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ABSTRACT･Safeexplorationandtransportationofnaturalenergyresourcesinpolarandsubpolarseas
suchastheSeaofOkhotskandtheArcticOceanrequlreSanundcrstand'JngOfthecharacteristicsofice-

coupledwavepropagation･Usingatime･domainsolutioninvo)∨ingboththeboundaryelementmethod
andthefinite-elementmethod′anumericalprocedureisdevelopedtoanal†Zethewavepropertiesfor
arbitrarylceconditions･Thisisdonebyapplyjngadistinctionindextodiscretenodesrepresentingthe
dynamicboundaryCOnditions･Thertumericalresultsagreewel一withexperimentaldatafordifferentfloe
lengths,thicknessesandelasticmodulLobtainedbyusIngmodelkeplates･Theelasticdeformationof
theicefloedependsstrong)yontheftexuralrigidityofindividua一icep一ates.

1.1NTRODUCT10N

Forthedevelopmentofnatura)resourcesinregJOnSWhere
seaiceispresent′suchasintheSeaofOkhotslくandArctic
ocean,itisimportanttounderstandhowwavespropagate
inice-coveredseas.Thewavecharacteristicsprovidea
meansofestimatingwavepower,theiceimpactforce′
compositeForcesthatdefinethesafeoperationofshipsand
designloadsforcoastalstructuresJthepredictionofoiレ
diffusioneffects′andsoon.Theshapeandnumberofice
f一oeshaveaconsiderab一einfluenceonthewavecharacter-

ist･JCS.SquireandD'lXOn(2000)developedananalyticmodel
forwavepropagationacrossacraclくinanicesheet′and
reportthatthereflectJ'Onandtransmissioncoefficients
dependstronglyonwaveperiod･
oftenFieldobservationslackinformationontheice

conditionsbecauseofthedifficultyofmalくIngSuch
measurements.Tankexperimentsarealsohardtosetup
forarbitrarllyspecif.lediceconditions･Theobservationsand
theexperimentsarecostly,talくeCOnSidcrabletimeandare
一abour-intensive.Ontheotherhand,ifthewavecharacter
isticsintheice-CoveredseacanbeanaJyzedusinga
computersimulation′thiswillbeaveryeffectivemeansof
aHeviatingtheproblemsmentionedabove･
InthisstLJdy,anumericalmethodisreportedbasedupon
atime-domainsolutionincorporatingtheboundaryelement
method(BEN)andthefinite-elementmethod(FEN)

proposedbyLiuandSakai(2002)･BEM isappHedto
evaluatethewatersurfaceelevation′andFEMisusedto

analyzethee)astlJCdeformationofthe了cef)oe･Indicesare
setupre)atingtothediscretenodesto〔HstJnguishthe

Ilf･･fre5eSurface rl:iCefloesr12llspongelayer
x.{ x2

r1:Wavegenerator
E2:fiu'lddonlain

rb:bottom

Fig･1･Computationdomainandthedefinitionoftheboundary
conditions.

dynamicboundaryconcHtions･Toverifytheaccuracyofthe
method′theexperimentaldataofSaka'landHanai(2002)
areusedtocomparew'Iththenumerica一results.lnaddition,
acomputersimu一ationassimHatingthesea-iceconditionsof
thesouthernpartoftheSeaofOkhotskistried.

2.NUMERICALANAl〝SIS

Thisnumericalmethoddefinesatwo-dimensionalwatertank

offluiddomainO ,asHlustratedinFigureLBEMisappHedto
thefluidmotion,andtheFE… isusedtoanaLyzeモce-floe
deformation.Thewave-ice-floeinteractionissimulatedby
prescribitlgtheconditionsonthewavegenerationboundary
foreachtime-Stepandbysatisfyingcontinuityofpressure
anddisplacementatthefluid-1Ceinterface･Wavesgenerated
bythewavegeneratorrlPropagateinseaice･Afterthe
wavesdecayonthespongelayerr2,theypermeatetheopen
boundaryr3･Althoughtheicefloesarefreetomove
verticaHy,theycannotcoHidewithoneanother･ltisassumed
thattheicef一oecannotsepar(ltefromthefluidsurface･
whenthefluidistakentobeincompressibleandinviscid
andthef壬owisirrotationaいhecontinuityequationinthe
fluiddomain∩canbeexpressedasLaplace′sequationfora
vclocitypotentialめ:

慧 +慧 -o･ (･･)

Forthetwo-dimensionalproblem,theicefloeisanalyzedas
aplatewithunitwidth′anditsequ川briumequationinthe
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Fig12･DefinitJ･onofthedistJ'nctionindexforthedynamicboundary
condJ･tions:theindicesforthefreesurfacearezeroandfortheice
F)oesarelton,wherenJ'sthenumb
domaJ+n.

thecomputational
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Fig･3･Thewavetankandexperimentalequ.pment･

FLuidmotionisexpressedbymeansofelasticbendhlgtheory:

碩 +∩磯 -pJ (2)

whereDi(-E.h.3/12(1-･V2))istheflexuratr-1gidity′Eiisthe
elasticmodulus′hiisthethicknessILJisPoissonJsratio′miis

themass,rlisthedisplacemeFltOftheicefloe,andpISthe

pressure･Thesubscrtptidenotestheicefloe･Thewavesare

generatedbyprescribingthevvatersurfacee[evation′r7′and
by giving the horizonLaivelocityJL7(Z)IOn the wave
generationboundary,rl:

Tl-r] Onrl (3)

諾-L7(I) onrl･ (4)

Thebottomboundary,rb,istakentobeimpermeabLe′i･e･

壁
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0 onrb. (5)

Kinematicanddynamicboundaryconditionsareprescribed
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onthefreewatersurFace′rf′andtheftL‥d｣cel'nterface′ri′
asfollows:

慧 -芸 coso onrrandri (6)

一器 [(群 +(S )2]
-gr/-0 on rf (7)

% ;[(Z )2+(慧 汁 gri-芸 onri′ (8)

wheresisthetangentialvectorontheboundariesJ0is
theinternalang)ebetweentheverticaldirectionzandthe
normalvectorn′gistheacce)erationofgravity′andpisthe
densltyOfFhid･To attenuatetheshort-period waves,a

numericalwavefHterproposedbyOhyamaandNadaoka

(1991日SSetuPattheendoFthewavetank,whichactsasa

spongelayerr2:

一器 [(Z ) 2 I (3 2] - g Jrl-/J･再 .x2(動 ,x

-0 onr2L(9)

Theusua一SommerfeZdradiationconditionisappliedtothe

openboundaryasthewavefHterr3,tOabsorb一ong-period
wavespropagatlngthroughthewavefHterr12･Theboundary

conditionr3isfinallyderivedasthefo‖owtngequation:

芸 ニー豪 富- /,x2(QSgonr_,dx) onrjl
(10)

iiiiiiiiiiiiiiiiノijid ｢iiiiiiiiiiiiii

li=0･5mT=112S

Fig･4･Comparisonofthewaveceleritybelowtheicefloes(case1:thicknesshi-5mm′lengthli-0ふ 4･Om)betweennumer･ICalr骨SULtS
(openCircles)andexperimentaldata(⊂losedcircles)forthewaveperiodTfrom1.0tol.6S.
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Table1.Modeliceconditions

C'lSe Modelice Length′I.

nl

LHSes

m

.
S

∩

ChT

1 Polye【hylene
2 Polyethylelle
3 Potyethylene

Ethylene-vlnylacetate
Polypropy】ene
Polyethylene

0..5,1′2,4
0.5,1,2,L1
2
2
2
2
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where p in Equations(9)and (10)isan attenuation

coefficienHhatislinearlydistributedandproportionaltox･

USingaCreenJsfunction,Equation(l)canbeexpressed

asaboundaryintegralequationandso一veduslngBEN by

dividingthewhole boundaryr intodiscrete nodes･By

substitutingthekinematicboundaryconditions(4)′(5)′(6)

and(10)intotheboundaryintegralequation′thevelocity
potential,cA,ofdiscretenodesonthewholeboundaryrand
theelev'ltion′･TI′Ofdiscretenodesontheboundariesofrf′

riand r2Can be determined by sotvlng the dynamic

boLlndaryconditions(7-9).Furthermore′whenthevertical
movementancltherotationoFtheicefloeareconsideredas

thedlSPlacement･ofthenode′andtheshearforceandthe

bending momentofthe ice floeareconsidered asthe

externalforce,itispossib一etoso一veEquation(8)byusing
FEN,The time-dependentvariablesJLe.the velocity
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potentials′¢IOnthe㍗andthedisplacements′†7,0nthe
watersurfaceandFLuid｣ce'Interface,arecalculatedwitha

constanttimeintervaI′△t,by usingaNewmark-β inte-
grationmethod.

lndicesaresetuptodistinguishtheboundaryconditionat
discretenodes.ShlCetheindicesfortheicefloeshave

informationonthe一ength,Ii,thickness,hi,andthee王astic
modulus′Ei′Oftheicefloe,itispossibletosetarbitraryICE
conditionseasllyandtosimulatethecharacteristicsoFthe

waveundertheicefloes.Forinstance,theindicesforthefree

surfaceboundarycondition′rf′areSettOZerO′andthe

indicesfortheice-floeboundaryconditionaresetfrom l

to3correspondingtotherespective'JCePlates′aS川ustrated

inFigure2･ThisdistinctionhldexforthedynanlicboLlndary

conditionsisinstaHedontothediscretenodesastheLnPut
conditioninthesimulation.

Fig･5.SameasFigure4′butforcase2(thicknessh7-20mm′lengthlf-0ふ 4･Om)･
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Fig･6.Comparisonofthewavecelerityobtainedbythemean
velocltyOfwaveceleritybelow individualicefloesshownin
Figure4(casel:closedcircles)andFigure5(case2:opencircles)

betweennumericalreSultsCnu...andexperimentaldataCe町

3.VERIF:lCATlON F:ORNUMERICALANALYSlS

3.1.Experimentsforverification

WecarriedoutexperimentshlthewavetanlくtOVerifythe

accuracyofresultsobtainedbythenumericalanalysis,The

wavetankwas26m tons,0.8m wicleandlm deep′as
HlustratedinFigLJre3.Thewaterdepthinthetankwas

600mm.Wavegenerators,whichincorporateasystem to
decreasetheinfluenceofwavereflectionJWereinstaHedon
bothendsofthetanlく.Modelicewasfloatedfor8matits

center.Astheelasticdeformationoficefloesisthemain

purposeofourstLldy,thehorizontalmovementofthemodel

icewasrestrainedbysteelpIPeS･WaveprofHeslntheopen
wateratthefrontandrearofthemodeliceweremeasured

bytwowavegauges′respectively.Verticaldisplacementsof

themodeliceweremeasuredat25pohtsalongthecenter

ohhetankusEnganarrayOfultrasonicsensors.

TheexperhllentSWereconductedforthreedifferentsets
oficeconditions,lncases1and2theicesheetwasof

uniformthickneSS′Whiteincase3itwasnon-uniform.The
parametersoftheicesheetareshowninTab)el･lncasesl

and2,polyethylenesheetwasusedasthemodelice･The

wavesteepltSS:H九=0.01waveFXeriod:T=1.4～
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Fig･8･Comparisonsofthewaveceleritybelowthefouriceplates
betweenthenumericalresults(closeddrcles)andexperimental

data(opencircles)forcase31

thicknessofthesheetswas5and20rnm′andtheelastic

moduHwererespectively850and650MPa･Thedensityof

thepolyethylenewas914lくgm-3forbothsheets･Thelength
ofthesheetswasO.5,l.0,2.0or4.0mJandthenumberuscd

was16′8′4and2respectively･Regula｢wavesofperiod
1.0--l.6swereincidentonthemodelice′Withthewave

steepnessbeingvariedfrom O･005toO･015･ltlCase3,
polyethylene′polypropyleneand ethylene-vlny)acetate
wereusedasthemodelice.FouI･Sheetsof2m long

polyethylene,ethylene-vinylacetate,PoLypropyLene and

polyethylene′respectively ofthickness20J5J20 and
5mm,andelasticmoduliof650,420,3600and850MPa,
Weresetoutfromthetopendofthetank･Thedensityofthc

ethylene-vinylacetateandthepolypropylenewas940and

9601くgm-3･Thewaveperiodwas1･45andwavesteepness
was0.Ol.

3･2･Comparisonofnumericalresultswith

experimentaldata

Figure4Showscomparisonsofwavece一eritybe一owlcef一oes
of5mmthickness(case1)betweenthenumerica一resu一ts

andexperimentaldata.Thesolidlineindicatesthewave

celeritylnopenWater･ThehorizontaLaxisisthedistance

fromthetlPOftheiceFloes･Thewavecelerityproducedby
thenumericalanalysisisalmostconsistentwiththatofthe

experhllentaLdata･Figure5showsthesamecomparisonsof

0 10 20

0.006

ミ 0
ど

-0.006

l l----Exp.(n-DdeliCe:PP)二- NumXi=5JS(rrO､-､′ヽ

0 10 2qrime(S)

l---Exp.(rrDde=ce:EVA) l- NumXiニ3.75(rTb

′l ヽ′ヽヽ LlIヽ

0 10 20

Fig･7･Comparisonsofthetemporaldisplacementoffouriceplates(case3:LengthlF 2mforallplates′thicknesshi-20/5,20′5rnrn)
betweenthenumericalresults(solk=he)andexperinlentaldata(dashedline)･
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Figl9･ImageoficefloescapturedbyLandsat7sateHite(TakatsujiJ2004).

waveceleritybeJow icefloesof20mmthickness(case2).

EventhoughtheicefJoesarethick′thenumericaJresu一ts

agree WCH with the experimenta一results.Furthermore′
FL-gure6showsthemeanveLoc-tyofwavecelerrtypfotted
inFigures4and5.Thec(oseddotsl'ndicatecase1(ice

thickness5mm)′andtheopendotsindicatecase2(ice

thickness20mm).ltcanbeseenthatthevaluescomputed

bythenumericalsimulationcorrespondweilwiththoseof

theexperiments.

F庖ure7Showsthetempora)displacementoFthefourice

floesincase3･Znthefigure,X.Iisthedistancefromthelipof
the icefloesto the porntofmeasurement.lnthe

experl'ments′energy一ossoccursduetofrictionbetween

thewaterandthemodelicep(ates.Becausefrictl'Onisnot

includedinthenumericalanalyslS′thenumerl'calpredic-
tionsaresHghtLy Largerthantheexperimentaldata･(n

general′thenumericalsimulationprovidesagoodexplana-

tionoftheexperimentalphenomenon･Thecomparisonof

waveceJerityincase3isshowninFigure8′wherethe

valuesofthenumericaJsimuJationareagaJnCOnSistentwith

theexperimenta一data.As aresuJt,themethodpresentedcan

beusedtoanalyzethecharacteristicsofvvavepropagation
lnSealCe.
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Fig･10･Relationshipbetweenthediameterandthecurnulative
numberoficefJoeSIObtainedbyimageana一ysisandpresentedby

TakatsLlji(200恥
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FFg･111Temporalchangesofthespatialprofileoficejloedeformationattimesi-10′15,20and255ICalCulatedfortheseaiceorthe
soLlthernSeaofOkhotsk.

TabLe2.lce-floeconditionsdetet.minedbyobservationinthe
southemSeaofOkhotsk:liislcngth,hiisthickness′E.iselastic
modulusandpiisdensity

Ice-f一oeinde)くNo.

ModeHCe 1 2 3 4 5 6 7

li(m) 2 1 4 1 1 2 1
71.(mm) 40 20 20 40 20 20 40
E.(Mph) 650

p,(kgm-3) 914

4.NUMERICALANALYSISOF:ASSUME:DSEAICElN

SOUTHOKHOTSK

4.1.Catcu]ationcondition

Weperfornlthe nurrlericalanalysisbased onthe ice
ConditionsobservedinthesouthernSeaofOkhotsk.These

areadaptedfromdatameasuredinsate川tehTlageSreported

byTakatsuji(2004)･Figure9showsoneexamp一eofa

Landsat7sateHiteimage.Figure10istheresu一tobta.lnedby

imageanalysFSandshowsthere一ationshipbetweenthe
diameterandthecumulativenLlmberoficefloes.Whenthe

diameteroftheicefloesislOO′200′400mlthecorresI

pondingcumulativenumberis4,2′1･Thelengthoftheice
floeswasassumedheretobetheirdiameterandwassettoa

scaleofl:loo.Thethicknessoftheicefloeswassetto20

and40mmbecauseofthedifficultyofmeasurement･The

densityandelasticmodLllusoftheicefloesarerespectlvely

914kgm-3and650MPa･Lcefloeswerearrangedatrandom.
Thecalcuhlionconditionoficefloesisshown了nTable2.

Aregularwaveofl.4speriodisusedas[heincidentwave′
withasteepnessof0.Ol･

4.2.Calculationresult

FigurellshowsthespatialprofHeofdeformation,77′Ofice
Floesatt-10J15,20and25S.ThedashedHnellndicates

thestHLwaterLevel.Whentheicefloesare一ongandthin,

thedeformationfollowsthewaveclosely,Ontheother

hand′whentheyareshortancrthiclく′the deformatioEl
accompaniesasubstantialrigid body movement･ItiS
expectedthatthedeformationofeachicefloedepends

stl･OnglYOnitsflexしけalrigidity･

5.CONCLUSIONS

Becausethewaveceleritybelow theicefloesandtheir

temporaldisplacement′Calculated by the numerical
method′areconsistentwiththeexperimentaldata′it弓S

arguedthatthemethodpresentedisvaluableintheanalysIS
ofthecharactel.isticsofwavespropagatinglnseaice･In

particular,ithasbeenpossibletosimulatethepropertiesof

wavespropagatLnglnSeaiceforasimpleiceconditionand

forarbitrarllyspecified ice conditions′by passlng the

distinctionindexforthedynamicboundaryconditiorlStO

thediscretenodes.Further/itisclearthatthelengthandthe

flexuralrigidityoficefloesstronglyinfluencestheirdeFornt

at10nduringwavepropagatlon･
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