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Ice mechanics backgroundIce mechanics background
•• Moving ice Moving ice 

•• Observed iceObserved ice--induced vibrationsinduced vibrations

•• Ice propertiesIce properties

•• Energy interchangeEnergy interchange

•• Numerical model requirementsNumerical model requirements

•• Different model approachesDifferent model approaches
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Ice propertiesIce properties
•• Homologous temperature >0.95 Homologous temperature >0.95 

•• Salinity and temperature effectsSalinity and temperature effects

•• Elastic, creep, damage, crackingElastic, creep, damage, cracking

•• Nonhomogeneous Nonhomogeneous or orthotropic or orthotropic 

•• Grain size, aspect ratio and size effectsGrain size, aspect ratio and size effects



MPM 2002-09-23DALIAN 5

IceIce--Structure Dynamic InteractionStructure Dynamic Interaction

STRUCTURE ICE
ICE 
FAILURE

k δ + d δ + m δ = f(δ, δ, δ, ∆, ∆, ∆, t, V)

K ∆ + D ∆ + M ∆ = F(δ, δ, δ, ∆, ∆, ∆, t, V)
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IceIce--induced vibrationinduced vibration

•• Dynamic iceDynamic ice--structure interactionstructure interaction

•• Response of structure significantResponse of structure significant

•• Ice strength vs. loading rateIce strength vs. loading rate

•• Frequency lockFrequency lock--inin

•• SynchronisationSynchronisation

•• InIn--field experiencefield experience
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Model RequirementsModel Requirements

•• Simulate real structural responseSimulate real structural response

•• Saw tooth response, low ice velocity.Saw tooth response, low ice velocity.

•• Random response, high ice velocity.Random response, high ice velocity.

•• Frequency lockFrequency lock--in and resonance.in and resonance.

•• Synchronization, wide or multiSynchronization, wide or multi--legged.legged.
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Different model approachesDifferent model approaches

•• Ice having a characteristic failure frequencyIce having a characteristic failure frequency

•• Characteristic ice failure lengthCharacteristic ice failure length

•• MatlockMatlock’’s models model

•• SelfSelf--excited model (excited model (displdispl. & velocity control). & velocity control)

•• Extrusion of crushed iceExtrusion of crushed ice

•• Contact line (hotContact line (hot--spot) modelsspot) models

•• Ice damage evolution models (Ice damage evolution models (µµ--mechanics)mechanics)
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MatlockMatlock’’s models model
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SelfSelf--Excited ModelExcited Model

•• Ice strength vs. stress rate.Ice strength vs. stress rate.

•• Response displacement and velocity coupling.Response displacement and velocity coupling.

•• SelfSelf--excited autonomous modelexcited autonomous model

•• Independent multiIndependent multi--point excitation.point excitation.

•• Any structure, principal modes.Any structure, principal modes.

•• Numerical time integration.Numerical time integration.

•• Steady state limit cycles.Steady state limit cycles.
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Crushing strength vs. strain rateCrushing strength vs. strain rate
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Crushing strength vs. strain rateCrushing strength vs. strain rate
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Crushing strength vs. stress rateCrushing strength vs. stress rate
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Equations of motionEquations of motion

Fi = Ai ⋅σ c
?σ ( )⋅

A0

Ai

?σ = v − ?u ( )8σ0

πD

k[ ] u{ }+ d[ ] ?u { }+ m[ ] ??u { }= F v, u{ }, ?u { }( ){ }
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Complex roots, Complex roots, λ=λ=a±ia±iω, ω, of a modeof a mode

••a<0a<0

••Stable modeStable mode

••a>0a>0

••Unstable modeUnstable mode

••real part  ̃sensitivity to icereal part  ̃sensitivity to ice--induced vibrationsinduced vibrations
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First application 1997First application 1997
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KemiKemi--2 Lighthouse 19812 Lighthouse 1981
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KemiKemi--2 Lighthouse 19812 Lighthouse 1981
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KemiKemi--2 Measurement data2 Measurement data
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KemiKemi--2 Measurement data2 Measurement data
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KemiKemi--2 Measurement data2 Measurement data
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Application structuresApplication structures

•• ThreeThree--legged jacket platformlegged jacket platform
–– Relatively flexible structureRelatively flexible structure

–– Narrow legs under ice actionNarrow legs under ice action

–– Sensitive to iceSensitive to ice--induced vibrationsinduced vibrations

•• Caisson retained islandCaisson retained island
–– Relatively stiff structureRelatively stiff structure

–– Wide area under ice actionWide area under ice action

–– Generally unsensitive to ice induced vibrationsGenerally unsensitive to ice induced vibrations
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THREE LEGGED PLATFORMTHREE LEGGED PLATFORM
NATURAL MODESNATURAL MODES

+13 m

+3 m

-6 m

-19 m

-24 m 1.31 Hz 1.44 Hz 3.24 Hz 3.70 Hz
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Application resultsApplication results

••ThreeThree

••leggedlegged

••platformplatform
h = 2.0 m, r= 0 . 5,  f= 0 . 2 7 H z, d = 1 3 5
mm

h = 1.0 m, r= 1 . 0,  f= 1 . 3 2 H z, d = 7 6
mm

h = 1.0 m, r= 0 . 5,  f= 0 . 7 8 H z, d = 6 9
mm
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Application results, contApplication results, cont

••ThreeThree

••leggedlegged

••platformplatform
h=1.0 m, r=1.4,  f=-.-- Hz, d=79

h = 1.0 m, r= 1 . 7,  f= 3 . 0 6 H z, d = 6 3
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Application results:Application results:
Three legged structureThree legged structure
•• Predicts correctly velocity dependence:Predicts correctly velocity dependence:

–– Saw tooth, random and frequency lockSaw tooth, random and frequency lock--in.in.

•• Very sensitive to iceVery sensitive to ice--induced vibrations:induced vibrations:

–– Limit cycles develop fast.Limit cycles develop fast.

•• Frequency lockFrequency lock--in with different modes.in with different modes.

•• Synchronization at different legs prevailsSynchronization at different legs prevails

•• Vibrations cannot be suppressed by increasing structural Vibrations cannot be suppressed by increasing structural 
damping.damping.

•• Results agree well with lighthouse measurementsResults agree well with lighthouse measurements



MPM 2002-09-23DALIAN 27

CAISSON RETAINED ISLAND CAISSON RETAINED ISLAND 
NATURAL MODESNATURAL MODES
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Application results:Application results:

CaissonCaisson

retainedretained

••islandisland

h = 0.5 m, f= 1 . 2 1 H z, d = 2 0  mm

h = 2.0 m, f= 1 . 5 4 H z, d = 2 2  mm
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Application results, cont.Application results, cont.

CaissonCaisson

retainedretained

••islandisland
h = 1 6 m, f = 1.25 Hz ,  d = 4 9 mm

h = 1.0 m, f= 1 . 1 8 H z, d = 2 6  mm
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Application results:Application results:
Caisson retained islandCaisson retained island
•• Predicts correctly velocity dependence:Predicts correctly velocity dependence:

•• Low sensitivity to iceLow sensitivity to ice--induced vibrations:induced vibrations:

–– Limit cycles develop slowly.Limit cycles develop slowly.

•• Frequency lockFrequency lock--in mainly with the first mode.in mainly with the first mode.

•• Synchronization at whole contact width prevailsSynchronization at whole contact width prevails

•• Vibrations could be easily suppressed by increasing Vibrations could be easily suppressed by increasing 
structural damping.structural damping.

•• Results in agreement with fullResults in agreement with full--scale observationsscale observations
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CRI vibration amplitude vs. ice CRI vibration amplitude vs. ice 
relative velocityrelative velocity
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EC Offshore wind energy goalEC Offshore wind energy goal

•• 2010 2010 »» 5 GW  (about 10005 GW  (about 1000…… 2000 units)2000 units)

•• 2020 2020 »»50 GW  (about 10000 units)50 GW  (about 10000 units)

•• Present projects:Present projects:
•• Middelgrunden Middelgrunden 2000/20012000/2001 20*2 MW20*2 MW 40 MW40 MW

•• Horns RevHorns Rev 20022002 80*2 MW80*2 MW 160 MW160 MW

•• UmeUmeåå 20022002 60 MW60 MW

•• RRøødsanddsand 20022002 150 MW +150 MW +

•• GermanyGermany 20022002--20??20?? 12 GW12 GW
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Foundation moment, 5 MWFoundation moment, 5 MW
10 m water depth10 m water depth
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Wind turbine examplesWind turbine examples

•• Tower 67 m, pile foundation Tower 67 m, pile foundation 
–– Relatively flexible structureRelatively flexible structure

–– Sensitive to iceSensitive to ice--induced vibrationsinduced vibrations

–– Acceptable vibration levelAcceptable vibration level

•• Tower 67 m, caisson foundationTower 67 m, caisson foundation
–– Relatively stiff structureRelatively stiff structure

–– Generally unsensitive to ice induced vibrationsGenerally unsensitive to ice induced vibrations

–– Low vibration levelLow vibration level
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Wind turbineWind turbine
pile and caissonpile and caisson
foundationsfoundations +67 m

MWL

-6 m

4 mφ
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PILE FOUNDATIONPILE FOUNDATION
NATURAL MODESNATURAL MODES
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Assumed ice forcing functionAssumed ice forcing function

t

F

T

Fmax

••Assumed sawAssumed saw--tooth ice load function:tooth ice load function:
••Resonance with lowest modesResonance with lowest modes
••SimpleSimple
••ConservativeConservative
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Nacelle displacement vs. timeNacelle displacement vs. time
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Nacelle acceleration vs. timeNacelle acceleration vs. time
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Foundation comparisonFoundation comparison

Caisson Pile
1. mode 0.41 Hz 0.38 Hz
2. mode 0.90 Hz 2.50 Hz
3. mode 3.06 Hz 6.4  Hz
4. mode 8.34 Hz 11.3 Hz
Max. displ. p.p. 37   mm 324  mm
Max acceleration 16   gal 111  gal
Static deflection 0.78 m 0.96 m
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Nacelle acceleration Nacelle acceleration ∆∆F=1.2 MNF=1.2 MN
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Top and w.l. displacement Top and w.l. displacement ∆∆F=1.2 MNF=1.2 MN
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Ice induced vibration mitigationIce induced vibration mitigation

--++++++++Ice breakerIce breaker
--++++++++Conical  W.L.Conical  W.L.
----++++++Active dampingActive damping
++++--++--TLDTLD
++++--++--Mass damperMass damper
++++++++++IsolationIsolation
----++++≈≈++Add dampingAdd damping

++//--++++//--++//--++Increase massIncrease mass
--++++//--++//--++Add stiffnessAdd stiffness

CostCostTechn.Techn.

feasiblefeasible

MultiMulti--

modesmodes

ContiConti--

nuousnuous

TranTran--

sientsient
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ConclusionsConclusions
•• Versatile numerical iceVersatile numerical ice--structure dynamic structure dynamic 

interaction simulation model presented.interaction simulation model presented.

•• Ice strength vs. stress rate approach predicts Ice strength vs. stress rate approach predicts 
similar response as  measured in fullsimilar response as  measured in full--scale. scale. 

•• Frequency lockFrequency lock--in and synchronization in and synchronization 
phenomena captured.phenomena captured.

•• Gives means to design offshore structures Gives means to design offshore structures 
insensitive to iceinsensitive to ice--induced vibrationinduced vibration


