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Market areas
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Offshore Energy Natural Hazards Technology Environment
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Anchor Selection and Whole-Life Performance for Offshore Floating Wind

“ Mooring system types
“ Anchors for floating wind facilities

“ Design of the anchoring system for offshore floating wind
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Novel Honeymooring system

1. Mooring system types

7 Environmental and operational loads - the mooring lines-
anchor at the seabed

Caternary

Taut/semitaut Tension leg




2. Anchors for offshore floating wind Design

required site

Anchors for floating wind facilities - Experience and knowledge gained from Oil & Gas investigation

; : Anchor
O Ee capacity
Plate

«— anchor Fabrication and
' transportation

“ Fluke anchors “ Suction anchors “ Plate anchors Installation
anchar pile Square Shaft Anchor
\ seabed i
Soil types
N

Technology

readiness level
(TRL)
9 Pile anchors Long-term

¥ Helical anchor ) )
cyclic loading



Anchors for offshore floating wind

9 Fluke anchors — widely used in oil & gas and floating wind demo projects

High anchor efficiency ratio (F,/W) High requirement for site invetigation and
advanced element tests along the anchor
drag path

Easy and noiseless installtion by AHV and Need to reply on additional drag to reach

Caternary mooring low cost the max anchor capacity (due to limited
Semi-taut or taut mooring .
AHV capacity)
Applicable for clay, silt, sand and weak Hard to determine the location of anchor
rock*™
Extensive experience from oil&gas and Lack of prediction methods for sand and
current floating wind demo projects weak rock
Less sensitive to cyclic loading Cannot be used for shared anchor point

Approved for long-term mooring



Anchors for offshore floating wind

9 Fluke anchors — widely used in oil & gas and floating wind demo projects

Most challenge task is to predict the trajectory of the anchor and capacity

Anchor Trajectory — depth v.s. horizontal drag

Soil depth. z (m)

Installation tension
at dip-down point. Tj pp
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Anchors for offshore floating wind

“ Suction anchors — widely used in oil & gas and floating wind demo projects

High anchor efficiency ratio (F,/W) High installation cost (especially for
dense sand or layered soil)

Noiseless installation for suction anchor Need advanced element tests to evaluate
the cyclic soil properties

Can well determine the location of Sensitive to trench developed in front of
anchor anchor
Caternary mooring Applicable for clay, silt and sand Reduction in anchor capacity due to long-

Taut/semi taut mooring
Honeymooring system

Novel shared anchor Extensive experience from oil&gas and
current floating wind projects

term tension load

Can be used for shared anchor point

Approved for long-term mooring

CPTs tests and lab tests at each location
are sufficient for design



Anchors for offshore floating wind

“J Suction anchors — Installation

Newton 3rd law

Weight +
suction force

Slings Penetration
resistance
Required under pressure = (resistance —weight)/Area
-’
Pumping
< Y out water
. L o
gate;nary mooring Self weight N~— ]
aut/semi taut mooring Under pressure
Honeymooring system Seabed ﬂ ,,,,,,,,,,,,,,,,,,,,,,,,, Y
Novel shared anchor Z2O N Side 7
TLP friction Side
Tip friction
resistance Tip
resistance
. Self weight Suction o
Landing Finish

penetration penetration



Anchors for offshore floating wind

“ Plate anchors — used in oil & gas

Suction embeded plate
anchor (SEPLA)

Caternary mooring
Taut/semi taut mooring
TLP

Suction embeded plate anchor (SEPLA) installation process



Anchors for offshore floating wind

“ Plate anchors — used in oil & gas

Suction embeded plate

Highest anchor efficiency ratio (F,/W) High installation cost (Only for SEPLA)
caisson Can well determine the location of Need advanced element tests to evaluate the
anchor (SEPLA) cyclic soil properties
Noiseless installation for suction anchor Cannot be used for shared anchor point
(SEPLA)
Caternary mooring CPTs tests and lab tests at the location Loss in depth (& capacity) during anchor
Taut/semi taut mooring are sufficient for design (SEPLA) keying

TLP



Anchors for offshore floating wind

9 Plate anchors — used in oil & gas

9 The main issue associated with SEPLAs relates to the keying process,
e as the anchor is first loaded, and the associated loss of embedment
cajsson \Chain and reduction in capacity.

Plate

Y .'*/'a"°“°' Anchor resistance v.s. chain displacement

Ta .
\ Global failure

Caternary mooring
Taut/semi taut mooring
TLP

Initial

Local failure
4 /
| e
0 T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2
Normalised chain displacement, Az /B

Normalised chain load, T,/As,




Anchors for offshore floating wind

“ Pile anchors

anchorpile
NP s Cons

High anchor efficiency (F,/W) High installation cost in the deep water
C
Can well determine the location of anchor Need advanced element tests to evaluate
the cyclic soil properties
Flexible with respect to soil type May have long construction time
(for rock seabed)
Caternary mooring Can be installed in the rock by drilling Capacity is sensitive to location of the
Taut/semi taut mooring and grouting loading padeye
Honeymooring system
Novel shared anchor Extensive experience from oil & gas

TLP

CPTs tests and lab tests at the location are
sufficient for design (SEPLA)



Anchors for offshore floating wind

“ Helical anchors

Square R “ co ns
LY htr P rboe 2 10 2
’
.

High anchor efficiency ratio (F,/W) Limited experience gained
R Potentially applicable for clay, silt, sand May need new equipment for offshore
T and weak rock* (by drilling and grouting) installation and sizing of helical anchors can
Loading Shat be limited by the installation equipment
R Minimal marine disturbance Lack of mature prediction methods
Potential option for shared anchoring May have long construction time
point (for rock seabed)

CPTs tests and lab tests at the location are  Not proven for long-term offshore application
sufficient for design

Need advanced element tests to evaluate the
cyclic soil properties



Anchors for offshore floating wind Design

required site
Investigation

_ Anchor
Caternary Tension leg Taut Novel Honeymooring capacity
Fabrication and
transportation

Installation

Suction anchor Suction anchor Suction anchor Suction anchor Soil types

Drag anchor Pile anchor Drag anchor Pile anchor

Pile anchor Plate anchor Pile anchor Plate anchor T

Plate anchor Plate anchor : 9y

readiness level
(TRL)

Long-term

cyclic loading



3. Design of the anchoring system for offshore floating wind

9 Traditional design concept

T /\ / Mu«u»mnmwxmmwwﬁw bbb #m WMWWM\

Maximum desion load, F End of initial
design life

—

Mooring
line >
loading \} \J _ \/Time
. Y
. The traditional approach to designing station keeping systems relies
n . . . .
on a conservative strategy. Decommissioning
* Only the "worst-case" single values of minimum resistance and »
maximum action over the design life, ensuring that the maximum
A design load does not surpass the minimum capacity of the cyclic-
softened anchors.
Seabed
resistance

/.l """ l --------------------- l ------ e — P Design

_______________ Design resisatnce for traditional methods: resistance only
g .- o Design load F; < design resistance R4 — softening l
| N = considered
Time

—————— Design resistance for traditional method (only softening considered)

Does the strength of the seabed only decrease during cyclic loading?



3. Design of the anchoring system for offshore floating wind

9 Long-term anchor capacity induced by cyclic loading and consolidation

Recent research indicates the anchor capacity can increase
with long-term cyclic loading

Long-term
anchorcapacity < = % = %
I —'«-j

Qauu = . . X1,5 A contant maintained load + consolidation

>
3
_0
8 ===p q,., X1,5 Continuous long-term cyclicload
= |
T
g Cauu = O ccu X1,9 One episode of short-term cyclic & maintained load
F + consolidation
35
Qauu we—=—p> q,.cu X2,5 Five episodes of short-term cyclic & maintained load
EEBERE + consolidation
Anchor capacity Unlocking points:

. ‘No pain no gain’ soil behaviour
. Maintained load with consolidation can increase anchor capacity by 50% of initial value
. Long-term cyclic loading can enhance the beneficial effects

mmmp> Beneficial effects of long-term cyclic loading is ignored in current design method



3. Design of the anchoring system for offshore floating wind

9 Long-term anchor capacity induced by cyclic loading and consolidation

Recent research indicates the anchor capacity can increase

with long-term cyclic loading

Long-term
anchor capacity =

Anchor capacity
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3. Design of the anchoring system for offshore floating wind

9 Long-term anchor capacity induced by cyclic loading and consolidation

Recent research indicates the anchor capacity can increase 4
with long-term cyclic loading [nitial
Long-term s i . stress state
anchorcapacity <+ = % = = T .
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Soil effective stress



3. Design of the anchoring system for offshore floating wind

9 Long-term anchor capacity induced by cyclic loading and consolidation

Recent research indicates the anchor capacity can increase

with long-term cyclic loading

Long-term
anchor capacity =

Anchor capacity
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3. Design of the anchoring system for offshore floating wind

9 Long-term anchor capacity induced by cyclic loading and consolidation

Recent research indicates the anchor capacity can increase A Cyclic densification leads to gain
with long-term cyclic loading in soil strength
Long-term ; o
anchorcapacity 7 = % T % > -
e g Qa,yu —- Qa,cy X1 :5 -'(':U ®
p | — ]
> o
_§ Gouu m— Qa,cu X1:5 6
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: Cyclic densification 7§
® enser
.3 Qg yy =— .
pen) S Gaceu X2,5 of the soil
i i 8§ 8 3 - (i.e. cyclic loading +
Anchor capacity consolidation) CSL

>
Soil effective stress



3. Design of the anchoring system for offshore floating wind

9 Long-term anchor capacity induced by cyclic loading and consolidation

% Ol 9 & 7

[SUREAY ] T LISy of
[ VERITAS ] WESTERN
AUSTRALIA

9 Several centrifuge tests reveal changes in
anchor capacity and its time-dependent
failure mechanisms

- _

s
.......

9 Capable of banking the benefits of long-
term loading in a short period

Publication is coming soon......

Y e @

Centrifuge test at UWA ;Field test at Perth WA




3. Design of the anchoring system for offshore floating wind

7 Whole life geotechnical design concept for floating wind facilities

Maximum design load, F, End of initial
— design life
—
Mooring paetlpossset oo A
line T J\ /“MW%MWMWW‘FWWVW‘r"’*‘."\'t’mlwim*ﬁ‘.'\)ml\\'fn'|“»"MW [\ ’\ / s
loading | \J \) _ VTime
Y
; ' : Storm + Increase turbine ;
Installation Operation Storm Operation : ' Life extension + o
P P one line failure capacity recertification Decommissioning

Design life of a floating wind turbine

Intact geotechnical

resistance
Seabed
eSS ANCE [

o Design
S@ - e _____ o Design resisatnce for traditional methods: lIeSiStmce only

Design load F; < design resistance Ry softening

""""""""" oo — :
N oS considered

A 4

—————— Design resistance for traditional method (only softening considered)

The principal for whole life geotechnical design: design result can be improved by
considering whole life loading history and the resulting whole life seabed responses



3. Design of the anchoring system for offshore floating wind

9 Whole life geotechnical design concept for floating wind facilities

Foundation sizing

Maximum design load, F, End of initial
T design life
—
i ot htreh A
Mooring b T .
line / st Al bl bl ANA

. = >

loading | \] \J _ VTu‘ne
Y

Installation Operation Storm Operation Storm + Increase turbine Life extension + b L
one line failure capacity recertification ecommissioning
Design life of a floating wind turbine
A e -
z"-—
4 .
. —a N Wen Whole-life
Intact g.eOteChnlcal T T o - ‘| l-.--\ | \é geotechnical
resistance . ',' Voo resisatnce
Seabed o O -+
resistance & T
[ T— o~ o Design resisatnce for traditional methods: Cyclic-softened
s o o _____ - Design load F; < design resistance Rd\ geotechnical
R @ oo - resistance
= = == Whole-life geotechnical resistance varying with mooring loading Time

—————— Design resistance for traditional method (only softening considered)

Safety margin

Fabrication cost

Transportation cost

Installation cost

Life extension
analysis

Decommissioning

Digital twins
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