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Ice loads on offshore wind foundations

> Why do we care?

( What is the problem?

How to get it right?
How can we use the results?
> Conclusions

Extreme and fatigue-driven load analysis for floating offshore wind turbine

foundations in ic% ¥ 2 All rights reserved. No part thereof may be disclosed, duplicated or Aker Arcti C
2024-02-11 Copyright © in any other way made use of, except with prior approval of Aker

Roman Repin Arctic Technology Inc The Ice Technology Partner



m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/138-257?property=PG1D7A71692D6F4777B5CE63E27A3B7014_PG4A6918332DDB4CAFA56CA76AC3E07A6A
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/138-257?property=PG1D7A71692D6F4777B5CE63E27A3B7014_PG017CE48EBAD84DFC887D1BDF5ADF7E6A
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG6831F50C583C4CE68E7CFD5829AF4B54
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG6831F50C583C4CE68E7CFD5829AF4B54
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG7665A2FFFDF6481599308C768A79648D
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG2069674BD05B49BDB4DC0D3902A4BCEE

Why do we care?

Extreme and fatigue-driven load analysis for floating offshore wind turbine ) ) ) '

foundations in ice All rights reserved. No part thereof may be disclosed, duplicated or Aker ArCtI C
2024-02-11 Copyright © in any other way made use of, except with prior approval of Aker

Roman Repin Arctic Technology Inc The Ice Technology Partner



m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/138-257?property=PG1D7A71692D6F4777B5CE63E27A3B7014_PG4A6918332DDB4CAFA56CA76AC3E07A6A
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/138-257?property=PG1D7A71692D6F4777B5CE63E27A3B7014_PG017CE48EBAD84DFC887D1BDF5ADF7E6A
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG6831F50C583C4CE68E7CFD5829AF4B54
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG6831F50C583C4CE68E7CFD5829AF4B54
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG7665A2FFFDF6481599308C768A79648D
m-files://show/7EFB3B3D-63B1-4D4F-AA33-CB32FB3E6A51/0-28928?property=PG2069674BD05B49BDB4DC0D3902A4BCEE

Offshore wind farms in the Baltic Sea: demand for analysis

* Designing a wind turbine foundation is inherently site-specific, requiring careful consideration of wind and wave loading, and the
same principle applies to assessing various types of ice loading.
* As for today, the effect of ice on the future offshore wind farms in the Baltic Sea is unknown and uncertain.
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Site-specific environmental data: ice conditions

Wind farm areal | Wind farm area2 | Wind farm area 3

Parameter / Project area (over the past 50 years of observations)

The longest duration of ice present at the site, approx. 4 months 1.5 months 1 week
Maximum level ice thickness 0.5m 0.25 0.15m
Height of ice ridge keel 10 m 7 3m
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Lessons learned from the bottom-fixed structures

e Overturning and sliding failures in 70s-80s

* Sometimes the collapse was associated
with a significant vibration — fatigue
failure?

* Understanding of ice-structure interaction
and ice failure mechanisms are of utmost
importance for efficient design of offshore
structures

= SRR v'.":j

* Floating structures are more complex,
where the interaction between ice
features and the moored floating structure
is largely not known and represents a
rather novel scientific field

Lighthouse Bjgrnklack after overloading event
on 4th April 1985
(Engelbrektson et al., 1987)

Kemi-1 lighthouse (Aker
Arctic, 1995)
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Design requirements for offshore wind turbines: need for
more detailed methodology

In design load cases for ice loads coupled with other environmental loads, IEC 61400-3-1
and DNV-ST-0437 refer to ISO 19906

Partial
Design pLC les condition Wind condition Water | Type of | Crory
situation level | analysis | {2100
Power D1 Horizontal load from NTM NWLR u N
production temperature fluctuations " Type of
Vaup = Fr =2 Mfs and Fou WMarine Condition st |
) - . artial
Wind speed resulting in 5‘.:“'3" DLC | Wind Condition Wwind and Other Conditions: H H safaty
maximurm thust e Waves | g onali| Cuenis | tovel § | facter
a 13
D2 Harizontal load from water | NTM NWLR u N R
level fluctuations or arch - Drifting seaice[9.1 | NTH Mo waves |3 NCH NWLR Tce load in horizontal direction | - | U N
effects Vaup = Ty = 2 mis and 7, (power Vin < Viub < Vaur from meving rce at relevant
- . by production) velacities.
Wind speed resulting in P ° hen st value of
maximum thrust S :f!? o farasse vl
D2 Horizontal load from mowing | NTM NWLR u N Dynarmic effects from 2 loading
ice at relevant velocities N . - frequancy lock-in eflects
V< Py < Pyt 3 [N Mo waves  |/a HCH FWLR Tex Toad in horizantal dirsction | = | F7U i
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m 9 We velotities
P )
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ick Glcva i P t I d t I actaring
L) \ etroleum and natura as 9 Dy e ffets rom e oadn
oo val inell - o
Use W""“Jaf‘ jj 12 ™~ uency lack-in eflects
fa expecied ilsiory of mo . . A . ff h Drifting scaico 9.3 | Turbulont - EWH | No waves | /s [ Wi P S oo U ]
fooxpected i d R . <[/
=~ industries. Arctic orrshore (obedstoning tn = Vg J4,

Vi < 0.7 V:
covers due to water level b 30

structures (ISO 19906:2019) o ¢

erfd till idling T 3
D5 |Vertical force from fastice | No wind load applied  a AgNL™ ! N tll oridling) g 3 TH Mo waves | nia NG NWLR
u

Parked D6 |Pressure from hummacked | EWM NWLR N aceurring)
ice and ice ridges Dynamic effects from ice leading
Turbulent wind model - frequency lock-in effects
_ S5 [Tubalent - EwM | No waves | /a nen NWLR Ronzontal load from moving e | - | U N
Voutr = 74 Vigy = V1 at relevant velocities.
D7 Horizontal load from maving [ NTM NWLR F - :‘:N)‘:‘le :; largest value of
ice at relevant velocities o
Vo <0.7 Py Dynamic effects from ice loading
Use values of h correspanding — frequency lock-in effects
ta expectad history of moving Temperature [ 100 | WWP HerglV) | COD, UNT |NCH MsL Temperature cifects P U ]
ice occurring effects Vin 5 Viss < Vous
(povier
D8 Herizontal load from moving | EWM NWLR u N production)

ice at relevant velocities
Turbulent wind model

i = heg o largest value of

moving ice. Poun = V4

Wind energy generation systems - Part 3-1: Loads and site conditions for wind turbines
Design requirements for fixed offshore wind
turbines.
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ISO 19906: suitable as a starting point

ISO 19906 is a useful baseline for addressing ice load considerations. However, it has several limitations:

e Lack of definition for the ice property values.

e Lack of explicit guidance for fatigue loads definition.

e Questionable relevance for some structures.

* Absence of a detailed methodology for floating structures.

e Suggests the use of both model and full-scale data.

® Open for interpretation for coupled modelling of environmental loads.

Gulfs of Finland
Gulf of Bothnia N Baltic Sea proper Danish Belts
As per ISO 19906 and Riga
p Parameter Average | Range of | Average | Range of | Average | Range of | Average | Range of
annual | annual | annual | annual | annual | annual | annual | annual
. Gulfs of Finland . . value values | value values value values value | values
AS per /SO 19906 Gulf of Bothnia and Riga Baltic Sea proper | Danish Belts Firstice Dec. N;\r. to jan. D:_c;o jan u::ru Jan. I;lec. (F
ec. ch. eh. arch
Parameter Average | Range of | Average | Range of | Average | Range of | Average | Range of Occurrence - May to . March N March )
annual | annual | annual | annual | annual | annual | annual | annual Lastice May June April | ey | AP April March | April
@ . . . 3
Where possible, data from full-scale measurements of ice actions shall be used to — value | values | value | values | value | values | value | values Landfast ice oo . P o
peed nearshore, thickness, 0,80 . 070 | 0,60 ’ 0,50 -
H H H H 0,90 0,80 0,70 0,70
verify new designs. Physical models and mathematical models may also be used to metres per ND ND ND ND ND ND ND ND Levelice (FY) [metres
. . . . . . . Ice second Flosthickness, | 7 [ 040t | [ 0a0t | © 030t [T 030t
determine the response of structures to ice actions, in combination with ocean movement [speed ofhore metres 80 | oo | 5% | Tomo | %4 | o | 9% | ome
. . § 3 S ) Rafted ice . .
current, wind and wave actions”. metres per ND ND ND ND ND ND ND ND Raftedice | thickness, TR el I T el I il BRI R
second metres - - ' i
Sail height, 10to 1,0to 1,0to 1,0to
1,0 1,0 1,0 1
- - metres 2,0 2,0 2,0 2,0
ND — No data Rubble fields - J9WS N Rvout N R L8 o T
ength, metres 1000 1000 1000 1000
Sail height, 10to 1,0t0 10to . 10to
Ridges (F¥) metres 20 3,0 20 3,0 15 2,0 15 3,0
ff;i]r‘e':”‘]" 12 [3w25| 12 |3t1s| 10 |3wiz| 10 |5w1s
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Ice-related challenges for offshore wind turbine foundations

>
>

2024-02-11

2 SRR Selection of
* Location Detailed study prevailing
* Types of sea ice of the project conditions
e Effect of wind and waves area and ice
¢ Impact of ice loads on turbine performance . .
and energy output Collection of Modelling of
¢ |ce effect on hydrodynamics and vice versa Solutions available the |oad§ e
e Structure’s behaviour in floating conditions full-scale foundation:
¢ Challenges for the mooring arrangements data case studies
Analysis of Generation
the of the
* Require experience and engineering requirements relevant
judgement and design design load
¢ No explicit method for coupled modelling of practices cases

environmental loads
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How to get it right?
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Establishing ice load scenarios

e Actions from level ice crushing

e Actions from ridges

* Impact from discrete ice features

e Actions from features lodged against the Kemi I: Aker Arctic Archives
structure | 7

* Adfreeze effects

 Thermal effects

The most adverse load cases need to
be carefully selected out of the
variety of scenarios !

Level ice crushing at Nordstromgrund
(from Kari Kolari, VTT)

E o is for floati ) )
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Ice loads scenario also depends on the structure!

2024-02-11

Vertical or inclined
Cylindrical or flat
Wide or narrow

Rigid or compliant
Single-leg or multi-leg

Extreme and fatigue-driven load analysis for floating offshore wind turbine
foundations in ice

Roman Repin

a) Crushing failure (vertical structure) b) Bending failure (sloping structure)

Crushing and bending failure (ISO 19906)
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Design load cases for offshore wind turbines in ice

Design load cases as per IEC 61400-3-1

Power production and parked
design situations

Fatigue assessment
Extreme loads (damage equivalent
loads)

Environmental
conditions occurring on
average once in a
lifetime

Variations of wind speed, Consideration of wave
Impact with an ice ridge wind direction and ice loads (development
thickness area)

Extreme and fatigue-driven load analysis for floating offshore wind turbine
foundations in ic_ge ¥ = All rights reserved. No part thereof may be disclosed, duplicated or
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Example of extreme ice load scenarios

* Levelice crushing

v
\ X/Surge (+) * Ridge interaction
Case 2

eg | \‘wﬂ—* Cose 1 Leg 3 * Most adverse ice loading parameters in terms of the response of

Case 3 the structure
* The load values vary significantly across the sites
Semisubmersible foundation
T T T T
90

Y/Sway (+)

51750
Total global load on the foundation, MN
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Example of fatigue assessment

Wind data Ice conditions data Combination of environmental data
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How can we use the results?
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Outcomes of the analysis:
comparison of concepts

. Semi-
Increase due to ice loads compared to open water . TLP Barge
submersible
_— Extreme load case: Maximum surge/sway motion Moderate High Low
otions

Extreme load case: Maximum roll/pitch motion Insignificant Low Very high
Extreme load case: load at tower base Low Low Very high

.y Extreme load case: highest increase in floater Very high Low -

oads

Fatigue: fatigue load at tower base Insignificant Insignificant Insignificant
Fatigue: highest increase in floater Very high - -

Mooring Mooring maximum tension Very high Insignificant Very high
Anchor maximum tension Very high Insignificant Very high

RNA Annual energy production Insignificant Insignificant Insignificant

Extreme and fatigue-driven load analysis for floating offshore wind turbine ) ) ) '
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Outcomes of the analysis: risks

and costs
Example of the risk and cost matrix
Semi-submersible TLP Barge
Series Item description NO ICE ICE NO ICE ICE NO ICE ICE
100 EPCI Project Management Very low | Very low | Very low | Very low | Very low | Very low
200 Engineering Low Low Low Low Low Low
250 Ancillary Services Low Moderate|Moderate| High | Moderate| High
300 Fabrication and Assembly Low Moderate| Moderate| High |Moderate| High
400 Mooring Systems Low Moderate| Moderate| High |Moderate| High
500 Cables Moderate |Moderate|Moderate |Moderate | Moderate | Moderate
600 Wind Turbine Integration Low Low Moderate |Moderate | Moderate | Moderate
700 Mooring System Pre-Lay Operations Low Moderate| Moderate| High |Moderate| High
800 Cables Pre-Lay Operations Low Low Moderate |Moderate | Moderate | Moderate
900 Tow and Hook-up Low Low Moderate |Moderate | Moderate | Moderate
1000 Decommissioning High High High High High High
Total Total Weighted Risk Low Moderate|Moderate| High |Moderate| High
vt mue—driven load analysis for floating offshore wind turbine R i’:'a';ihéih'::jzsi‘q?;ep;: ghff;ifc’;::axif:;’r‘f:r'f:srrodv:fgmgj' Aker ArCtiC
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Outcomes of the analysis: Design Load Cases

IEC 61400-3-1

Roman Repin

Partial
I?eslgn DLC lee condition Wind condition Water | Type D.f safety
situation level | analysis
factor
Power D1 Horizontal lead from NTH NWLR ] N
production temperature fluctuations
Frap = ¥y 22 mis and ¥,
Wind speed resulting in
maximum thrust
D2 Horizontal load from waler NTM NWLR u N
level fluctuations or arch _
effects Voo = VrT2m/sand 7,
Wind speed resulting in
maximum thrust
D3 Horizontal load from moving | NTM NWLR u N
ice at relevant velocities
F o<y <
. in hub out
i =hg, or largest value of
maoving ice.
D4 Horizontal load from moving | NTM NWLR F
ice at relevant velocities . .
) Vi = Vhun = Vout
Use values of h corresponding
ta expected history of moving
ice occurring.
D5 Vertical force from fast ice No wind load applied NWLR u N
covers due to water level
fluctuations
Parked D& Fressure from hummocked EWM NWLR u N
ice and ice ridges )
g Turbulent wind model
Vau = 74
D7 Harizontal load from moving | NTM NWLR F
ice at relevant velocities ~
Phula =07 Vref
Use valuer of h corresponding
to expected history of moving
ice pourring.
Da Horizontal load from moving | EWM NWLR ] N
i t rel t velociti
e al refevant velocilies Turbulent wind model
h = hgg or largest value of _
moving ice. Voub =71
Extreme and fatigue-driven load analysis for floating offshore wind turbine
foundations in ice
2024-02-11

LK KX

1. Design load cases can now be
taken forward as a basis for design

2. Iterations to optimize the structure
for anticipated ice conditions using
the loads determined

3. Identification of critical areas
within the structure in relation to
ice actions
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Conclusions

2024-02-11

Offshore structures are known to be susceptible to overloading and fatigue failure.

Existing standards do not provide comprehensive guidelines and ready-made solutions for the structural
analysis of OWT foundations. Apart from that, the prescribed methodology cannot be applied directly to the
floating and moored structures. Aker Arctic in cooperation with partners and in compliance with the existing
guidelines, have developed the methodology to assess the ice loads on offshore wind turbines foundations
for various scenarios.

Site-specific environmental data must be analyzed to obtain the realistic value of the ice loads.

Extreme and fatigue-related scenarios pose the largest challenge for the foundations. Most importantly,
mooring arrangements must be adjusted accordingly.

Enhancing the structural elements to withstand ice conditions effectively promises a considerable reduction
in both weight and associated costs. This leaves room for further optimization and search for mitigation
solutions.
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