnical and geoscience
needed to fully understand site and develop
ground model

» Geotechnical designer/modeller should be
involved in lab testing schedule and site
investigation

« Advanced laboratory testing needed in
conjunction with suitable constitutive models
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Thank You!




